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ABSTRACT

Reliable, reproducible fabrication of n-type SiGe-GaP alloys with improvements
in average high temperature figures-of-merit (Z) in the 30 to 40 percent range
has been demonstrated. This corresponds to an average value of Z in the
temperature range from 300° to 1000°C of about 1.0 to 1.2 x 10—3/K. Some
alloys exhibited power factors (82/p> approaching 40 pN/chZ, but much
of the improvement resulted from Tlarge reductions in lattice thermal

conductivities.

The highly successful vacuum melting/chill casting/grinding/hot pressing
approach developed here uses powder blends of (1) Ge rich Si-Ge (50/50) alloys
with high concentrations of soluble GaP and (2) highly doped Si material.
This combination of hot pressed powders appears to have produced the
improvement by at least four effects; namely, (1> reduction in the magnitude
of energy barriers at grain boundaries, (2) enhanced phonon scattering by the
fine grain size (approximately 5 micron median diameter), (3) enhanced phonon
scattering by small diameter GaP precipitates, and (4) increased charge
carrier concentrations. Effects (1) and (4) appear to improve the power
factors and effects (2) and (3) provide the reduced lattice thermal
conductivities.

Detailed review of the high temperature thermoelectric property test results
at GE-ASD and Ames and Battelle-Columbus Laboratories suggest that the level
of improvements may be as much as 5 to 20 percent higher when the
characteristics of the test procedures are taken into account. Also, the data
suggest that additional improvements up to as much as 20 percent can be
achieved when the tests are conducted under in-gradient conditions and/or
through heat treatments in specific temperature ranges. Thermoelectric device
tests will probably be required to eventually establish the upper Timits of
performance capabilities of these improved materials.
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SECTION 1
INTRODUCTION

1.1 GENERAL BACKGROUND
Thermoelectricity involves the diffusion of electrons and phonons along a

temperature gradient in electrically conducting solids. These diffusion
currents are controlled by the concentration of the particles, and by their
interaction with each other and with impurities or additives and defects in
the crystal structure. Using simple physical arguments, expressions can be
derived for the critical thermoelectric transport parameters; namely,
electrical and thermal conductivities and Seebeck coefficients. For
thermoelectric power generation, it is extremely important to maximize the
d1ffus1on of electrons and minimize the phonon diffusion. Approaches that
have been demonstrated to have great potential in this respect are: (1) the
achievement of a heavily doped, degenerate condition in semiconductors;
(2) solid solution alloying to promote phonon scattering by mass fluctuations;
and (3) the introduction of disorder in the structure such as grain boundaries
and point defects (vacancies).

A parameter of great importance in assessing the potential of thermoelectric
materials is the figure-of-merit, Z, which is defined as:

where S is the Seebeck coefficient (sometimes called the thermopower), o fis
the electrical conductivity and K 1is the thermal conductivity. Z has the

-1 . .
). Since the conversion

units of inverse temperature (K_] or °C
efficiency 1is directly related to Z, the highest possible figure-of-merit,
averaged over the operating temperature range, 1s a highly desirable goal.

Also, since “the figure-of-merit is a function of temperature and material
properties only, an understanding of the impact of variations in material
behavior and characteristics on this property can provide much of the

technical guidance needed for developing and/or improving the materials.



Material préperties that are critically important to optimizing thermoelectric
power generation include:

1. The lattice thermal conductivity should be as ]ow as possible since
heat conducted by the lattice is lost to the conversion process.

2. The charge carrier mobilities should be maintained as high as
possible.

3. The semiconductors used must be extrinsic conductors at the highest
operating temperatures so that the ratio of electron conductance to
hole conductance in the n-type leg, and the ratio of hole conductance
to electron conductance in the p-type leg, are both high.

4. The materials used must be chemically, thermally, and mechanically
stable at the operating temperatures.

5. The materials wused must permit good electrical and thermal
connections at their hot and cold junctions or interfaces.

6. The materials wused must be capable of synthesis by reproducible
techniques or processes which are adaptable to scaling to production
requirements.

Thus, it follows that the problem of developing new or improved materials with
superior thermoelectric properties or predicting the potential of any system
resolves itself into selecting and/or identifying materials (1) with maximum
ratios of carrier mobility to lattice thermal conductivity and (2) the means
for increasing the value of this ratio in a given material, the most notable
of which is by solid solution alloying and control of carrier concentration,
n. Provided the adjustment of n by controlled impurity additions is possible,
the concentration giving maximum value of Z can be readily determined; and
this value usually corresponds to degeneracy.

The theory of heavily doped semiconductors with respect to thermoelectric
applications was developed during major efforts motivated by the U.S. Navy and
by®space programs in this Country and the Soviet Union. The results of those
efforts to improve the conversion efficiency of thermoelectric devices in the
1950's and 1960's have remained Targely unchanged for the last twenty years.
During this early period, the framework was laid for our present understanding
of the physics of thermoelectric devices. The early searches for potentially
useful materials were quite exhaustive and still, today, the most useful
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thermoelectric materials are the time tested Bi or Pb based tellurides and
Si-Ge based alloys developed during this period.

The promise of Si-Ge alloys as useful thermoelectric materials was recognized
in the early sixties and successfully developed through the sixties and early
seventies. For over a decade, the Si-Ge unicouple has been the workhorse
thermoelectric device for space RTG power systems being employed in the MHW
and GPHS-RTG Programs. Very little further optimization of these materiais
was attempted for many years and, in fact, most currently available Si-Ge
alloys are virtually identical in performance to alloys studied by RCA in the
mid-sixties. This is no accident since these Si-Ge alloys were very
successfully applied, often exceeding program goals in terms of reliability
and lifetime characteristics.

Further optimization or development of these Si-Ge alloy thermoelectric
materials was efficiently and expeditiously accomplished 1in the Program
summarized here by conducting systematic iterative experimental/theoretical
studies of the effects of variations in the parameters which control their
thermoelectric properties. Based on these trends, it was possible to select
compositions and processing procedures for producing significantly improved
materials. This sort of program was carried out at RCA 20 years agé which
resuited in the selection of a high performance Si-Ge alloy composition near
80 a/o Si with the charge carrier doping levels currently in use.

1.2 PROGRAM GOALS
This two-phase program had, as goals, emphasis on two types of material as

outlined below.

1. Optimization of Si-Ge Alloy Thermoelectric Materials

Si-Ge n- and p-type thermoelectric materials were to be developed,
characterized and demonstrated as to performance capability under
in-gradient test conditions which simulated flight temperature
regimes. The materials 'were_ expected to have an average
figure-of-merit, Z, of 1.0 x 107°/K over the temperature range of
Thy equal to 1000°C and Tgg of 300°C. Other characteristics were
to be equal to or superior to the standard MHW/GPHS-RTG Si-Ge alloys.



2. New Technology n- and p-Type Thermoelectric Materials

In addition to the optimization of Si-Ge alloys, new n- and p-type
thermoelectric materials were to be identified with the potential of
achieving an average figure-of-merit_over the temperature range of
300 to 1000°C of at least 1.3 x 10-3/K. These materials were to be
stable for at Tleast 40,000 hours of operation, have Tlow vapor
pressures (less than 10-6  torr at 1100°C) and have appropriate
mechanical and physical properties.

A very comprehensive summary of the candidate advanced technology materials
reviewed is given in Appendix B, with a short summary given in Section 2 of
this Report. Because of the Department of Energy's technical direction,
during conduct of this Program, to place emphasis on improving Si-Ge alloys,
not enough significant experimental/theoretical progress was made to justify
including the advanced alloy studies in this Report.

1.3 OPTIMIZATION OF FIGURE-OF-MERIT OF Si-Ge ALLOY THERMOELECTRIC MATERIALS
Si-Ge alloy systems have been found to be very effective for a number of

practical thermoelectric energy conversion applications for more than a
decade, including several space applications. The best known of these
applications are the Radioisotope Thermoelectric Generators (RTGs) used on the
two Voyager spacecraft, and LES 8/9 satellites.

The requirements of a large energy band-gap to minimize intrinsic conduction
at higher temperatures and that of a high melting point have placed emphasis
on the silicon rich alloys. The addition of Ge also promotes a reduction in
lattice conductivity by mass fluctuation scattering, and alloys of
compositions near 80 a/o Si and 20 a/o Ge have produced the highest
figures-of-merit. Typical values of figure-of-merit at the start of the
program for Voyager, MHW and GPHS-RTG, Si-Ge and SiGe-GaP alloys were
0.7 x 1073 and 0.85 x 10'3/°C, respectively.

The figures-of-merit for Si-Ge alloys are wusually optimized at carrier
concentrations which exceed the solid solubility 1limits at the chosen
operating temperature range for the n-type and p-type dopants; namely,
phosphorus and boron, respectively. Under these temperature conditions, the
dopants precipitate with time and the material thermoelectric properties
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change a few percent resulting in a reduction in Si-Ge thermopile converter
performance. Since these precipitation effects are predictable they can be
accounted for in the RTG design.

The general approach used here for increasing the figure-of-merit of the
alloys consisted of iterative experimental and theoretical studies designed to
provide an understanding of the effects of GaP additions to Si-Ge in lowering
the thermal conductivity supplemented with experiments to determine the
offects of (1) grain size down to about 0.2 micron, (2) improved homogeneity
in the one to two percent variation range, (3) variations in GaP addition
levels and method of addition, (4) n- and p-type alloy compensation, and
(5) level of doping supersaturation. In addition, factorial type
experimehtation was used té establish the interaction of the major material
behavior variables, and the effectiveness of the material(s) developed was

demonstrated through tests both at GE and at DOE sponsored laboratories,

including Ames Laboratory of Iowa State University and Battelle-Columbus
Laboratory.

Strong experimental and theoretical support for the Program was initially

based on the studies of Rowe and Bandhari(]) (2).

and Pisharody and Garvey
The former studies showed the strong dependence of K on grain or particle
size, and the latter results indicated major modification in thermoeleciric

property characteristics by alloying with GaP.
1.4 REFERENCES*

(1) C.M. Bandhari and D.M. Rowe, J. of Phys. C2, 147 (1969 .

(2) R.K. Pisharody and L.P. Garvey, in Proc. 13th Intersbciety Energy
Conversion Engineering Conference, (Society of Automotive Engineers,
1978), p. 1963.

* Fach Section in this Report is self-contained and the References are listed
at the end.
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SECTION 2
FIGURE-OF-MERIT OPTIMIZATION

2.1 Si-Ge ALLOYS

2.1.1 BACKGROUND

Silicon germanium mixed crystals* (or alloys) have been used in high
temperature thermoelectric generators for many years. The afficiency of a
thermoelectric generator operating over a prescribed temperature range made
from these materials can be calculated from the temperature dependent material
parameter Z, the thermoelectric figure-of-merit. The value of Z is given by:

where S is the Seebeck coefficient, o is the relectrical conductivity and K
is the thermal conductivity. The larger Z is, the greater the efficiency. In
other words, a good thermoelectric material would be characterized by high
values of S and o and a low thermal conductivity. It has been shown that
the total thermal conductivity K can be written as the sum of {wo
contributions, one of which represents the electronic part Ke and the other
represents the lattice contribution Kg. The electronic part is proportional
to the electrical conductivity which means that in order to increase the
figure-of-merit of a thermoelectric, one should look into minimizing its
lattice thermal conductivity. A calculation of the minimum thermal
conductivity was made in order to better understand the variables that affect

the value of the thermal conductivity. Then, the wvalues of K for

min
CdGeAsZ, Si, Ge and Si-Ge alloys were estimated so as to establish a
theoretical lower limit for this class of materials. A comparison with
literature data on amorphous Si, Ge and CdGeAs2 reveals that the method of

calculation of K gives values within 8% of those actually observed.

min
Thus, it can be concluded with some certainty tk»t for 80% Si-20% Ge, Kmin

is 9.0 x 1073 W/cnK.

* A homogenous, single-phase, solid solution of two elements.
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The discussion in this section expands these considerations and suggests the
upper limit of Z for Si-Ge alloys.

Derivation of the Minimum Thermal Conductivity for Si-Ge Alloys

These analyses start with Callaway and Von Baeyer(]), who derived an

expression for the thermal conductivity in the Debye approximation. Their
Equation 6 for the thermal conductivity, K, can be written as:

4Trk4T3 o7 TX4eXdX

K a ——— a.n
Ry 0 e*n?
where:
kK = Boltzmann's constant
h = Planck's constant
T = absolute temperature
© = Debye temperature
v = sound velocity
T = phonon relaxation time
X = huv/kT
v = phonon frequency
For the case when the phonon mean-free-path, 2, defined by:
L = vT (1.2)

is assumed to be independent of the phonon frequency, and equal to the average
interatomic distance, §, Equation 1.1 becomes

_ a3y ©17 K e* dx

(1.3)
v 0 (efin?

At high temperatures where T > ©, Equation 1.3 reduces to:
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4wkvs [ k@
K = ~5~ (hv> (1.4

In the Debye approximation for the specific heat capacity of a solid we have

A ("e>3 I (1.5)

Then Equation 1.4 reduces to:

kv
= 1.6

Equation 1.6 can also be derived from the simple Debye expression for K, which
is:

1
K=32vC (1.7

where C = heat capacity per unit volume by substituting:

g

(2) of the minimum thermal conductivity of

In the discussion by Slack
crystals, the shortest possible mean-free-path for acoustic phonons is taken

to be one wavelength. In this approximation

v
2 = = Tx (1.8)

no
<
=

where w = angular phonon freguency in radians/sec.

Equations 1.2 and 1.8 yield:
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X .
T = Fx (1.9

substituted
restricted to T > ©, one obtains:

K=K 3 4m 1/3 (1.10)
2|23

Note that Equation 1.10 is just a factor of 2.418 times larger than Equation
1.6. 1.10 identical
use the substitution of Equation 1.5.

When Equation 1.9 is into Equation 1.1 and the temperature is

Equation is also to Equation 19.3 of Reference 2 if we
Thus, we see that Equation 1.10 is the
calculated minimum thermal conductivity of the acoustic phonons in the high

- . 1
temperature 1imit when T >> 6, denoted in Reference 2 as KSMINAoo’

For crystals of Si and Ge there are both acoustic and optic phonon branches.
Hence, the minimum thermal conductivity is a sum of the contributions from
both sets of branches. The calculated minimum K values from Reference 2 using
such a sum are given in Table 2-1. We note that these calculated values are

appreciably larger than the measured ones.

Table 2-1. Minimum Thermal Conductivity Values of Some
Adamantine Structures at Temperatures Above ©

Observed Calculated
Material 103 W/ecm K | Reference | 10° W/cm K | Reference
Silicon 10.6 3 28.9 2
9.76 Eq. (1.11)
12 5
Germanium 5.15 4 15.1 2
537 Eq. (1.11)
CuCl 29+ 04 6 3.89 Eq. (1.11)
3.13 6
CdGeAs, 3.9 4 3.80 Eq. (1.11)
SiC - - 22.1 Egq. (1.11)
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A second type of simple calculation can be made for Si or Ge in which the
acoustic phonon mean-free-path, 2, is taken to be equal to &. This yields
1/2 the value from Equation 1.6 for the acoustic phonon contribution. The 1/2
arises because there are 2 atoms in the unit cell. The total is:

k | v
Kmin = 5% [ 6'*‘05} (1.1

where
. (2)
v, = the average optical phonon frequency

The numerical values in Equation 1.11 for Si and Ge are taken from
Reference 2. For CuCl we have used:

5 cm/sec.

v.=2.37 x 10
6.45 THz

2.703 x 10°% cn.

RV
(6]

8

These average values have been computed from the data in Reference 6. For

(N

CdGeAs2 single crystals we used the measured elastic constants and a

density of 5.600 gm/cm3 to calculate an average acoustic phonon velocity of:

5

v = 2.504 x 10° cm/sec

The value of & = 2.922« 10_8 cm, while Vg has been taken to be
7.53 THz, an average of those of GaAs and InAs. It is realized that'CdGeAs2
has the tetragonal chalcopyrite structure, and has 4 atoms/unit cell.
However, it can be treated as though the Cd and Ge were randomly mixed and
that its phonon spectrum fis like that of GaO.SInO.SAS' From Equation 1.11
we calculate for CdGeAsZ:

3

K in = 3.80 x 10

i W/cmK

In order to provide a comparison for the data on Si and Ge we have also
calculated Kmin for cubic SiC using:
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9.57 X 105 cm/sec

\ =
v = 25.6 THz
° -8
& =2.174 x 10 cm

. . -3
The result s Kmin (SiC) = 221 x 10

appropriate to consider SiC as a high temperature thermoelectric generator

W/cmk. Someday it may be
material.

A much more sophisticated theoretical calculation of K for Si has been
carried out by Allen and Fe]dman(S).

published. However, the agreement of their calculation both with the observed

min
The results have not yet been

value for Si and with Equation 1.11 is quite good (see Table 2-1).

It is concluded that Equation 1.11 gives a good approximation to the measured
value, and that the measured values really are for amorphous materials. Any
residual crystallinity in the samples is too small to give erroneously high
thermal conductivity values. Thus, we can be confident that no further
reduction in K can be made below the measured values in Table 2-1.

The minimum thermal conductivity of a Sio 7GeO 3 mixed crystal (or alloy)
will be almost equal to a weighted arithmetic average of those of Si and Ge.
Thus, at high temperatures:

3

Kmin(Si Ge ) = 8.97 x 10 W/ cmK

0.7°70.3
The Debye temperature of this.mixed crystal is 577 K. Thus we expect that
this value of Kmin is accurate for all temperatures above 600 K, the range

where the thermoelectric generators are used.

Calculation of the Maximum Figure-of-Merit of Si-Ge Alloys

The best possible performance of a Si-Ge thermoelectric generator, i.e., the
nighest Z, will be obtained when the electrical properties, S and g, of the
Si-Ge alloy are those of a single crystal while the thermal conductivity, K,
is that of an amorphous sample. It is realized that this exact combination is
unobtainable, but one can make progress in this direction starting from
"standard”, zone-leveled Si-Ge ajloys.
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For this purpose, it is assumed that the electrical conductivity, o, and the
Seebeck coefficient, S, are given as a function of doping level by the results

(8

of Dismukes et al Using these values, Z is calculated from:

where:

Lo = the Lorenz number

Kq = the lattice thermal conductivity (assumed to be essentially
independent of temperature for T > 300 K

We then have taken wvalues of Kg varying from 25 x 10'3 W/ cmK  to
8 x 10_3 W/cmK, and calculated at each temperature the maximum Z that could
be obtained if the carrier concentration were allowed to vary. This "local"
value of Z for n-type 70 atom’Z Si plus 30 atom% Ge is shown plotted in
Figure 2-1 for wvarious values of Kg*. The dashed curve in the upper
right-hand corner of Figure 2-1 1is the calculated behavior for K =
8 x 1073 .
to zero. In any real sample it will not be zero. Thus, the other curves all

W/cmK if the bipolar thermal conductivity is artificially set equal
contain a bipolar contribution to KTOTAL‘ Thus,

+ LOO'T+K

KrotaL = Kq BIPOLAR

The LOoT is the monopolar electric thermal conductivity.

For the temperature range of 500°C to 1000°C the curves in Figure 2-1 allow
one to calculate an average value of Z over this (or any other) temperature
interval. Such a temperature average value is termed Z(n). This Z(n) value
for n-type is arithmetically averaged with a similar temperature range average
for p-type called Z(p). The result is:

* Calculations were made for 70-30 a/o Si-Ge alloys because of extensive
background and data from RCA(8).
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7 = 1/2¢Z(n) + Z¢pM).

The results in Fiqure 2-2 show Z versus Kg for the 500°C to 1000°C
temperature range for 70 atom?% Si plus 30 atom% Ge alloys. The result is that

the maximum fis 7 = 1.8« 10_3/K if Kg = 9 10'3 W/cmK. The standard
material has an effective Kg of 33 x 10"3 W/ cmK and a 7 of
0.8 x 10'3/K. Thus, if one can successfully reduce Kg to its minimum

value of 9 x 10_3 W/cmK, the ?'can, in theory, be increased a factor of 2.25.

In all probability such a large reduction in Kg cannot be achieved.
However, more modest reductions could yield Z values significantiy greater
than 1 X 10'3/K in suitably manufactured Si-Ge alloys.

It is believed that the incorporation o% second-phase inclusions of sizes in
the 50 & to 100 R diameter range at concentrations of a few volume percent
is a highly promising approach for reducing Kg.

Summary
Theoretical analyses conducted on this Program suggest strongly that there is

mu&h potential for further major improvement in the thermoelectric properties
of Si-Ge alloys.

2.2 ALTERNATE MATERIALS

2.2.1 BACKGROUND

A1l of the known materials that might make useful thermoelectrics were
extensively reviewed. Figure 2-3 shows the temperature dependence of the
figure-of-merit for a number of compounds relative to Si-Ge alloys. Emphasis
was directed toward selecting those materials which had higher temperature
capability than Si-Ge alloys. The total review is summarized and attached to
this report as Appendix B, and only a very short summary of the results is
presented here.
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Shortly after initiation of the Program, direction was given by the Department
of Energy to emphasize only Si-Ge alloys. None of the activities on these
alternate materials advanced to a point that was significant, so no data on
them are included in this Report. Initial activities were, however, presented
in some of the monthly reports.

Alternate Materials

L SiC and Al4SiCq. Two semiconductors that have larger band-gaps
and higher melting points than Si-Ge alloys are SiC and Al4SiCq.
The estimates of their minimum thermal conductivities are:

Kmin(SiC) = 22 x 10-3 W/cmK
Kmin(A14SiCq) = 7 x 10-3 W/emK

Thus Al4SiCq might be as good as Si-Ge alloys if its thermal
conductivity can be reduced to somewhere near its minimum value. The
result depends on its doping and mobility characteristics which are
unknown. Its band-gap is about 2.5eV, which is quite suitable.

. Other Carbides. There are other binary and ternary semiconducting
carbides such as BesC, B4C, AT4C3, AlgBaCy, and
CeqByCg. Some studies on Bg4C have shown at least limited
promise for this material; the other are virtually unstudied to date.

. Silicides. A number of silicides are known to be semiconducting.
Some  of  these are BaSip, CrSij, MnSi,, FeSiy, ReSio,
0sSip, and Ir3Sig. Of these the best known one is OsSip with
a band-gap of 1.8eV and a probable carrier mobility of about
10 cm2/volt sec. It should be dopable with A1, B, or Re for p-type
and P, As, or Ir for n-type. Additions of the isoelectric impurities
Fe, Ru, or Ge should enable one to reduce the Tattice thermal
conductivity to values around 20 x 10-3 W/cmK. The other silicides
appear to have band-gaps too small to be useful high temperature
thermoelectric materials.

s Nitrides. Two possible nitride thermoelectrics are ScN and
Sm3SigNy7.  Other nitrides appear to have either much too large
band-gaps or are unstable in moisture, or both. However, the present
electrical data are meager, and no useful predictions can be made.

. Boron and Borides. Boron and most of the Tight-metal borides are
semiconductors with very high melting points (52300 K). They are
mechanically rugged, have low vapor pressures, low thermal expansion
coefficients, and band-gaps of 1 to 3eV. Their Seebeck coefficients
are acceptably large, at least for p-type materials. The most severe
limitations are the Tow carrier mobilities. The most promising ones
are a-boron, B-boron, BgP, BgAs, BaC, - a-Al1Bjo,
BqgAl13C2, and ByyBe.



Summary

Some estimated carrier mobilities at vroom temperature in pure
material are:

a-boron : 100 cm/volt-sec.
R-boron : 0.1 cm?/volt-sec.
BgP © 20 cm2/volt-sec.
B4C : 60 cm?/volt-sec.
B1oBe : ~20 cmé/volt-sec.

Thus the carrier mobilities are comparable to those in Si-Ge alloys,
except for R-boron, which has a very low mobility. More data are
needed to assess their potentials as thermoelectrics.

A second group of borides with potential are metallic borides such as
YBy2 or LuBjz. These possess one too many electrons per formula
unit to be semiconductors. MWe suggest here that ternary compounds
such as YBeByp or LuBeByp will be semiconductors with mobilities
of the order of 50 cm/volt-sec and reasonable other thermoelectric
properties.

Oxides. There are a large number of oxide semiconductors, but none
appear to have high enough mobilities to be interesting. Many of
them are ionic or partially ionic conductors which causes severe
troubles at long operating times and large current throughput.

Sulfides, Selenides, Tellurides. These materials tend to have high
vapor pressures at high temperatures, large thermal expansion
coefficients, and to be mechanically weak. The suifides, which are
more thermally stable than the selenides or tellurides, tend to lose
sulfur by evaporation and turn metallic. Data on ScpS3,
Y2S3, and LlapS3 are sufficient to make these materials seem
rather unattractive by comparison with Si-Ge, or the borides,
carbides, or silicides.

A review of all of the possible alternative materials led us to rank the

prospective materials in the following order of promise to replace Si-Ge

alloys.,

N S R S

05512
B1ZBe
YB, ,Be

11
A14S1C4



Thus we recommended some initial efforts on the first of these materials,
OsSi2 to study its doping and electrical properties.
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SECTION 3
HIGH TEMPERATURE THERMOELECTRIC PROPERTY MEASUREMENTS

3.1 BACKGROUND

The measurement of the thermophysical properties which enter the calculation
of the material figure-of-merit is a demanding task. Five distinct
measurements are needed with only the density measurements contributing
negligible errors to its calculation. Each of the remaining measurements,
namely, heat capacity, thermal diffusivity, electrical resistivity and Seebeck
coefficient, as a function of temperature, have some accuracy uncertainties.
While reasonably precise (5-10%) comparisons of the figures-of-merit are
possible if all of the measurements involved are taken on the same instru-
ments, interlaboratory comparisons of the figure-of-merit are subject to quite
large discrepancies. As an example, the figure-of-merit of Si-Ge alloy ITM 63
calculated using the Ames Laboratory electrical properties and the Purdue
University thermal properties is about 15% higher than calculated using the GE
data. While some of these deviations may be attributed to the differences
between samples taken from within a single compact, most of this is
attributable to measurement technique differences.

Thermoelectric applications place great demands on making high temperature
thermophysical property measurements with high accuracy. Currently available
techniques have not been able to provide figure-of-merit data unambiguously
accurate to a few percent, even though improvements in thermoelectric
properties as small as 10% are technologically quite important. Continuing
and ongoing efforts must, therefore, emphasize the development of improved
thermophysical measurement techniques as well as suitable materials for
standards in the range of properties and test temperatures encountered in
thermoelectric materials investigations.

Because of the importance of thermoelectric property measurements, a detailed

summary of the techniques used in assessing the property improvements achieved
on the Program is presented.
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3.2 THERMOELECTRIC PROPERTY ASSESSMENT APPROACH AT GE-ASD

The technique used at GE-ASD has the capability of determining the Seebeck
coefficient and electrical resistivity simultaneously from room temperature to
1000°C on bar samples, 1/4" x 1/4" x 2". The tests were made on a modified
Dynatech TCFCM-N20 thermal conductivity apparatus with the bar samples being
instrumented with four chromel-alumel thermocouples <(0.005" diameter). The
thermocouples were anchored into 0.065" diameter by 0.150" deep holes with
Aremco Graphibond adhesive. 1In addition, the thermocouple beads were coated
with Graphibond to form a diffusion barrier between the thermocouple and
silicon-germanium alloy sample. The instrumented bar is transferred to the

Dynatech station and placed between two graphite plates. The bar s
sandwiched between the plates by hand tightening a screw mechanism. Proper
electrical contact between the bar and graphite plates is critical since this
contact will provide a path for the current input for the determination of the
electrical resistivity. A stack heater is adjacent to each graphite plate to
provide the thermal gradient necessary for the determination of the Seebeck
coefficient. The working temperature is provided by a guard furnace while the
static thermal gradient is established by setting the temperature of the upper
heater stack 30°C higher than the lower heater stack.

The cavity consisting of the sample, graphite plates, heater stacks, gquard
furnace and thermal insulation is evacuated by a mechanical pump and a vacuum
of ]O"2 torr is maintained throughout the experiment.

Computer software controls the temperature and acquires, processes, and stores
the data. A Hewlett Packard 86B computer is interfaced to a Keithley 181
nanovoltmeter, a Keithley 220 programmable current source, a Hewlett Packard
3497A data acquisition/control unit and three Eurotherm heater controllers.
Figure 3-1 shows a schematic diagram of the experimental setup.

The Seebeck coefficient is determined by establishing a static temperature
drop between 1° and 30°C across the length of the bar. The voltage output of
all four thermocouples is first measured +to determine the temperature
difference. The induced thermal voltage is then measured between the negative
(alumel) leads of the first and second, first and third, and first and fourth
thermocouples. This s repeated for the positive (chromel) leads. The
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Figure 3-1. Schematic Diagram of Experimental Setup for the Determination
' of Seebeck Coefficient and Electrical Resistivity for Bar Samples

voltage output of all four thermocouples is measured again to determine the
average working temperature and thermal gradients. The Seebeck ccefficient,
with respect to each thermocouple lead, is the sTope of a least squares fit of
three Seebeck voltage versus thermal gradient points. The absolute Seebeck
coefficient is determined by adjusting for the contribution from the lead
wires followed by arithmetic averaging. The errors associated with how we]?
the line goes through the origin and the scatter from the best fit line are
also calculated. An example of such a plot is shown in Figure 3-2.

The four point DC method is used to determine the electrical resistivity. The
voltage output of all four thermocouples is first measured to determine the
average temperature and thermal gradient. A known current (100 mA> in the
forward bias is passed from the Keithley 220 programmable current source to
the graphite plates through the sample. The steady state voltage produced by
this current is measured between the negative (alumel) 1eads of the first and
second thermocouples. The current is then set to zerc milliamps and the
instantaneous Seebeck voltage drop is measured. A negative bias current is
passed through the sample and the steady state voltage thus produced is
measured. The zero current instantaneous and steady state Seebeck voltages
are measured between the alumel leads. This procedure is then repeated for
the alumel leads between the first and third and first and fourth
thermocouples. The same procedure is used for measuring the resistances with
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Figure 3-2. Seebeck Coefficient Determination for Bar Samples

respect to the positive (chromel) leads. The electrical resistivity at the
working temperature is the slope of a Tlinear least squares fit of the average
resistances with respect to the negative and positive leads versus the ratio
of the distance between measuring thermocouples to the cross sectional area.
The average resistance is the sum of the forward and reverse bias resistances
divided by 2. The errors associated with how well the line goes through the
origin and the scatter from the best fit line are also calculated. An example
plot is shown in Figure 3-3.

A flow diagram indicating the measurement sequence is presented in Figure 3-4.
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Figure 3-4. Main Routine Chart for Determining the Seebeck
Coefficient and Electrical Resistivity of Bar Samples
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The laser flash technigue is employed to determine the temperature dependent
thermal diffusivity. The stafe—of—the—art facility at GE-ASD combines a Laser
Applications 1.06 micron neodymium laser, a Theta high vacuum system and an
indium antimonide infrared detector for monitoring the temperature rise of the
back face of the disk specimen (Figure 3-5). The thermal conductivity is then
calculated from the measured thermal diffusivity, heat capacity and density.

3.3 TEST APPROACHES OF AMES AND BATTELLE-COLUMBUS LABORATORIES
Materials developed on this Program were also tested at the Ames Laboratory of

lowa State University and Batteile-Columbus Laboratory for independent
confirmation of results. Both laboratories are also capable of measuring the
Seebeck coefficients and electrical resistivities simu]taneéus\y. A
description of their test setups and procedures are described below.

Ames Laboratory instruments a thin bar sample, 0.25" x 0.1" x 0.6", with a
pair of voltage probes. These probes are tapered molybdenum pins which are
pushed firmly into holes previously drilled into the sample.

The working temperature and thermal gradient are produced by two
tantalum-wound boron nitride heaters placed above and below the sample. A
1000 watt DC power supply is used for each heater. A thermocouple sandwich
consisting of Pt and Pt13Rh thermocouple wires (spot welded) between two
15 mil thick Mo disks, is placed between the sample and each heater. This
arrangement minimizes the interaction between the sample and TC wires.
However, the measured temperature difference is larger and hence the resultant
Seebeck coefficient will be smaller. The sample, thermocouple sandwiches and
heaters are held in place by a spring loaded device.

The test apparatus is equipped with a mechanical and diffusion pump to
maintain a  vacuum Tlevel of 10~6 torr throughout the run. Control of
temperature and thermal gradient, data acquisition, and data reduction are
computer assisted. Figure 3-6 is a schematic diagram of the Ames Laboratory
experimental setup.
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Figure 3-6. Seebeck and Electrical Resistivity Test Setup at Ames Laboratory

3-9



For the determination of the Seebeck coefficient, the thermal gradient is
allowed to continuously change from zero to 10° or 20°C. The Seebeck voltage
(measured between the Pt legs of the thermocouples) and temperatures are
measured at ten second intervals. The Seebeck coefficient is obtained from
the siope of a linear least squares fit of a series of 25 pairs of Seebeck
voltage and thermal gradient measurements. The absolute Seebeck coefficient
is derived by adjusting the resultant slope for the contribution from the Pt
lead wires.

A four point DC method with current reversal is used to determine the
electrical resistivity. A 25 mA current is sent through the Pt leg of the
thermocouple in one direction and the voltage is measured between the Mo
probes in the sample. The direction of the current is reversed
instantaneously and the voltage is measured again. The resistance s
calculated from the equation:

R=-(V -V)/2i
-+ -—

where V+ and V_ are the forward and reverse voltages, respectively, and i
is the current. The resulting electrical resistivity is the product of the
resistance and the ratio of the cross sectional area to the distance between
voltage probes. The resistivity is determined each time the Seebeck voltage
and thermal gradient are measured, but the reported value is at, or near zero
thermal gradient.

The laser flash technique is also employed by Ames for determining the thermal
diffusivity. The unit was designed in-house and uses an indium antimonide
infrared detector for monitoring the temperature rise of the back face of the
disk specimen.

Battelle-Columbus instruments a bar sample, 1/4" x 1/4" x 0.8", with three
WSRe-W26Re thermocouples mechanically embedded into holes previously dril’ ~d.
A Tittle W spring is wrapped around one thermocouple leg and is allowed to
unwind when placed in a hole to make a snug coupling.



The instrumented bar is placed between molybdenum foil electrodes and heaters,
as shown in Figure 3-7. Boron nitride insulators are placed between the
current electrodes and heaters. A vacuum of 3 X 10‘6 torr is maintained by

evacuating the chamber with a mechanical and diffusion pump.

HEATER
C——— " IBN
CURRENT LEAD
TC1 - —
TC2 —
TC3 —
CURRENT LEAD
[——— IsN
HEATER

WATER COOLED BASE

Figure 3-7. Seebeck and Electrical Resistivity Test Setup at
Battelle-Columbus

Temperature control and data acquisition are all performed manually. At gach
working temperature, a static temperature drop ranging from O to 20°C fis
established by adjusting the power to the heaters. The thermal gradient and
induced Seebeck voltages are measured between the top and middle positions
(TC1-TC2) and the middle and bottom positions (TC2-TC3). The Seebeck
coefficient is determined from the slope of a linear least squares fit of the
Seebeck voltage versus thermal gradient and is corrected for the Seebeck
coefficient of the WSRe thermocouple leg.
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The electrical resistivity is determined by the 4 point AC method. At zero
thermal gradient, a 40 Hz 10mA current is passed through the molybdenum
current leads and the voltage is measured between TCI-TC2 and TC2-TC3 wusing
the W5Re thermocouple Tegs. The electrical resistivity is the slope of a
linear least squares fit of the resistance versus the ratio of the distance
between voltage probes to the cross sectional area.

Battelle-Columbus is also capable of measuring thermal diffusivity of disk
specimens by the laser flash technique. Battelle uses a mercury cadmium
telluride (MCT) detector below 300°C and an indium antimonide infrared
detector above 300°C. The MCT detector gives a much higher (but noisier)
signal output than the InSb detector at the Tower temperatures.

Table 3-1 lists the features of the GE-ASD, Ames and Battelle test
arrangements and measurement techniques for the determination of the Seebeck
coefficient and electrical resistivity. Several differences can be noted with
respect to:

. Thermocouple type

. Method of thermocouple attachment
. Vacuum level

U Design of voltage probes

. Current level

The overall effects of these differences cannot be assessed.

3.4 ROUND ROBIN TEST RESULTS

GE-ASD, Ames Laboratory and Battelle-Columbus participated in round robin
testing of a p-SiGe compact fabricated to the MOD-RTG Program specification by
the ITM Program. Jet Propulsion Laboratory and Thermo Electron also
participated, although they did not perform measurements on the other
materials developed on this Program. The measurements taken by GE were
authorized by the SP-100 Program.




Table 3-1.

Comparison of Test Setup and Procedure for Determining

the Seebeck Coefficient and Electrica]AResistﬁvity

LAB: GE/ASD AMES BATTELLE
INSTRUMENT:] Old Dynatech
MEASUREMENT:
Simuftaneous Seebeck & Resist Yes Yes Yes
Run Time
Room Temp -> 1000°C (hrs) 25 7 6
1000°C -> Room Temp (hrs) 25 10 6
Temperature Increment (°C) 25 100 100
Computer Controlied Yes Yes No
Calibration Standards Used
Seebeck No No No
Resistivity No Std Resistors No
Optvimal Sample Size (in.) .25x.25x2" .25x.1x.6" .25x.25x.8"
Thermocouple Type .005" Chromel .01" Platinum .005" W5%Re
Alumel P113%Rh W26%Re
Thermocouple Attachment Embedded with Spring Loaded W Springs un-
Graphite Paste with 500 psi wind in drilled
Pressure holes secure TC
Vacuum Mechanical Mech & Dift Mech & Dift
Typical Pressure (torm) 1.00E-02 1.00E-06 3.00E-08
SEEBECK COEFFICIENT:
Thermal Gradient Static Transient Static
Temp. Drop Range (°C) 11030 5t025 01030
How Determined slope AV vs AT slope AV vs AT AV/AT (27Cs)
slope AV vs AT (3TCs
ELECTRICAL RESISTIVITY:
Method Used 4 pt DC with 4 pt DC with 4 pt AC at
Current Reversal | Current Reversal 40 Hz
Voltage Probes Chromel- Mo pins W5%Re-
Alumel TCs W26%Re TCs
Size of Current (mA) 100 25 10
Current Density (A/cm*2) 0.25 0.21 0.025




As shown in Figure 3-8, the Ames and Battelle Seebeck coefficients are Tower
(by 5-10%) than the GE data. The lower Ames values can be explained by the
larger temperature drops measured since the thermocouples are not instrumented
into the sample. Ames' electrical resistivities were consistently lower by
approximately 5%, while Battelle's were approximately 2% higher than GE
values, as shown in Figure 3-9. These discrepancies may be due to the
differences noted above relative to sample instrumentation.

The round robin thermal diffusivity data are shown in Figure 3-10. The GE,
Ames and Battelle curves are significantly higher than data obtained by
NASA-JPL and Thermo Electron. The spread between the lowest (Ames) and the
highest (GE) ranges from 5-10%. The Ames and Battelle data were not corrected
for heat loss while the GE data were. When the Ames and Battelle data are
corrected for heat loss, using the algorithm developed jointly by JPL and
Thermo Electron, the data drop down to values approaching JPL and Thermo
Electron. The same algorithm doesn't seem to apply to GE data and an
explanation is not available at this time.

3.5 CARRIER CONCENTRATION AND MOBILITY
The charge carrier concentration and mobility in the alloys developed on this

Program were monitored with a Hall effect apparatus. The equipment is capable
of room temperature measurements of both Hall effect and electrical
resistivity. In addition, equipment at GE-CR&D was used to supplement the
tests. The GE-CR&D equipment can operate in the range of temperatures from
-100° to +100°C and can measure the Hall coefficients of samples in which the
Hall mobility is about 1 cmz/volt sec or greater.

3.6 SUMMARY

Extensive property measurements were made on this Program, and it is believed
that the trends reported in the following sections of this Report are
statistically valid. Also, the data suggest that the improvements reported
may be even greater if the accuracy could be improved.
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Thermal Diffusivity (cm*2/sec)

Thermal Diffusivity Round Robin
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Figure 3-10. Thermal Diffusivity Round Robin Results of a p-SiGe Compact,
MHPS-8008-P, Fabricated to MOD-RTG Specification on the ITM Program
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SECTION 4

PHASE I - Si-Ge ALLOY THERMOELECTRIC PROPERTY IMPROVEMENT BY
PARTICLE/GRAIN SIZE CONTROL

4.1 BACKGROUND

This phase of the Program evaluated the hypothesis of Rowe and others(]—S)
that sintered* silicon-germanium alloys may be superior to single crystal
materials for use in thermoelectric energy conversidn applications. Apart
from practical advantages such as ease of preparation and superior mechanical
strength afforded by the use of sintered materials, previous

(2,6-12) (2-4,13,14 evidence had suggested

theoretical and experimental
that phonon scattering at grain boundaries could reduce the thermal
conductivity, K, compared to single crystal alloys of the same composition.
Since the conversion efficiency of a thermoelectric heat engine depends on the
temperature range of operation and the material properties through the
dimensionless figure-of-merit ZT = SZcT/K, where S is the  Seebeck
coefficient, o is the electrical conductivity and T is the temperature, a
reduction in K should result in an increased figure-of-merit, and therefore
conversion efficiency, if the other properties remain unchanged. This effort

(1%

reflected results of recent reviews on thermoelectricity in general and

heavily doped silicon germanium in particular(S).

(6) first pointed out that boundary scattering may

Goldsmid and Penn
significantly reduce the thermal conductivity in solid solutions, even for
characteristic boundary scattering length scales much larger than a typical
phonon mean free path, because a relatively large proportion of the heat is
carried by long wavelength phonons. Further theoretical calculations based on

(16,170 pave allowed estimates of the

(6,7 (2,8-12)

the Klemens-Callaway formalism
magnitude of the reduction in K for undoped and heavily doped
silicon germanium of as large as 50% for particle sizes of 1 um. As carrier
mean free path lengths are much smaller than 1 um, several authors have
suggested pressure sintered materials might exhibit electrical properties

(2,8,12,14

essentially identical to single crystal materials, with proper

* In this section, sintering is used interchangeably with the actual method of
fabrication, namely high temperature pressure sintering or hot pressing.
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preparation. Some reports of electrical resistivity measurements(2’18—2])

on hot pressed materials support this view in the best cases, but more often
the electrical resistivity of the sintered materials are higher than 2zone

(0 In no instance had the anticipated improvement in

leveled materials.
figure-of-merit due to grain boundary scattering been realized experimentally
in silicon germanium alloys, with the possible exception of one report in

which GaP was combined with silicon germanium,<22)

This section summarizes experimental results which confirm the reported
reduction of the thermal conductivity of sintered materials compared to
similar zone Tleveled materials. It is accompanied, however, by a highly
correlated, compensating degradation'in the electrical properties. Thus, only
limited improvement in the figure-of-merit with reduction in grain size was
obtained. The temperature dependence of the observed reduction in the thermal
conductivity appears to be inconsistent with the Klemens-Callaway formalism
calculations, suggesting that the reduction in thermal conductivity may be due
to an altogether different mechanism, one which affects the electrical
conductivity in a similar manner. ‘

4.2 EXPERIMENTAL DETAILS

Fifty-five (55) compacts of silicon germanium alloys were prepared by vacuum
hot pressing of powders made by a variety of techniques. The starting point
for 50 of these compacts was the induction melting of silicon and germanium in
a 4 to 1 atomic ratio in fused silica crucibles under high vacuum. N-type
materials were prepared by adding 0.55 weight % phosphorus to the melt while
p-type samples were prepared with 0.08 weight % boron in the crucible. Some
exceptions are indicated in Table 4-1. The melt was cast into a water cooled
copper mold to produce a 400 gram ingot which was mechanically pulverized to
-80 mesh powder. The resulting powders were then subjected to a variety of
different comminution techniques in order to achieve varicus median particle
sizes. Table 4-1 summarizes the comminution techniques employed and the

median particle sizes achieved.

Three compacts were prepared from alloy powders produced by a gas atomization

technique,<23)

of mixed powders of elemental silicon, germanium and boron.

and two compacts were prepared by direct pressure sintering
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Table 4-1. Summary of Preparation Method and Properties for Hot Pressed
Sipg.gGep. 2 Alloy Compacts

Hot pressing soak time of 30 minutes at pressing temperature of 1573 K unless
otherwise noted.

K
Sample esd’ K S ¢ il n Density ZT Oxygenm
Preparation um W/m-K pVvV/K Q-m mz/V—s m-3 g/m-3 maximum wt¥%
Conditions ' -5 -4 26 -
and Compact ) 10 10 10 10
Number
n-type samples: nominal phosphorus content = 0.59 a/o (unless otherwise noted)

%k

3332 SB >174 4.66 -108.9 0. 87 55.8 1.29 3.05 0.917 0.14
68 SB 124 5.03 -121.6 1.06 55.1 1.07 2.87 0.832 Oil?
110 GA 15.0 4.51 -97.7 0.73 S1.1 1.68 3.01 0.972
111 GA 16.0 4.47 -102.3 C.78 51.9 1.54 2.99
69 SB 13.5 4.82 -116.4 0.93 52.7 1.28 3.04 0.762 0.24
130 SB+WM 5.0 5.09 -104.2 0.85 33.2 1.39 2.92 0.942
70 SB+DM 3.9 4.17 -114.3 1.07 46. 4 1.26 3.02 0.567 0.91
79 SB+WM 2.4 3.81 -119.5 1.30 41.4 1.16 2.98
63 SB+WM 3.3 4.11 -112.3 1.09 44.8 1.28 2.99 0.969 1.00
81 SB+AM 3.3 3.54 -121.4 1.30 43.0 1.12 3.01 0.971 1.31
116 SB+AJP 2.8 4.43 -119.2 0.98 53.7 1.19 2.94
93 SB+WM,a 1.8 3.97 -115.9 1.15 . 43.8 1.25 2.96 1.040 0.92
84 SB+HM 1.3 3.74 -117.2 1.14 46.5 1.18 2.96 0.952 2.93
152 WM, b 2.1 3.81 -110.8 1.03 47.2 1.29 3.02 0.943
151 WM, c¢ 2.4 3.83 -110.6 1.04 46.3 1.30 2.99 0.918

153 WM, d 1.9 3.90 -105.0 0.91 49.4 1.39 3.01 0.920

* Refer to notes at end of Table 4-1 for key to abbreviations.

** Estimated from high temperature thermoelectric property data for 26 of the compacts.

Typical data from which the estimates arc made are summarized for 12 of the compacts
in Appendix C.
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Table 4-1. Summary of Preparation Method and Properties for Hot Pressed
' Sig.gGepg.2 Alloy Compacts (Cont'd)

1

L2
Sample esd K S -3 n n Density ZT Oxygenm

Preparation um - W/m-K uV/K Q-m m°/V-s m> g/m-3 maximum wt%

Condirtions -5 -4 26 -
and Compact 10 10 10 10
Number

p-type samples: nominal boron content = 0.23 a/o (unless otherwise noted)

3334 SB >174 5.00 112.5 1.07 34.2 1.72 3.01 0.522 Q.21
73 SB 124 5.02 114.6 1.16 32.5 1.66 2.87 0.568 0.15
112 GA 15.0 4.9 117.8 1.07 33.7 1.73 2.98
74 SB 11.0 5.25 117.0 1.14 32.8 1.67 2.94 0.501 0.28
131 SB+WM 6.1 4.75 117.7 1.11 34.2 1.64 2.99 0.506
78 SB 4.5 4.37 119.5 1.28 31.5 1.55 2.98 0.619 0.99
62 SB+WM 4.1 4.26 124.2 1.34  31.1 1.50 2.99 0.564 1.00
72 SB+AM 3.0 3.32 131.3 2.06 25.1 1.21 2.98 0.537 2.20
117 SB+AJP 2.8 4.86 123.5 1.25 34.6 1.46 2.96
99 SB+SM 2.7 3.99 133.5 1.68 29.8 1.25 %2.99 1.49
75 SB 2.6 3.88 120.9 1.39 29.2 1.54 2.96 0.619 1.53
60 SB+WM 2.3 4,30 123.3 1.36 31.1 1.48 3.00

82 SB+AM 2.3 3.22 132.3 1.78 27.9 1.26 2.97 0.564 1.73

103 SB+WM 2.2 3.93 131.4 1.86 29.7 1.13 3.00 0.91
104 SB+WM,e 2.2 3.24 133.4 2.24 26.8 1.04 3.00 4.68
101 SB+SM 1.6 4.10 131.7 1.62 31.3 1.23 3.02 0.37

102 SB+SM,f 1.5 3.90 139.0 2. 11 30.2 0.98 3.03 0.519 0.23
83 SB+HM 1.3 3.63 124.2 1.70 27.6 1.33 2.95 0.535 2.84
124 SB, g 8.1 5.73 278.4 2.98 0.184

11 SB,h >44 5.32 79.2 0.85 33.2 3.45 3.00

12 SB,1 >44 5.31 80.2 0.55 33.2 3.45 3.00

13 SB,j >44 5.44 78.8 0.54 "32.1 3.61 2.99

14 SB,k  >44 5.42 80.2 2.98

66 DR 4.2 4.18 149.5 2.39 29.3 0.89 2.97

66A DR 4.6 3.77 150.6 2.65 28.7 0.82 2.96 0.523

4-4



Table 4-1. Summary of Preparation Method and Properties for Hot Pressed
Sig.gGep.2 Alloy Compacts (Cont'd)

o+
Sample esd’ K S o u n Density 2T  Oxygen"

Preparation um W/m-K uV/K Q-m ma/V—s m-3 g/m—3 maximum wt¥%

Conditions - -4 26 -
and Compact 10 10 10 10
Number

The following 3 samples were prepared from a single lot of SB + WM powder with varying

hot pressing soak time:

86 15 min. 2.0 3.62 127.4 1.67 28.4 1.32  2.93 1.52
€8 30 min. 2.0 3.78 127.5 1.63 28.2 1.36 2.96

87 60 min. 2.0 4.03 127.1 1.50 29.1 1.43 2.98

The following 4 samples were prepared from a single lot of SB + WM powder with varying
hot pressing soak temperatures (Series A):

89 1513 K 2.2 3.68 129.6 1.69 27.0 1.37 2.94

S0 1528 K 2.2 3.91 126.5 1.54 29.3 1.38 2.96

91 1543 K 2.2 4.05 124.2 1.40 30.9 1.44 2.99

92 1858 K 2.2 4.49 124.7 1.39 30.8 1.46 3.00 1.50

The following 4 samples were prepared from a single lot of SB+ WM powder with varying
hot pressing soak temperatures (Series B):

97 1513 K 1.9 3.90 129.7 1.31 32.6 1.46 2.98 0.565 1.60

94 1573 K 1.9 4.18 122.7 1.30 33.0 1.45 3.00

95 1588 K 1.9 4.35 123.4 1.20 31.9 1.64 2.96

96 1603 K 1.9 4.54 123.1 1.22 28.2 1.82 2.94

The following three samples were not intentionally doped

2 124 7.03 2.88
8 16 6.65 2240 3.00
1 SB+AJP 2.5 3.75 2.88
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Table 4-1. Summary of Preparation Method and Properties for Hot Pressed
Sig.gGeg.2 Alloy Compacts (Cont'd)

Key to Abbreviations

SB - Pulverization in a shatter box
"GA - Gas atomization from the melt(23)

DR - Hot pressed mixture of elemental silicon, germanium and boron

AJP - Air jet pulverization

DM - Planetary ball milling in agate using dry agate balls
WM - Planetary ball milling in agate using agate balls, in a hydrocarbon
AM - Attrition milled(®%)

HM - Planetary ball milling in agate using agate balls, in water

!

SM Planetary ball milling in steel using steel balls, in a hydrocarbon
a - Limited expésure of the powder to air before hot pressing

b - 0.77 atomic % Phosphorus

¢ - 0.9 atomic % Phosphorus

d - 2.0 atomic % Phosphorus

e - Same powder lot as 103, but roasted in air at 773 K before hot pressing
f - Powder was handled under an inert atmosphere during hot pressing

g - 0.025 atomic % Boron

h - 1.0 atomic % Boron

i - 2.0 atomic % Boron

j - 4.0 atomic % Boron

k - 8.0 atomic % Boron

1 - Equivalent spherical diameter

m - Oxygen content determined by neutron activation analysis
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The particle sizes listed in Table 4-1 were determined on the powders with a
Micromeritics Sedigraph 5000D. The particle sizes were also determined by
optical metallography on most of the hot pressed compacts. A good correlation
was observed between the particle sizes determined by the two techniques.
However, the microstructure of these alloys may be somewhat more complex as
the University of Virginia has shown that grains smaller than those revealed
by either the Micromeritics or optical methods can be seen in transmission
electron micfoscopy tests (see discussion in Section 6).

Pressure sintering was performed in a double action vacuum hot press with a
vacuum level of about 8 x 10_5 torr. TIM dies and molds with a light
graphite coating to reduce friction during compact ejection were used. The
pressing pressure was 180 MPa and was applied after achieving the soak
temperatures. The heating rate to the soak temperature was about 25 K/min.
After soaking at temperature (see Table 4-1 for socak times and temperatures),
the pressure was released and the compact ejected from the die. Furnace power
was then turned off and the furnace allowed to cool. The resulting compacts
were 5.08 cm diameter by 1.27 cm thick, dense, crack free and dull gray in
appearance. .
The thermoelectric properties summarized below on these alloys were obtained
using the procedures described in Section 3.

4.3 EXPERIMENTAL RESULTS
Table 4-1 summarizes the results of room temperature measurements of the

median particle size of the feed powder, thermal conductivity, Seebeck
coefficient, electrical resistivity, Hall mobility, carrier concentration,
density and oxygen content for each of the alloys, as well as the hot pressing
conditions used. The maximum figure-cf-merit calculated from high temperature
measurements are also summarized.* As. an aid in analyzing the results of
Table 4-1, previous room temperature results(]) on zone Teveled
Si Ge have been parameterized using a purely empirical interpolation

0.8770.2
scheme as follows:

* The maximum 2T was calculated from the high temperature thermoelectric
property measurements on 26 of the alloys. The typical data obtained are
summarized for 12 of the alloys in Appendix C.
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p-type 1n(SZ]) -0.451 In{(n) + 5.02,

1n(pzl) = -0.116 In{n) + 3.75,
1n(KZ]) = -0.089 In(n) + 1.78,
n-type 1n(—Sz]) = -0.502 Tn(n) + 4.82,
1n(pz]) = -0.300 Tn(n) + 4.19,
ln(KZ]) = -0.085 1n(n) + 1.67
. . . -4 2 . .
with S p in pV/K,  p in 10 " m/V-s, K in W/m-K and n in
21 z1
1026 m_3z.

The measured thermal ccnductivity of a hot pressed sample has been normalized
by calculating the thermal conductivity of a corresponding zone Teveled sample
using the Hall carrier concentration of the pressure sintered sample and the
zone leveled data above. The resulting ratio of measured to calculated
thermal conductivities is shown as a function of the feed particle size in
Figure 4-1 for 20 p-type samples of sintered SiO.8GeO.2‘ Samples prepared
using similar comminution techniques and hot pressed under similar conditions
{Compact Numbgrs 62, 74, 75, 78, 83, 99, 131, indicated by the open circles)
show a systematic decrease in thermal conductivity as the particle size

decreases.

For constant particle size, the thermal conductivity increases systematically
with increasing hot pressing times (indicated by TIME: Compact Numbers 86, 87
and 88) or increasing pressure sintering temperatures (TEMPERATURE: Compact
Numbers 89, 90, 91 and 92), as indicated by the two sets of data connected by
vertical 1lines 1in Figure 4-1. Variations in preparation technique also
significantly affect the thermal conductivity as indicated by the samples
produced by gas atomization (GA: Compact Number 112) and alternate
comminution techniques such as air jet pulverization (AJP: Compact Number
117> and attrition milling (AM: Compact Numbers 72 and 82). Intentionally

increasing the oxygen content (HO: Compact Number 104) by roasting the powder

in air resulted in a significant further reduction in the thermal

conductivity, while a decrease in the oxygen content produced by handling the

powder under an inert atmosphere (LO: Compact Number 102) may have resulted

in a slight increase.
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Figure 4-1. The thermal conductivity of hot pressed, heavily doped, p-type
S10.8Geg.2 alloys, normalized to the thermal conductivity of
zone leveled material with the same carrier concentration, as a
function of feed particle size. The labels indicate variations
in preparation procedures as defined in Table 4-1.

A normalization procedure similar to that described above for the thermal
conductivity results has also been applied to the Hall mobility results.
Figure 4-2 shows the Hall mobility values, normalized to the Hall mobility of

h alloys of the same carrier concentration, obtained on the

zone leveled
same 20 samples described above. The mobility trends are seen to be
qualitatively similar to the thermal conductivity, with a few exceptions, and
a strong correlation between thermal conductivity and Hall mobility s

observed.

To demonstrate this effect the quantity Szc, the electrical power factor,
has been normalized to similarly doped zone leveled material in the same way
as described above for the thermal conductivity. Since the Seebeck
coefficient ts expected to be a function of the carrier concentration alone,
the normalized power factor is expected to be identical to the normalized Hall
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Figure 4-2. The Hall mobility of hot pressed, heavily doped, p-type
Sig.gGeg.2 alloys, normalized to the Hall mobility of zone
leveled material with the same carrier concentration, as a
function of feed particle size. The labels indicate variations
in preparation procedures as defined in Table 4-1.
mobility. Figure 4-3 shows the normalized electrical power factor plotted
against the normalized thermal conductivity for the samples listed in
Table 4-1. The point (1,1) in Figure 4-3, indicated by the end of the solid

line, represents zone leveled material and the solid Tine connects the origin
with this point.
higher than zone leveled material and a point below the -line represents a
lower figure-of-merit While there
considerable scatter in the data shown in Figure 4-3, the general correlation
Since the thermal

A data point above this line represents a figure-of-merit

compared to zone leveled material. is

between electrical and thermal properties is quite strong.

conductivity data in Figure 4-1 is determined on the full 5.08 cm comnacts,

while the electrical mobility and electrical conductivity in Figures 4-2 and
4-3 are determined on a thin sample cut from the compact, some of the scatter

in-Figure 4-3 may be attributed to inhomogeneities within the compacts.



Figure 4-3. The electrical power factor as a function of thermal conductivity
of hot pressed Sip.gGep.2 alloys, normalized to the
electrical power factor of zone leveled material with the same
carrier  concentration. The solid line  represents a
figure-of-merit equivalent to zone leveled material.

Figure 4-4 shows the Seebeck coefficient, electrical resistivity, thermal
conductivity and figures-of-merit for hot pressed n-type (93) and p-type (75)

compacts and sample 1834 from Dismukes,(]) the only zone leveled

$19.6%%0.2
agreement between the figure-of-merit of the pressure sintered and zone
leveled materials is quite good and probably within experimental error. MWhile
the data in Figure 4-4 are typical of the quality of the high temperature data
collected, the two samples selected as examples represent the highest

£4 iie s mE mnwid Akeav ad in +hic cariac nf taects.

sample characterized at high temperatures 1in that study. The
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Figure 4-5. The thermal conductivity of five samples of hot pressed p-type
Sig.gGeg.2 (Compacts 73, 74, 83, 62 and 72), normalized to
the thermal conductivity of the largest particle size sample
(Compact 73>, as a function of temperature.

decreases with decreasing particle size, with the exception of Compact 72
(3.0 pm) which was prepared by attrition milling, consistent with the low
temperature, steady state thermal conductivity data shown in Figure 4-1. The
normalized thermal conductivity appears to be nearly independent of-
temperature between 300 K and about 1000 K. Above 1000 K the conductivity of
the smaller particle size samples approaches the conductivity of the larger
particle size samples. "

Figure 4-6 shows a combined plot of the Seebeck coefficient and the electrical

(29)

conductivity. Following Jonker a S-o plot can be described by:
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Figure 4-6. The Seebeck coefficient of Sig gGeg.2 alloy as a function of
electrical conductivity. The solid Tine is a theoretical fit to
the data at 1200 K. The dashed and dotted lines indicate a
theoretical extrapolation to 800 K and 400 K, respectively, based
upon the fit at 1200 K. The arrows and sohd c1rc1es indicate
previous data on zone leveled material

where N+, M, and A+ are the density of states, mobilities and
transport coefficients, respectively, of holes (+) and electrons (-). The
solid Tine in Figure 4-6 represents a fit of the data at 1200 K to Equation

(1) with



(E /k,T+A +A)=11.01 +0.08,
g B + -

-1 -
Onin = 6170 +40 ohm -m

N efu N MU = 0.59 50.05.

1 and

Much of the scatter in Figure 4-6 is attributed to variations in electrical
mobility resulting from the pressure sintering processing. The systematic
variations in electrical properties, which correlate with the thermal
conductivity (Figure 4-1) and not with carrier concentration, are too small in
magnitude to mask the much larger doping effects and hence appear as scatter

in Figure 4-6.

The dashed and dotted lines in Fiqure 4-6 représent calculated Seebeck
coefficient at 800 K and 400 K, respectively, based upon Equation (1), the
coefficients resulting from the fit to the data at 1200 K and taking into
Tmin’ but with no additional
adjustable parameters. The agreement between the experimental data and the

account the temperature variation of

theoretical curves is quite reasonable, although the p-type Si-Ge alloy data
at 400 K deviate somewhat from the predicted curve based upon the 1200 K
data. The curvature of the p-type data at 400 K may be indicative of
degenerate statistics and the close agreement between the data and the
calculated curves at 800 K and 1200 K indicate degeneracy of the carriers has
been 1ifted by 800 K.

Literature estimates of the temperature variation of the energy gap of Si vary
from  dE,/dT = 2.3039) 438V a0t ewk. using £, 00O -
1.07 eV and assuming the same scattering mechanism for electrons and hotles

to

gives A = A+ = 1.7 to 2.8, indicating either acoustic (A=2) or optical
(A=3) phonon scattering of carriers as the dominant scattering mechanism.
Insufficient data are available in the low conductivity region of Figure 4-6
to allow a more definitive, independent estimate of dEg/dT, and hence the
scattering mechanism remains somewhat uncertain.

Figures 4-7 and 4-8 show the electrical power factor (Son), in thermal
conductivity units, as a function of thermal conductivity for n-type and
p-type SiO.SGeo.Z’ respectively. The correlation of electrical and
thermal properties shown in Figure 4-3 at room temperature is also evident in
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Figure 4-7. Correlation between electrical power factor (S20T) and
thermal conductivity in sintered n-type Sip gGeg.n alloys.
Error bars indicate +2.5% and are not actual estimates of the
error. Solid lines are least squares fits to the data.
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Figure 4-8. Correlation between electrical power  factor (S24T) and

thermal conductivity in sintered p-type Sig.gGeg.2 alloys.
Solid lines are least squares fits to the data.



the high temperature data, although somewhat less clearly due. fo carrier
concentration variations. The electrical and thermal properties of sintered
n-type Sio'§$§0.2 shown in Figures 4-6 and 4-7 are as "good as the results
of Dismukes on zone leveled material of the same composition; however
many samples exhibit lower K and lower Son values.

4.4 DISCUSSION
While the reduction in the thermal conductivity due to reduced particle size
(Figure 4-1) has been ascribed to grain boundary scatteringvof phonons, the
correlation between both the Hall mobility and electrical power factor and the
thermal conductivity, indicated by the normalized room temperature results
shown in Figures 4-2 and 4-3 and supported by the high temperature results of
Figures 4-7 and 4-8, is somewhat surprising. Numerous authors haveufziﬁyssed
but

the effect on the electrical conductivity of heavily doped silicon germanium

the effect of grain boundary scattering on thermal conductivity,

is often neglected because the electron mean free path is estimated to be
several orders of magnitude smaller than the expected grain boundary

scattering length.

In polycrystalline Si, however, significant reduction in carrier mobility, due
to potential scattering at grain boundaries, is well documented and can amount

(32) While discussing

to several orders of magnitude at Tlow doping Tlevels.
0.2 um grain size, heavily doped (31025 carriers/m3) polycrystalline Si,
Seager comments that "the mobility will approach (within, say factors of two
or three) single crystal values" (Ref. 32, p. 296). As pressure sintered
materials can be expected to have more disordered grain boundaries than
typical of polycrystaliine Si, mobility reductions on the order of 10% to SO%
seem quite plausible for 1 um particle size hot pressed materials due to

grain boundary effects alone.

The highly correlated reduction in the electrical and thermal properties
observed here may be the result of these two physically different scattering
mechanisms for carriers and phonons, both of which may happen to be about the
same order of magnitude and correlate well with particle size. The different
nature of the scattering mechanisms, however, suggests rather different
temperature dependencies would be expected. While there 1s considerable
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scatter in the data, Figures 4-6 and 4-7 suggest the correlation observed at
room temperature in Figure 4-3 persists in approximately the same form for

tests at high temperatures.

Perhaps more significant is the temperature independence of the reduction in
the thermal conductivity due to particle size effects up to about 1000 K and
the pronounced change in the temperature dependence at about 1000 K
(Figure 4-4). All of the contributions to the thermal conductivity are
presumably similar for the samples shown, with the exception of pressure
sintering-related effects. As the average phonon mean free path decreases
with increasing temperature, the effect of grain boundaries is expected to
become less important with increasing temperature. Neither the observed
temperature independence below 1000 K nor the more rapid temperature
dependence above this temperature seem consistent with the usual
Klemens-Callaway formalism, although detailed calculations are required to
coenfirm this assertion.

Assuming a single mechanism is acting similarly on both properties, the
following picture is suggested. Consider currents between two particles in a
sintered body as flowing essentially unimpeded where the particles are well
fused to each other and not at all where the particles are not well fused,
regardless of the reason for the lack of fusion.* Estimation of the effective
conductivities (thermal or electrical) of the body reduces to the topological
problem of calculating the effective path-length of the tortuously connected
medium. In such a case, both electrical and thermal current flow would be
similarty affected, except at very high temperatures where radiation can
contribute to heat transport.

If such defects are responsible for the observed reductions in K and o, then
only limited improvement in the figure-of-merit of hot pressed alloys as
currently fabricated is feasible and other approaches must be used. The
optimum doping level estimated from the data in Figure 4-6 offers some modest
room for growth. The optimum electrical power factors (Szc) for n- and

* Includes Si0p particles or inclusions or films as boundary scattering
mechanisms.



p-type sintered Sio 8GeO p alloys are 3.93 x 10'3 and 2.31 x 10'3
N/m—KZ, which occur at S = =171 uv/K, o = 135,000 ohm']-m_] and S =
168 uV/K, g = 82,000 ohm_]—m'], respectively, as given by the

theoretical fit at 1200 K. These values are close to those predicted for zone
leveled materials. Achieving the optimum carrier concentration may require
doping beyond the solubility limits, particularly in n-type materials, which
will possibly 1imit the temperature capability of the materials. Due to the
logarithmic dependence of S on o, however, even a factor of 2 deviation from
optimum doping results in only about a 10% loss in electrical power factor.

4.5 SUMMARY AND CONCLUSIONS
The empirical. values of ZT = 1 previously found in zone leveled Sio 7Geo 3

was achieved, but not significantly surpassed in hot pressed 310.8090.2
alloys. In spite of reductions in the thermal conductivity approaching 50% in
fine particle size material, the maximum increase in ZT values was limited to
about 10% due to associated reductions in electrical conductivity.

The apparent failure of phonon grain boundary scattering theory to account for
the qualitative temperature dependence of the thermal conductivity prompts the
suggestion that transport in hot pressed silicon germanium differs from zone
leveled materials primarily due to the tortuous connectivity of the former
compared to the Tlatter and the possible presence of oxygen fiims at the
particle boundaries. This suggestion also seems consistent with the observed
effects of processing and the correlated nature of the variations in
electrical and thermal conductivities. Finally, analysis indicates either
acoustic or optical phonon scattering of the charge carriers dominates the
temperature dependence of the high temperature electrical properties.

These results provided much information as to changes in composition and
processing procedures that were needed to more closely achieve the program
goal for Si-Ge alloys. The use of GaP as an addition to offset grain
boundary effects and/or increase charge carrier levels and mobilities was
evaluated and these data and results are summarized in Section 5;
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SECTION 5
PHASE II - Si-Ge ALLOY THERMOELECTRIC PROPERTY IMPROVEMENT BY SOLUTION OF GaP

5.1 BACKGROUND
As early as 1976, GaP was suggested as a promising additive for improving the
performance of silicon germanium alloys under a Jet Propulsion Laboratory

() GaP was postulated to

(JPL) sponsored program at the SYNCAL Corporation.
lower the lattice component of the thermal conductivity by increasing the
“complexity" or mass fluctuation scattering of the lattice in a manner similar
to the thermal conductivity Jlowering mechanism which results from the

(2) Since that time, measurements in

additions of germanium to silicon.
several laboratories, including Purdue University, Battelle-Columbus and
General Electric, as well as at SYNCAL, have confirmed the low thermal
conductivities of samples containing GaP. Direct comparison with samples not
containing GaP but prepared in similar ways has been quite difficult, due to
the large differences in the behaviors of the various materials, the
sensitivity to processing parameters and the complex processing procedures

used for SiGe-GaP alloy fabrication.

While some degradation of the electrical pfopertie§ of GaP containing
materials has been consistently observed, data supporting an overall improved
thermoelectric performance due to the reductions 1in thermal conductivity
resulted in the selection of SiGe-GaP alloys for use in multicouple device
evaluation in the DOE MOD-RTG Program in 1983. The procedure used for the
preparation of SiGe-GaP is exceedingly complex and one of the major thrusts of
the ITM Program was an attempt to separate the contributions of the various
manufacturing processes to the performance of the material and, hence,
optimization of the processes.

This section of the report summarizes the results of iterative experimental/
theoretical tasks to develop techniques for maximizing the properties of
n-type SiGe-GaP alloys. The chemistry of GaP additions is quite complex and
this was considered to be the origin of the poor reproducibility of electrical
property improvements on the alloys. To overcome these difficulties, a number
of approaches were evaluated for increasing and/or controlling the nature of
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Sample

Number

190
191

192
193

the solution of GaP in the alloys. Included were zone leveling,
composition/heat treatment control and charge carrier compensation. Major
emphasis was directed at maximizing GaP solubility by controlling Si/Ge ratios
in the alloys.

5.2 FIGURE-OF-MERIT DETERMINATION AT MAXIMUM GaP SOLUBILITY

5.2.1 THE EFFECT OF GaP DOPING ON 50/50 Si-Ge ALLOYS

The solubility of gallium phosphide in 80% silicon-20% germanium appears to be
fairly Tlow, probably Tless than 1/2 Mol percent. Figure 5-1 shows the trends
in GaP concentrations associated with grains of various Si-Ge ratios in a
polycrystalline sample prepared by GE-CR&D with a bulk composition of 2 Mol
percent gallium phosphide after a one week anneal at 840°C. The dashed line
approximates the GaP concentrations observed in the same sample after melting
but before annealing. From these data, a single phase region in the GaP-SiGe
system is expected. The data also suggested that gallium phosphide solubility
was expected to increase sharply with increased Ge contents up to at least the
50/50 Si-Ge alloy compositions.

Based upon these data, an experiment was designed to produce samples of 50/50
Si-Ge alloys to which 2, 4, 8 and 16 Mol percent GaP were added. Table 5-1
shows the nominal compositions of the samples fabricated. <(The similarity
between the atomic and weight fractions is purely a coincidence resulting from
the atomic masses of the elements involved.)

Table 5-1. 50% Si-50% Ge Samples with High Gallium Phosphide Content

Atomic Fraction Weight %
Si Ge Ga P GaP Formula
0.42 0.42 0.08 0.08 16 (SiGe) 0.84 (GaP) 0.16
0.46 0.46 0.04 0.04 8 (5iGe) 0.92 (GaP) ",08
0.48  0.48 0.02 0.02 4 (SiGe) 0.96 (GaP) 0.04
0.49 0.49  0.01 0.01 2 (SiGe) 0.98 (GaP) 0.C2
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Figure 5-1. [Isothermal SiGe-GaP Ternary Phase Diagram
The isothermal SiGe-GaP ternary phase diagram as indicated by electron beam

microprobe analysis of a heterogeneous sample prepared by melting under 40
atmospheres of overpressure followed by annealing for one week at 840°C.
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5.2.1.1 Fabrication

The procedure used to prepare these samples is referred to as the vacuum
melting/chill casting/grinding/hot pressing technigue. It involves the
melting of GaP, Ge and Si in a fused silica crucible and subsequently vacuum
hot pressing the resultant crushed powder. The fused silica crucible was
filled in the following order: first, GaP; second, Ge; and third, Si. The
crucible was placed in a graphite susceptor and inductively heated under 0.5
atmosphere of argon. The layering of the constituent materials enabled the
germanium to melt first and combine with the GaP before the vapor pressure of

the GaP became too large.

Once a completely molten state was attained, the 1liquid was poured into a
water cooled, copper mold. The resulting ingot was then mechanically
pulverized to about 5 micron median particle size and hot pressed at a
temperature near the estimated solidus. '

This process was used successfully to prepare 14 compacts in the early phases
of the ITM Program (Compacts 5, 6, 7, 9, 10, 21, 22, 23, 24, 25, 38, 39, 40
and 41).' While considerable clouding of the casting chamber occurred during
the melting process, indicating some material loss and complicating the
temperature determination just prior to casting, the actual amount of material
Toss, as determined by weighing the resulting casting, was shown to be a small
fraction of the GaP added.

The schematic process flow for fabricating the four alloys in Table 5-1 are
shown in Fiqures 5-2 through 5-5. Figure 5-6 summarizes the typical hot
pressing conditions for the compacts. Three of the alloys (2, 4 and 8 Mol %
GaP) were satisfactorily produced as three inch (3") diameter by approximately
three-quarter inch (3/4") thick compacts, and were annealed at temperatures as
high as 1100°C without significant melting (a temperature consistent with
expected phase equilibrium). The 16 Mol percent alloy exhibited some tendency
to melt in the 1000° to 1100°C range and no significant tests were made on
it. The additional annealing was done in order to promote homogenization and
further solution of the GaP.
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Figure 5-4. ITM-191 8 Mol Percent GaP in 50/50 Si-Ge
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melting during vacuum annealing,

ITM-190 16 Mol Percent GaP in 50/50 Sj-Ge
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Figure 5-6. Hot Press Cycle for ITM-192-2N
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5.2.17.2 Material Characterization
X-ray diffraction and scanning electron microscopy/energy dispersive x-ray

spectroscopy were performed on three of these alloys in order to determine the
compositional homogeneity and degree of GaP solubility. X-ray diffraction
patterns were obtained from each of the specimens before and after heat
treatment using a computer controlled Siemens D500 automatic diffractometer.
The diffraction patterns produced from these materials each contained nine
diffraction lines between 2-theta = 10 degrees and 2-theta = 115 degrees using
monochromatic copper radiation. The (311) x-ray diffraction profiles were
selected for careful study. These profiles were linearized, stripped of their
copper k-alpha-2 components, smoothed, and deconvoluted into Lorentz
functions. These analytical procedures were accomplished with computer
software obtained from Siemens. The compositions corresponding to the
centroid positions of each of the Lorentz functions were determined using RCA
data(3)
where:

which relates the composition of Si-Ge to the lattice parameter 'a’

. A s
a=d S gy = Sin 6 4y

(31

A plot-of the RCA data is shown in Figure 5-7.

A typical (311) diffraction profile is described here for ITM-193 which
contained 2 Mol percent GaP. Figure 5-8 is the (311) diffraction profile in
the as-pressed condition and Figure 5-9 is after vacuum heat treatment at
1075°C.  The top half of each figure is an expanded view of the diffraction
profile and their constituent Lorentz functions. The bottom half of each
figure is a plot of the compositions (atom percent silicon) and the relative
volumes (volume percent) of the Si-Ge phases present in the material. The
compositions were determined from the lattice parameters 'a', obtained from
the 2-theta positions of the centroids of the Lorentz functions, using the RCA
relations between lattice parameters and composition. The relative volumes
(volume percent) of these compositions were determined from the relative areas
of the Lorentz functions adjusted for atomic structure factors.
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The as-pressed compact can be seen to have a composition ranging from about 24
to 78 atom percent Si, with three specific compositions centered about 48, 58
and 67 atom percent Si. The weighted average composition of this material, as
determined from x-ray diffraction data, is 54.0 atom percent Si. The heat
treated specimen has a narrower range of compositions, from about 38 to 65
atom percent Si, primarily in two compositions centered about 49 and 57 atom
percent Si. The weighted average composition for this material is 52.3 atom
percent Si.

These x-ray diffraction data indicate that the materials become increasingly
homogeneous after heat treatment. In addition, the diffraction patterns were
void of peaks corresponding to GaP and it was concluded that GaP appears to be
soluble in 50/50 Si-Ge at concentrations up to at least 16 Mol percent.

Scanning electron microscopy (SEM) in the backscattered electron imaging mode
and energy dispersive spectroscopy (EDS) were used to study the microstructure
of the thermally processed 50/50 Si-Ge compacts containing 2, 4 and 8 Mol
percent GaP. The specimens were mounted, ground and polished using standard
metallographic techniques. Argon sputter etching was subsequently used to
remove both surface contaminants and material smeared during grinding and
polishing. A 200 angstrom layer of carbon was vapor deposited onto the
specimen surface to provide a electrically conductive path. Examination of
the surfaces at various magnifications was done in order to access
compositional homogeneity. Average compositions were also determined by
performing quantitative standardless EDS elemental analyses at four randomly
selected regions at 500x magnification. ITM-191 (8 Mol percent GaP in 50/50
Si-Ge) was selected to illustrate the SEM/EDS capabilities and to assess the
degree of homogeneity. At magnifications below 300x, this material, as well
as the other materials appear to be featureless with the exception of a few
voids. Only at magnifications of 500x and above can microstructural features
be discerned. This fact is an indication of a high degree of compositional
homogeneity.

If the material were very inhomogeneous one would expect, based on previous

experiences with this type of material, to see contrast differences in the SEM
images which are indicative of compositional variations. However, in the case

5-14



of the materials studied here the observed contrast variations are very
stight. Thus, one would not expect to find large compositional variations in
subsequent element analyses.

Two typical 500x magnification fields randomly selected on the surface of this
material are presented in Figure 5-10. The results of the EDS analyses from

four such fields are shown in Table 5-2.

Table 5-2. ITM-191 Composition (Atomic % from four 500x Fields)

Field 1 2 3 4 Av. sigma
Si 52.10 51.33 81.72 52.14 51.82 0.38
P 4.51 4.7 4,50 4.65 4.59 0.10
Ga 3.66 3.88 3.70 3.56 3.70 0.13
Ge 39.74 40.08 40.08 39.65 39.89 0.22

The results of these analyses indicate that the compositions of four randomly
selected areas (each approximately 230 microns x 170 microns) are very
similar. The specimen fis homogeneous.  The nominal composition of this

material was:

5146Ge466a4P4

The composition of this material, as determined from this EDS analysis is:

Sisy 80€39.9%23.7P4.6

Thus, this material appears to have lost germanium and gallium during hot
pressing (squeeze out) and thermal treatments. When compositional maps for
Si, Ge, Ga and P were made at magnifications of about 5000x, they were found
to be featureless. This fact, again, points to the homogeneous character of
the material.



Figure 5-10. SEM photomicrographs prepared from two typical regions on the
surface of specimen ITM-191. The lack of contrast difference
indicates homogeneity. Magnification = 500x
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If one carefully examines the SEM photomicrographs in Figure 5-10, small dark
spots can be found in grain boundaries. When elemental analyses of individual
dark spots were made, 1t was determined that they contained oxygen and
silicon -- probably silicon oxide, SiOy.

The SEM/EDS results indicate that the homogeneity of 50/50 Si-Ge doped with 2,
4 and 8 Mol percent GaP are superior to standard Si-Ge alloys. Some porosity
was observed and oxide particles were found to be primarily concentrated in
grain boundaries. In addition, the EDS analyses indicate that some germanium
and gallium are lost during the hot pressing/annealing steps.

5.2.1.3 Thermoelectric Properties

Room temperature and high temperature thermoe]ectrlc properties were measured
on samples containing 2, 4 and 8 Mol percent GaP. Table 5-3 is a summary of
the room temperature electrical properties. The Seebeck coefficient was
measured on a bar specimen, 1/4" x 1/4" x 2", while the resistivity, mobility
and carrier concentration were measured on a 1/2" diameter x 0.030" thick disk
specimen using the Hall effect method.

Table 5-3. Summary of Results for GaP Doped 50/50 Si-Ge Test Specimens

ROOM TEMPERATURE
NOMINAL SEEBECK | RHO (HALL)| MOBILITY | CARRIER | DENSITY
SAMPLE ID COMPOSITION (uV/°C) (mQ-cm) | (cm*2/V-sec) | CONC. (1/ec)] __(g/cc)
TM-191 | (SiGe), g, (GaP)y g -160 6.82 19.08 | 4.80E+19 3.86
mM-192 | (§iGe), o4 (GaP)g oy -168 5.01 26.36 4.74E+19 3.92
mu-103 | SiGeloos GaPlooy |  -183 5.50 2754 | 4126419 | 390

These data indicate that the alloys have high electrical resistivities due
primarily to lower carrier concentrations and somewhat reduced mobilities.
This probably results from the fact that the lower melting points of the Ge
rich alloys make it difficult to maintain the excess phosphorus in solid
solution to provide the required number of active charge carriers. About 10%
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of the excess phosphorus is in colution and the remainder probably present as
SiP inclusions. The Seebeck coefficients are increased due primarily fto the
lower carrier concentrations and the solution of the higher band-gap GaP
compound.

High  temperature electrical property measurements were obtained by
instrumenting a bar specimen as described in Section 3. The high temperature
Seebeck coefficients and electrical resistivities of the 2, 4 and 8 Mol
percent GaP doped 50/50 Si-Ge altoys are shown in Figures 5-11 and 5-12. Data
are normally taken at 10°C increments and the gaps in the curves represent
data that are experimentally inconsistent with overall trends.

The Seebeck coefficients are in an excellent range with values up to about
300 puV/°C. However, the electrical resistivities are also high (about seven
times higher than for the more conventional 80/20 SiGe-GaP alloys). The
resistivities vary nearly linear with increasing temperature until about 700°C
at which time intrinsic conduction or phosphorus dissolution occurs. Thus,
electrical power factors are below 15 pN/cm°C2 from room temperature up to
900°C.  The poor electrical properties appear to be due primarily to low
carrier concentrations. Thus, specific annealing treatments were used in an
attempt to obtain more favorable combinations of thermoelectric properties.

5.2.1.4 Aging/Heat Treatment Studies
In an attempt to improve the electrical properties by the removal of Ga by

oxidation and dissolution of additional phosphorus, wafers 1/2" in diameter
and 0.030" thick were heat treated in flowing oxygen at one atmosphere
pressure of 100 cc/min at 700, 800, 900 and 1000°C. After a specified time,
the samples were allowed to cool slowly to room temperature. The surfaces had
either a gold or blue tint indicating a small but finite degree of surface
oxidation.

The thin oxide Tlayer was readily removed by grinding with SiC paper and
distilled water. Room temperature Hall effect and Seebeck coefficient
measurements were repeated. The room temperature electrical properties from
these oxidation experiments are shown in Tables 5-4 through 5-6 for the
alloys. In the 8 m/o GaP alloy (ITM-191), the 1000°C heat treatment was
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Table 5-4.

Room Temperature Electrical Properties of ITM 191, (SiGe)
0.92 (GaP) 0.08, as a Function of Time and Temperature of Annealing
in an Oxygen Flow of 100 cc/min

*AS

ROOM HOT 25 100 200 25 50 100 15 50 5 25  TIME (HRS.)
TEMPERATURE PRESSED 700 700 700 800G 800 800 900 900 1000 1000 TEMP (°C)
s(uv/°) -160 -181  -182 -179  -161  -150 X -65 X -175  -165

sZh (un/cn’c?) 3.75 3.03 2.60 2.31 1.58 0.77 X 0.13 X 4.00 5.3

Pu(m ohm cm) 6.82 10,80 12.74 13.88 16.35 29.15 X  31.09 10.62 7.66  5.13

n(x10%%/cn’) 0.48 0.32 0,30 0.22 0.37 0.34 X 0.30 1.43 0.27 0.36

plen?/V.s) 19.08  17.96 16.34 20.26 10.38  6.39 X 6.60 4,13 29.73 34.17

* S and Hall effect not measured on actual sample heat treated

X = nonuniform

result

Table B-5.

0.96 (GaP) 0.04,

Room Temperature Electrical Properties of ITM 192 (SiGe)
as a Function of Time and Temperature of Annealing
in an Oxygen Flow of 100 cc/min

*As
ROOM HOT 25 100 200 25  BO 100 15 50 5 25 TIME (HRS.)
TEMPERATURE PRESSED 700 700 700 800 800 800 900 900 1000 1000 TEMP (°C)
S(uv/) A170 -187  -1% -1% -180 -185 -178 -162 -143 -173  -158

s (uW/en®c?) 5,77 6.32 5.83 559 3.8 2.76 2,02 1.28 0.892 1.10  1.70

Pulm ohm cm) 5.01  5.53 6.19 6.46 8.43 12.42 15.65 20.53 22.92 27.22 14.84

n(x1020/cn’) 0.47  0.32 0.3 0.33 0.34 0,30 0.31 0.28 0.25 0.087 0.10

plen?/V.s) 26,36  35.86 29.69 29.27 21.88 16.54 12.99 11.06 10.83 26.43 40.73

* S and Hall effect not measured on actual sample heat treated
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Table 5-6. Room Temperature Electrical Properties of ITM 193 (SiGe)
0.98 (GaP) 0.02, as a Function of Time and Temperature of Annealing
in an Oxygen Flow of 100 cc/min

*As

ROOM WOT 25 100 200 25 50 100 15 50 5 25  TIME (HRS.)
TEMPERATURE PRESSED 700 700 700 800 800 800 900 900 1000 1000 Tewp (°C)
S(uv/°c) 175 -197  -204 202 -188 -196 -194 -161 -155 -168 171

s%p (uW/enc?) 5.57  5.30 5.0 4.35 4.36 3.39 2.84 0.73 0.21 0.73 X

Pu(m ohm cm) 5.50  7.32 8.26 9.37 8.1 11.34 13.26 35.41 113.7 38.44 X

n(x102%/cu’) 0.41  0.27 030 0.28 0.33 0.29 0.27 0.18 0.25 0.073 X

plcn®/N.s) 27.54  31.56 25.65 23.99 23.33 18.82 17.59 10.03. 2.19 22.23 X

* § and Hall effect not measured on actual sample heat treated

x = nonuniform result

partially effective in increasing the electrical power factor due to an
increase in the carrier mobility. In all three samples, the carrier
concentration started off low and continually decreased with heat treatment.
This strongly indicates the reprecipitation of electrically active phosphorus
atoms by slow cooling. Rapid cooling could have possibly kept the excess
phosphorus in solid solution.

5.2.1.5 Summary of Results
The solubility of GaP in 50/50 Si-Ge is at least 16 Mol percent as determined
from x-ray diffraction analysis. The materials prepared in this study by

chill casting, grinding, hot pressing and vacuum annealing have been
relatively homogeneous as determined from x-ray diffraction and SEM/EDS
analyses.
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Additives such as GaP to 50/50 Si-Ge alloys do significantly increase their
high temperature Seebeck coefficients. However, this was accomplished with
sharply increased electrical resistivity values. The resistivity increases
appear to result from a combination of low concentrations of electrically
active n-type charge carriers and somewhat lower charge carrier mobilities.

It has been proposed that heat treatment of the alloy powders in a phosphorus
containing atmosphere could produce more effective compensation of excess
gallium atoms and increase the number of electrically active phosphorus atoms

in solution.

5.2.2 THE EFFECT OF GaP DOPING ON 80/20 Si-Ge ALLOYS

Residual material from the 50/50 Si-Ge alloys with the GaP contents described
above were ground to a controlled particle size and subsequently hot pressed
after being blended with controlled size particles of P doped Si. The goal
was to produce a series of 80/20 Si-Ge alloys with 1/2, 1, 2 and 4 Mol percent
GaP and to have more P than Ga in solution so as to produce n-type alloys.
Table 5-7 shows the nominal composition of the samples fabricated.
Fabrication was carried out in a manner which would retain the GaP within the
grains as either a supersaturated solid solution and/or as a fine dispersion
of GaP particles.

Table 5-7. Nominal Composition of GaP Doped 80/20 Si-Ge

Atomic Fraction
Sample
Number Si Ge Ga P
199 0.779 0.195 0.004 0.022
198 0.773 - 0.193 0.008 0.026
197 0.760 0.190 0.016 0.034
196 0.731 0.183 0.035 0.052
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5.2.2.1 Fabrication

Figures 5-13 through 5-16 summarize the process details for the fabrication of
the four 3 inch diameter by 3/4 inch thick compacts produced. Figure 5-17
provides typical details for the hot pressing of all four blended powder
compacts.

The phosphorus doped silicon powder blend having a nominal P content of 3
atomic percent was prepared by chill casting a silicon melt to which
phosphorus chunks were added, followed by mechanical crushing to a median
particle size near 5 microns.

5.2.2.2 Material Characterization
X-ray diffraction and SEM/EDS analyses were performed on pieces cut from the
as-pressed compacts in order to assess the degree of compositional

homogeneity. Again, the (311) diffraction profiie was examined in detail. It
appears that GaP is present when the diffraction profiles are deconvoluted
into their Lorentz functions. As shown in Figure 5-18, each of the materials
was found to yield a Lorentz function coincident with the position of GaP. In
this figure, Lorentz function intensities for three of the compositions are
plotted versus diffraction angle. Also included is the diffraction profile
for GaP in this diffraction range; note the overlap of the Lorentz data with
the GaP diffraction profile at about 56.1 degrees. The data confirm the
limited solubility of GaP in the 80/20 Si-Ge composition. The estimated
maximum solubility is about 1 to 2 Mol percent. It is also noted that the GaP
diffraction position indicates very little solid solubility of Ge or Si in the
GaP lattice.

The (311) diffraction profile and the deconvoluted Lorentz functions are shown
in Figure 5-19 for ITM 197. The corresponding plot of composition in atom
percent Si versus volume percent is also shown, findicating excellent
homogeneity (only one major Lorentz function).

SEM/EDS analyses were made on polished surfaces of the four GaP doped 80/20
Si-Ge alloys. Specimens were prepared similar to that used for the 50/50
SiGe-GaP alloys. A1l the samples evaluated, with the exception of ITM 1396,
were found to be very homogeneous in Si and Ge distributions.
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Figure 5-17. Hot Press Cycle for Lot ITM 197, ITM 198 and ITM 199.
Slightly Lower Temperatures Were Used to Hot Press ITM 196
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The results for ITM 197 will be discussed as a typical example.

With the exception of relatively minor porosity, SEM images at magnifications
below 300X were void of detail. At magnifications above 300%x only very slight
contrast differences in the SEM image was observed. This lack of contrast is
an indication of a high degree of homogeneity. Dark spots, about 0.5
micrometer in diameter, were observed primarily in grain boundaries. Two
randomly selected, 500x magnification, fields are shown in Figure 5-20. The
composition as determined using EDS is lTisted in Table 5-8.

Table 5-8. ITM 197 Composition (Atomic % from Four 500x Fields)

Field 1 2 3 4 Av. sigma
Si 78.76 78.99 78.40 78.74 78.72 0.24
P 3.75 3.96 3.68 3.66 3.76 0.14
Ga 1.63 1.54 1.68 1.66 1.63 0.06
Ge 15.86 15.78 16.24 15.94 15.96 0.20 °

The nominal composition for this material was:

S176.0%€19.05%1.673.4

The average composition from Table 5-8 is:

Ge Ga

S1 16.0%%1.6"3.8

78.7

The indication is that this material lost Ge during its formation. However,
it does not appear as though any significant quantity of Ga or P was lost.

The dark spots in grain boundaries were found to contain silicon and oxygen,

again suggesting 8102 inclusions.
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5.2.2.3 Thermoelectric Propertiss
Room temperature and high temperature thermoslectric properties were measured
for the four alloys. The hot pressing procedures used in their fabrication

resulted in ewxtremely wuniform room temperature Seebeck coefficients and
microstructures. Table 5-9 is a summary of the rocm temperature electrical
properties. The Seebeck coefficient was measured on a bar sample, 1/4" x 1/4"
x 2", the electrical resistivity., carrier concentration and mobility were
determined on a disk sample, 1/2" diameter x 0.030" thick, by the Hall effect
method, and the steady state thermal conductivity at 100°C was measured on a

puck, 2" diameter x 1/2" thick.

The electrical

resistivities have decreased

significantly from their GaF doped 50/50 Si-Ge precursors due

mobilities,

carrier concentrations and phosghorus

conductivity values are also in an appropriate range.

solubility.

to higher

The thermal

Table 5-9. Summary of Results for GaP doped 80/20 Si-Ge Test Specimens
SRER m‘ﬁlm EEE; BECK | RHO f.HA;H%w%E‘fM Ecmﬁ DENSITY 'mﬁw“
Md-198 | 510 731 Goe. 13 Gag 038 Poose -84 0.824 34.29 2.21E+20 2.954 a8.43
ITM-197 | 510 750 Gen 100 G90.016 Po.oad 83 0.675 37.45 2.47Es20 3.000 40.45
ITM-198 | 5ig. 772 Gen 193 520,008 Po.o08 -85 0.684 39.386 2.02E+20 3.008 41.27
ITM-129 | sig77p Gep 1p5 g nod Pooze -88 0.724 40.92 2.11E+20 2509 41.27

High temperature Seebeck

measured on as-pressed sampl

GE-ASD. High temperature
Battelle-Columbus and GE-ASD.

coefficients
es by Ames
therma)

G-

and electrical

Laboratory,

diffusivity .

34

wWas

resistivities were

Battelle-Columbus and

measurad by



Figure 5-21 is a plot of the Seebeck coefficients versus temperature in which
the GE-ASD first heat curves for the four alloys are superimposed. It is
interesting to note that the Seebeck coefficients are independent of porosity
and GaP content, which ranges from 0.4 to 3.5 Mol percent. ITM sample 196
contained an appreciable volume fraction of voids due to the large phosphorus
overpressure during hot pressing. The similarity of the Seebeck coefficient
values could be due to the similarity in the carrier concentration since S is
inversely proportional to the log of the carrier concentration. The measured
carrier concentrations ranged from 2.11 to 2.47 X 1020/cm3 at room temper-

ature.

Also included in Figure 5-21 is a tabulation of the integrated average Seebeck
coefficient between 300 and 1000°C and between 600 and 1000°C. Within
experimental error they are jdentical.

Figure 5-22 is a plot of the Seebeck coefficient for ITM 197 aé measured by
the various Tlaboratories. There s satisfactory agreement between the
laboratories. Ames and Battelle data are lower with respect to GE data, as
was previously observed in the round robin testing (Section 3.4).

Figure 5-23 is a plot of the Battelle electriéél resistivity data exhibiting a
linear increase with temperature and bending over near 800°C due to the onset
of intrinsic conduction or increased phosphorus solubility. ITM 196 has the
highest resistivity due to a lower carrier mobility and mean free path because
of the presence of porosity as discussed above. The integrated average values
between 300 and 1000°C and between 600 and 1000°C are also included. These
data clearly show that ITM 196 has the highest electrical resistivity and IT™
197 the lowest. These electrical properties are not any different from that
measured in Phase I of this Program for n-type 80/20 Si-Ge since a plot of the
Seebeck coefficient vs. electrical conductivity is the same as that shown in
Figure 4-6.

The electrical power factor was calculated using GE-ASD Seebeck and Battelle
electrical resistivity measurements. Figure 5-24 shows the temperafure
dependence of the electrical power factors. Between 600 and 1000°C, ITM 197
and ITM 199 have a maximum power factor of about 40 pN/cm°C2 and an
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Figure 5-21. High Temperature Seebeck Coefficients of
As-Pressed ITM 196 through ITM 199
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Figure 5-22. High Temperature Seebeck Coefficient of As-Pressed ITM 197
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Figure 5-23. High Temperature Electrical Resistivity of
As-Pressed ITM 196 through ITM 199
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integrated value near 36 pN/cm°C2. The integrated values between 300 and

1000°C are also included in Figure 5-24. The value for ITM 196 is an estimate
since an integrated average Seebeck coefficient in this temperature range was
not determined and a value of -204 uV/°C was estimated.

Thermal diffusivity, measured at GE-ASD by the laser flash technique, was
combined with heat capacity data from Ames (for 2 Mol percent GaP in 80/20
Si-Ge) and experimentally determined density to calculate the thermal
conductivity values.

Figure 5-25 is a plot of the temperature dependence of the thermal
conductivities of the four alloys. ITM 196 has the Tlowest thermal
conductivity consistent with the observation of voids in the microstructure.
The data between 600 and 1000°C are considered very reliable and the
integrated average thermal conductivity is shown to decrease with increasing
GaP content. The calculated lattice thermal conductivities are compared to
those of n-type 80/20 Si-Ge and are listed in Table 5-10. The lattice thermal
conductivities are seen to be lower for the GaP containing alloys. Improved
phonon scattering (e.g., second phase scattering) is thought to be responsible
for this reduction.

Table 5-10. Calculated Lattice Thermal Conductivities of n-SiGe and
n-SiGe-GaP Samples Prepared on this Program

Temperature °C

Sample 200 400 600 800 1000
n-SiGe 37.4 30.3 29.5 28.7 32.6
ITM-196 30.9 29.3 24.6 18.5 15.1
ITM-197 33.7 30.9 25.5 19.6 22.1
ITM-198 34.1 31.3 26.9 22.6 21.5
ITM-199 35.7 33.1 29.3 25.5 18.7
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ELECTRICAL POWER FACTOR VS TEMPERATURE

As-Pressed ITM 196 through ITM 199
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Figure 5-24. High Temperature Electrical Power Factor of




THERMAL CONBUCTIVITY VS TEMPERATURE

comparator method at 100°C and calculated from GE thermal

diffusivity data and Ames heat capacity for ITM
ITM 199.

5-41

196 through

55 _
GE-ASD THERMAL DIFFUSIVITY 100C COMPARATOR METHOD
AMES HEAT CAPACITY 6/% -~ ITM-196
— 50 6 - ITM-196 7/% ~- ITM-197
O 7 - 1TM-197 8/% - ITM-138
- = 8- ITM-198 9/% - ITM-189
2 9 - ITM-199
=
E 45 |+
>_
-
> g ;
5 T — S Vi
a ® | g
5 5\6/5/6/6‘“5\6\ \%\ <! e
8 \\‘ K,
35 | Bl B :
= g
s ‘
o 300-1000C  §00-1000C “B //8///6
T ITM-196 33.11 30.91 B &
o0 IMe1gy 37.21 35.34 g 5
_ _ ITM-198 37.54 35.82
ITM-199 40.21 39.43
25 1 I i ] { L i L L [
0 100 200 300 400 500 600 700 800 300 1000 1100
TEMPERATURE (C)
Figure 5-25. High temperature thermal conductivity measured at GE by the




Combining the electrical power factor with the thermal conductivity data
results in the temperature dependence of the figure-of-merit trends as shown
in Figure 5-26. ITM samples 196 and 197 with 3.5 and 1.6 Mol percent GaP,
respectively, possess figure-of-merit values near 1 X 10—3/°C. Integrated
values between 300 and 1000°C are about 10-20% lower as is expected from the
temperature dependence of the thermoelectric properties.

Figure 5-27 is a comparison of the temperature dependence of the figure-of-
merit of ITM 197, which is considered to contain the optimum GaP content in
80/20 Si-Ge, with respect to the improved materials developed on the SP-100
Program. (T106, T366, T373). The SP-100 samples were fabricated by Thermo
Electron -and were heat treated in air to homogenize the constituenté.
Elaborate air heat treatments up to 1320°C were performed to achieve these
improvements, however, this technique has been shown to be non-reproducible.
This plot leads one to believe that improved n-SiGe-GaP materials can be
obtained by two different methods; namely, (1) the vacuum melting/chill
casting/grinding/double hot pressing technique and, (2) the elemental approach
combined with air heat treatment.

5.2.2.4 Thermal Treatments of 80/20 SiGe-GaP Alloys
Wafers, 1/2" in diameter and 0.030" thick, were thermally treated in an air

furnace in an attempt to duplicate the further improvement in the electrical
power factors reported by NASA-JPL and Thermo Electron. The room temperature
Seebeck coefficient and Hall effect were measured in the as-pressed condition,
after 98 hours at 1200°C, after 25 hours at 1275°C and 25 hours at 1320°C.
The data are tabulated in Table 5-11. After each heat treatment, the white
gallium oxide layer was removed by grinding with 600 grit SiC paper and
distilled water. The edges were also sanded in order to obtain reproducible
Hall effect results. After each heat treatment, the Seebeck coefficient,
electrical resistivity and power factors increased. The increase in power
factor was about 20%. The charge carrier concentration continually decreased
although the carrier mobility increased significantly.

5-42



FIGURE-OF-MERIT VS TEMPERATURE
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FIGURE-OF-MERIT VS TEMPERATURE
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Figure 5-27 Comparison of the figure-of-merit of improved n-SiGe-GaP
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After the third heat treatment at 1320°C for 25 hours, there was no white
gallium oxide coating. The gallium content was depleted and a glossy 8102
surface remained together with the formation of a surface exudation. This
surface exudation was identified to be SiP by SEM/EDS analysis.

The room temperature results of the heat treatment are inconsistent with
Thermo Electron's (TECO's) observations: the Seebeck coefficients increased
here while no change was measured in TECO's samples and the electrical
resistivities here increased while TECO measured an appreciable decrease.
However, the thermal treatment in both programs do appear to improve the
thermoelectric properties. The ITM data suggest a potential improvement of up
to 20 percent in figure-of-merit 'through factors such as carrier mobility
increases, more complete densification and/or reduction in grain boundary
effects.

Due to the promising trends in room temperature properties resultihg from
thermal treatments, it is highly recommended that high temperature thermo-
electric property measurements be performed on the samples.

5.2.2.5 Long Term Thermal Stability

Ames Laboratory, of Iowa State University, sealed as¥hot-pressed specimens of
the ITM materials in quartz ampoules and heat treated them at 1000°C for three
days. An as-hot-pressed piece of ITM 197 was also heat treated at 1000°C for
49 days. The high temperature Seebeck data for ITM 197 are shown in
Figure 5-28. After 49 days at 1000°C, the high temperature Seebeck
coefficients were decreased from the three day data, however, they were still
higher than the as-pressed data. These data indicate that the relative
thermal stability of ITM 197 is good.

The corresponding electrical resistivities for ITM 197 are shown in
Figure 5-28. The Tlow temperature resistivities after heat treatment are
decreased from that for the as-pressed condition; a trend which will improve
the figure-of-merit averaged between 300 and 1000°C assuming the thermal
conductivity is constant. It is conjectured that the thermal conductivity
will only be dependent on grain size and, hence, not be susceptible to change
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Figure 5-28. Resistivity and Seebeck Coefficient Heating Curves for

ITM 197, after 1000°C Heat Treatment As Measured by Ames Laboratory
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during heat treatments. Thermal aging beyond three days does not further
affect the electrical resistivity.

Figure 5-29 is a plot of the power factor of ITM 197 after three and 49 days
at 1000°C. The data indicate that the figure-of-merit can be improved by
judicious heat treatment.

Table 5-12 lists the average electrical power factors (from data obtained by
Ames Laboratory) of the four 80/20 SiGe-GaP alloys before and after long term
heat treatment at 1000°C. Only ITM 197 has responded favorably; that is, the
electrical properties have improved 23% between 300 and 1000°C with isothermal
heat treatment. No significant improvement was observed for the remaining

three samples.

Table 5-12. The Effect of @?at Treatment on the Average Electrical
Power Factor (uW/cm°C™) as Measured by Ames Laboratory

POST 49 DAYS @
AS-PRESSED 1000°C IN QTZ

SAMPLE 300-1000* 600-1000* 300-1000* 600-1000"

ITM-196 24.8 26.2 24.4 27.3
1TM-197 22.3 25.6 27.4 32.9
ITM-198 24.4 29.0 22.78 27.2%
ITM-199  27.4 32.6 22.6°  26.8°
* .c
3 54 days at 1000°C in quartz
° b 36 days at 1000°C in quartz

Battelle-Columbus has completed in-gradient leg tests using ITM samples 197
and 198, in which the Seebeck coefficient and electrical resistivity were
monitored as a function of time. Each sample was instrumented with three
W5Re-W26Re thermocouples and the current leads were placed at opposite ends of
the sample. The hot and cold ends were maintained at 915 and 400°C,
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Figure 5-29. Effect of 1000°C Heat Treatments on the
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respectively. The Seebeck coefficients were determined by evaluating the
quotient Delta V/Delta T and the resistivities were determined by the 4-point
AC method between adjacent thermocouples. A schematic of the setup is shown
in Figure 5-30.

Figure 5-31 shows the time dependence of the Seebeck coefficients and
Figure 5-32 shows the time dependence of the electrical resistivities. Both
properties have increased from their as-pressed values. However, they have
stabilized after 40 days. Figure 5-33 is a plot of the electrical power
factors using only Battelle Columbus data. The curves are representative of
the as-pressed condition and the symbols represent values at day 1 and 59.
There is no degradation after 59 days for ITM 197 and a remarkable improvement
for ITM 198. |

Preliminary long term aging tests and thermal treatment studies at Ames and
Battelle Laboratories suggest that the 80/20 SiGe-GaP enhanced performance
alloys are (1) remarkably stable and (2) may be amenable to substantial
property improvements by thermal treatments. However, much additional effort
will be required to quantify the trends.

5.3 REPRODUCIBILITY DEMONSTRATION OF ENHANCED PERFORMANCE 80/20 SiGe-GaP
ALLOYS

5.3.1 COMPACT FABRICATION

Three additional compacts were fabricated to demonstrate the reproducibility
of property improvements achieved on ITM 197. ITM 232 is a duplicate of ITM
197 and was prepared from a powder blend consisting of 8 Mol percent GaP in
50/50 Si-Ge and phosphorous doped silicon. The nominal composition of ITM 232
is 510.760Geo.19OGaO.016P0.034' The second compact, ITM 234, is a
duplicate of ITM 197 with additional phosphorous. The extra phosphorous was
added to the initial vacuum casting of 8 Mol percent GaP in 50/50 Si-Ge. The
nominal composition of ITM 234 s 510‘747Ge0_]87Ga0.O]6P0.050. The
third compact, ITM 237, has a nominal composition of 810.769Ge0.]92
Ga P and was prepared from a powder blend consisting of Si-Ge and

0.016 0.022
Ge-GaP master alloys.
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Figures 5-34 to 5-36 provide flow diagrams to describe the fabrication
processes for the three compacts. After vacuUm hot pressing, the room
temperature Seebeck coefficients were carefully measured on the top and bottom
surfaces of the 3" diameter compacts. The Seebeck values varied by only 3
uV/°C at most, which is a good indicator of a high degree of homogeneity.

5.3.2 MATERIAL CHARACTERIZATION

The density and room temperature Hall effect of the compacts were measured and
the results are tabulated in Table 5-13, along with the results for ITM 197.
The data for ITM 232 are the same as ITM 197 within experimental error. This
clearly shows GE's ability to reproduce materials. The trend in carrier
-.concentration with the electrical resistivity and Seebeck coefficient is
consistent with that expected from the nominal composition. Though the
carrier concentration is lowest for ITM 237, the room temperature power factor
is about 10% larger than the corresponding values for the other two samples.
This is possible since the increase in the Seebeck coefficient squared more
than compensates for the increase in the electrical resistivity.

The compositional homogeneity of the three materials listed in Table 5-13 was
studied using x-ray diffraction methods. The procedure used consisted of
analyzing the (311) x-ray diffraction profiles obtained for each of the

materials.

Two specimens were evaluated from the ITM 232 compact. A 0.5 inch diameter
core was taken through the thickness of the compact. One of the specimens
examined was taken from the top of the core, the other from the bottom. The
top and bottom slices were found to be very similar. They both have a very
narrow compositional range. This narrow range of composition indicates a high
degree of homogeneity. The average composition of the top slice is slightly
greater in silicon concentration than is the bottom slice and both slices have
similar ranges in composition. It is concluded that the variation between the
top and bottom of the compact, in terms of homogeneity and composition, is
probably insignificant.
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Figure 5-34. Fabrication Process for ITM 232
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Tab1e>5-13. Summary of Room Temperature Results for GaP Doped 80/20 Si-Ge

SEEBECK RHO(HALL)  MOBILITY CARRIER DENSITY
COMPACT NOMINAL COMPOSITION ( uv/°C) (macm) (cm/V-5) coMC (1/cc)  (g/ce)
1M-232 STy 760 0,190 5%0.016 P0.034 -85 0.677 38.22 2.43x10%0 3.019
1TM-234 51&747Ge&187sa&0]spoh50 -82 0.603 40.62 2.55x10%0 2.984
1TM-237 Si; 769 60,102 520,016 P0.022 -100 0.834 41.31 1.82x10% 3.024
1197 S1g 760 50,150 S0.016 P0.034 -83 0.675 37.45 2.47x10%° 3.000

One reason that compact ITM 232 was produced was to show that ITM 197 could be
duplicated. ‘The x-ray diffraction profiles from both of these materials are
presented for comparison in Figure 5-37. Since the profiles are seen to be
very similar, it is concluded that the degree of compositional homogeneity for
these two materials is also very éimi]ar. The Lorentz function at 56.1
degrees 2-theta is also in the deconvolution for ITM-232 which is coincident
with the GaP diffraction profile.

Examination of the (311) diffraction profile obtained for ITM 234 and ITM 237
also indicated a high degree of compositional homogeneity. Narrow diffraction
profiles with a corresponding single large Lorentz function and only a very
few small side Lorentz functions attest to the narrow range of compositions.

5.3.3 THERMOELECTRIC PROPERTIES

Samples from compacts ITM 232, 234 and 237 were supplied to Ames Laboratory
for evaluation. The compacts were fabricated to demonstrate that the vacuum
melting/chill casting/grinding/hot pressing method of compact fabrication was
capable of providing reproducible improvement in properties.
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Figures 5-38 through 5-40 show the temperature dependence of the Seebeck
coefficients, electrical resistivities and electrical power  factors,
respectively, as measured by Ames Laboratory for sample ITM 232 in comparison
with ITM 197. There 1is excellent agreement in the data except that the
Seebeck coefficients at 900 and 1000°C are 11% and 25% higher, respectively,
for ITM 232. This, in turn, results in an 18% improvement in the integrated
average power factor between 300 and 1000°C. The duplication of the high
temperature electrical properties clearly demonstrates fabrication
reproducibility.

Figures 5-41 and 5-42 compare the high temperature electrical properties of-
ITM samples 232, 234 and 237. The n-SiGe-GaP samples possessing phosphorus to
gallium ratios in excess of 1.5 (ITM 232 and 234) have Jlower Seebeck
coefficients and electrical resistivities due to their higher carrier
concentrations. A plot of the Seebeck coefficient vs. the Tlog of the
electrical conductivity is the same as shown in Figure 4-6 for n-type 80/20
Si-Ge. This indicates that the electrical properties are not affected by the
addition of GaP.

The calculated electrical power factors are compared in Figure 5-43. Also,
the integrated average electrical power factors between 300 and 1000°C and 600

and 1000°C are compiled in Table 5-14.

ITM 234 possesses the highest power factors due to fincreased carrier
concentration and correspondingly lower electrical resistivities.

Table 5-14. Electrical Power Factors for n-SiGe-GaP Samples
ITM 232, 234 and 237

SZ/F (,U N/cmocz)

N-SiGe-GaP 300-1000°C 600-1000°C
IT™-232 26.4 28.2
I1TM-234 32.9 34.6
I1TM-237 3.1 32.0
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Thermal diffusivity was also measured by Ames Laboratory between 400 and
1000°C on 1/2" diameter disks. A laser flash technique was employed and the
data were corrected for heat Tloss using an algorithm developed jointly by
Thermo Electron and JPL. The thermal conductivity was calculated by
multiplying the corrected thermal diffusivity, heat capacity (as measured by-
Ames Laboratory using the drop calorimetry technique on a similar SiGe-GaP
sample) and density corrected for thermal expansion. The resultant thermal
conductivities are plotted as a function of temperature in Figure 5-44. The
curves have a shape that is consistent with theory. The minimum thermal
conductivity occurs at 700°C with a value near 32 mW/cm®°C for ITM 232 and ITM
234, and 36 mW/cm°C for ITM 237. The Tlattice component of the thermal
conductivity was calculated and is tabulated in Table 5-15. Between 600 and
1000°C they are lower than that of n-type 80/20 Si-Ge. GaP additions reduce
the Tattice thermal conductivity by enhancing the scattering of phonons by GaP
precipitates.

Table 5-15. Calculated Lattice Thermal Conductivities of n-SiGe and
n-SiGe-GaP Samples Prepared on this Program

Temperature °C

Sample 200 400 600 800 1000
n-SiGe 37.4 30.3 29.5 28.7 32.6
ITM-232 - 32.9 27.0 21.6 22.8
IT™-234 - 32.6 20.7 21.7 21.6
1TM-237 - 37.0 32.0 27.4 29.9

The figure-of-merit curves are shown in Figure 5-45. ITM 234 appears to have
very favorable properties. The maximum figure-of-merit is 1.07 x 10'3/°C at
700°C and the average value between 400 and 1000°C is 0.94 x 10'3/°C. For
ITM 232 and 237, the maximum Z occurs at 700°C with values of 0.91 and 0.96 x
10_3/°C, respectively.
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Further improvement may be realized by conducting a heat treatment study on
these samples since previous results have indicated improvement in Z above
800°C. The power factor was observed to increase such that the temperature
dependence curve was flat above 600°C.

5.4 COMPARISON OF VACUUM MELTING/CHILL CASTING/GRINDING/HOT PRESSING WITH THE
ELEMENTAL APPROACH FOR ADDING GaP TO 80/20 Si-Ge ALLOYS

. 5.4.1 ELEMENTAL (OR UNREACTED MIXED POWDER) APPROACH COMPACT FABRICATION

In addition to preparing GaP doped 80/20 Si-Ge alloys by the vacuum melting/
chill casting/grinding/hot‘pressing method, two compacts were fabricated using
the elemental method. Two first pressing compacts composed of -325 mesh Si
and Ge powders in the proper 80/20 stoichiometry were hot pressed as indicated
in Figure 5-46. One compact, ITM 212, was hot pressed from a powder blend
containing GaP and first pressing 80/20 Si-Ge. The second compact, ITM 213,
was hot pressed from a powder blend containing Ga203, GaP and first
pressing 80/20 Si-Ge. The purpose of the second compact was to determine if
figure-of-merit improvements could have been due "to the formation of high
band-gap Ga203 during high temperature air heat treatments. The hot
pressing cycle used for preparing compacts ITM 212 and 213 is shown in
Figure 5-47.

5.4.2 THERMOELECTRIC PROPERTIES

Table 5-16 summarizes the nominal composition and the room temperature
thermoelectric properties. The presence of high band-gap Gazo3 increases
the Seebeck coefficient but at the same time increases the electrical
resistivity significantly. Both of these ITM samples have Tow carrier
concentrations and mobilities, especially ITM-213 which contains Gazoé.

Disk shaped samples were heat treated in air similar to that performed on the
GaP  doped 80/20 Si-Ge alloys prepared by vacuum melting/chill
casting/grinding/ hot pressing. Table 5-17 tabulates the room temperature
electrical properties after a series of air heat treatment at 1200°C, 1275°C
and 1320°C. This heat treatment schedule was similar to that developed by
Thermo Electron which yielded figure-of-merit improvements on two n-SiGe-GaP
samples prepared by the elemental method. After each heat treatment, the room
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Table 5-16. Summary of Room Temperature Results for GaP Doped 80/20
Si-Ge Prepared by the Elemental Method

THERMAL
CONDUCTIVITY

NOMINAL SEEBECK Rho{HALL) MOBILITY CARRIER DENSITY AT 100°C
COMPACT COMPOSLTION (uvr°c) (macm) {em?/V-s) CONC (1/cc) (g/cc) (mW/cm°C)
1TM-212 Sig.7g45e0.106(6aP)0. 02 -130 2.08 25.8 1.16x1020 2.953 46.58
[TM-213 Sip.788620. 197620, 02 -170 15.2 9.49 0.44x1020 2.946 51.40
Pan1%.015

temperature electrical properties improved remarkably. This was probably due
to a combination of factors; namely, the carrier concentration increased
indicating more dopants were going into solution and the mobility increased
indicating that the amount of intergranular resistive barriers were
decreasing. The room temperature power factors after heat treatment have
increased to a value (approximately 10 pw/cm°C2> simitar to that for the
as-pressed GaP doped 80/20 Si-Ge alloys prepared by the vacuum melting/chill
casting/grinding/hot pressing method. These data illustrate that improved
properties can be realized by two different methods; i.e., elemental method
coupled with elaborate high temperature air heat treatment and diluting GaP
doped 50/50 Si-Ge alloys prepared by the chill casting method. The advantage
of the latter method is that the chemistry is more controllabie and, hence,

the process can be easily reproduced.

5.5 SUMMARY OF RESULTS

The maximum solubility of GaP in 80/20 Si-Ge is estimated to be about 1 to 2
Mol percent as determined from x-ray diffraction analysis. The compacts
prepared in this study which involved double hot pressing produced the most
homogeneous materials seen heretofore as determined by x-ray diffraction and
SEM/EDS examinations.

The high temperature Seebeck coefficients as measured by GE on bar samples
were independent of porosity and GaP content, which ranged from 0.4 to 3.5 Mol
percent. The electrical resistivities were highest for ITM 196 due to the
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Table 5-17.

Room Temperature Seebeck Coefficient and Hall Effect
Measurements After a Sequence of Thermal Treatments of
GaP Doped 80/20 Si-Ge Alloys

AR AlR AlR

GE-ASD DATA AS-RECEIVED 1200°C/98 HRS 1275°C/25 HRS 1320°C/25 HRS.

ROOM TEMPERATURE| S oH n P s oH n “ s oM a “ s oM n u

X1040 X100 X10%0 x1020
SAMPLE ID pvieCi mldem | em3 { em2Ves| uvroC | mOem | om-3 | cm@/v-g uv°c fmQem | em3 [em2Ves | uvioC { mQem | em*3 |em2ves

(GaP)g g2 (8.12) (11.63) (12.82)

1. ITM-212 -130 2.08 1.16 25.8 -100 0.86 1.39 52.2 -92 0.66 1.77 53.4 — 0.87 1.29 55.4
Gao'02P0.0100_015 (1.90) (5.73) (9.28)

2. ITM-213 -170 15.2 0.44 9.49 -130 2.95 0.65 32.5 -118 1.50 0.99 421 — 0.87 1.24 57.9

NUMBERS IN PARENTHESES ARE Szlp values

FOR OXIDIZED SAMPLES, PROPERTY MEASUREMENTS W

WITH DISTILLED WATER
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presence of porosity and lowest for ITM 197. The thermal conductivity was
observed to decrease with increasing GaP content. The combination of these
properties for each sample resulted in figures-of-merit ranging from 0.8 X
10-3/°C (ITM 199, ITM 198, ITM 196) to 0.9 x 107>/°C (ITM 197) averaged
between 300 and 1000°C.

ITM 197 was seen to possess the most desirable thermoelectric properties and a
further 20-25% improvement in room temperature properties was achieved by
thermal processing in air. The addition of phosphorous to 2 Mol percent GaP
in 80/20 Si-Ge (ITM-234) produced further improvement in Z due to higher
carrier concentrations and mobilities. It is recommended that additional work
be directed towards reproducing these results.

The results show that the methods used here have a high degree of
reproducibility for uniform, improved property compaét fabrication. Compact
ITM=234 is believed to have the highest level of thermoelectric
figure—of—merit properties of the candidate alloys as noted above. Appendix D
provides a detailed summary of the fabrication procedures used for this
compact.
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SECTION 6
MATERIALS ANALYSIS AND CHARACTERIZATION USING ADVANCED TECHNIQUES

6.1 BACKGROUND

In this Program, careful attention was paid to analysis and characterization
of the materials prepared. This was done to ensure reproducibility and to
establish a reliable basis for interpretation of results. Specifically,
samples of the materials were examined by conventiopal techniques such as
light and scanning electron microscopy and X-ray diffraction to evaluate grain
size and chemical and structural homogeneity. For a better understanding,
some advanced techniques were wused to evaluate crystal structure, GaP
concentration and distribution, effects of contamination such as oxygen, and
evidence for microprecipitation. These techniques inciuded extended X-ray
absorption fine structure (EXAFS), transmission electron microscopy (TEM),
nuclear magnetic resonance (NMR) and Raman scattering. A description of each
technique as well as some of the significant observations are summarized below.

6.2 EXAFS

GE-CR&D has successfully applied the EXAFS technique to characterize the local
atomic environment of Ga in both p-type and n-type Si-Ge alloys initially
doped with GaP by a hot pressing and sintering process. This technique<])
is element selective since each chemical element has its own characteristic
X-ray absorption energy. The fine structure on the high energy side of the
absorption edge arises from backscattering of the photo-ejected core electron
from a central atom by its atomic neighbors to yield an interference pattern
(the EXAFS) which contains information about bond distance, coordination and
chemical nature of the neighbors. Using intense synchrotron X-radiation as a
1ight source with intensity 4 to 5 orders of magnitude higher than a
conventional X-ray tube, the technique is capable of structure determination

of dilute species using a fluorescence mode of detection(Z).

The room temperature EXAFS spectra of three specimens were measured at
Stanford Synchrotron Radiation Laboratory (SSRL). These were:
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1. Pure GaP used as a standard to model the Ga environment in the Si-Ge
alloys,

2. MHPG-Q06P: p-type B, GaP-doped Si-Ge alloy having the following
composition (atomic %) - Si=71, Ge=18, Ga=1, P=1.6 and B=3.4,

3. MHPG-008N: n-type GaP-doped Si-Ge alloy with Si=76.4, Ge=19.1,
Ga=1.96 and P=2.53.

The room temperature experimental scans of Ga K-edge EXAFS for the three
specimens are shown in Figure 6-1. These are plotted as absorption intensity
versus energy with respect to the Ga K—edge‘energy (at 10367 eV) taken as
zero. The sharp rise corresponds to the K-edge discontinuity. The EXAFS is
on the high energy side of the absorption edge and extends from about 40 eV to
a few hundred eVs. The spectrum for the n-type material shown in
Figure 6-1¢(b) is quite similar to that of pure GaP shown in Figure 6-1(a), but
that of the p-type materials shown in Figure 6-1(c) is quite different.

The absorption intensities were normalized, Fourier transformed and back
transformed to reciprocal space to yield XF vs. k plots. Computer
simulation was performed using the single scattering approximation(Z) to
quantify the structural differences of the Ga environment in the two SiGe-GaP

alloys.

Figure 6-2(a) shows comparison of the simulated (points) first shell EXAFS in
pure GaP with the experimental data (line). The simulation was made using the
known Ga-P separation of 2.36 angstroms and a coordination of 4 together with

(3). Similar simulations were performed for the

parametric phase functions
Ga sites in both n-type (Figure 6-2(b)) and p-type (Figure 6-2(c)) materials.
The results, tabulated in Table 6-1, show that in the n-type material, Ga is
coordinated by four P atoms at a distance of 2.36 angstroms identical to the
case in pure GaP. A measure of structural disorder about the Ga-P

coordination sphere with respect to that in pure GaP is also tabulated.

In the p-type material, simulations of the Ga environment with a single P, or
Si or Ge neighbor type did not produce a convergent solution and fit with
experimental data. Reasonable fits with physically meaningful parameters were
obtained when a mixed coordination of Si and Ge was used. Again, the Ga is
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Figure 6-1.
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GaP, (b) n-type GaP-doped Si-Ge Alloy and <(c) p-type B,
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Ga K-edge Energy (10367 eV) Taken as Zero.
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Figure 6-2. Experimental (Line) and Simulated (Points) EXAFS from the First

Coordination Sphere in (a) GaP, (b) n-type Material, and (c)
p-type Material.
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Table 6-1. Coordination Number, N, Bond Distance, r, and Type of
Nearest Neighbors about Ga in Si-Ge Alloys Initially Doped with GaP

Sample Neighbor N r(ﬁ) Std. Dev.
MHPG-006P Si 3.2 2.37

Ge 0.8 2.65 7.5%

MHPG-008N P 4 2.36 4.4%

4-fold coordinated. The best fit yields a mixed coordination of Si and Ge in
a ratio of 4 to 1 which is that of the bulk Si-Ge matrix composition. As
shown in Table 6-1, the values for both the Ga-Si and Ga-Ge distances are
large, indicative of structural and thermal disorder in the material.

The structural data about the Ga sites in the Si-Ge alloys were also compared
with the absorption features within about 40 eV about the X-ray absorption
edge. This region of the spectrum is called XANES (X-ray absorption near-edge
structure) and is non-EXAFS in origin, but is associated with transitions of
the core electron (the K electron in our case) to various final, allowed
states before the continuum. Hence, the XANES spectra give electronic
information and reflect the chemical bonding about the central X-ray absorbing
atom with its neighbors(4). As seen in Figure 6-3, the XANES spectrum of Ga
in the n-type material is identical to that of pure GaP and consists of a
number of well-defined absorption features at 7.2, 16 and 32 eV, reflective of
the P coordination about the central Ga atom. The XANES spectrum of the
p-type material (Figure 6-3(c)) is quite different and consists basically of a
broad Tine at 7.9 eV. These observations in turn support the EXAFS findings
that the Ga environment in the p-type material is quite different from that of

the n-type material.

In summary, the EXAFS and XANES results indicate that at least Ga from the GaP
added to the Si-Ge powder blend prior to the second hot pressing remain in
discrete GaP particles or at least in local 5-atom clusters of GaP, in the

4
n-type alloy and is in random solid solution in the p-type alloy.
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6.3 TEM

Transmission electron microscopy investigations on Si-Ge and SiGe-GaP alloys
were performed at GE-CR&D and the Department of Materials Science and
Electrical Engineering at the University of Virginia. From these
microstructure studies the distribution of grains, GaP and oxygen was assessed
and some insight into the compositional homogeneity, secondary phase or
precipitate distribution and dislocation density was provided.

Three classes of SiGe-GaP alloys were examined (Table 6-2). One class (Method
I) was as- hot pressed alloys prepared by first alloying ﬁhe Si, Ge and P or B
dopants in the 1liquid state. The alloy was chill cast and then comminuted
into a powder. The powder was hot pressed to form a compact which was then
recomminuted into powder. The Si-Ge powder (P or B doped) was then blended
with GaP powder and hot pressed to form the final compact. Hot pressing was
nominally performed for 30 minutes at 1240°C using 180 KPa pressure. This
procedure was used for compacts ITM-62, MHPG-006P, MHPG-007N and MHPG-0QO08N.

The second class (Method II) of alloys was also as-pressed, however the GaP
was added to a melt containing a higher Ge content. The silicon content was
brought up to the more typical 80 atomic percent level by adding phosphorous
doped Si powder prior to the second hot pressing. This procedure was used for
compacts ITM-232 and ITM-234.

The third class (Method III) of alloys* was prepared by Thermo Electron using
the elemental approach in which silicon and germanium powders were first hot
pressed then comminuted into a powder. This powder was then blended with GaP
powder and hot pressed into the final compact. This compact was subsequently
heat treated in air at temperatures above 1100°C. This procedure was used for
samples T111 and T118 which showed a 15-30% improvement in the figure-of-merit
over the values for more conventionally processed Si-Ge alloys.

* Provided by Dr. J. Vandersande of NASA-Jet Propulsion Laboratory, Pasadena,
CA
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Table 6-2. Silicon Germanium Alloys Examined by Transmission Electron
Microscopy at GE-CR&D and University of Virginia

Nominal
Specimen Composition Preparation
Number Atomic % Method
Si Ge Ga P B

ITM-62 79.8 20.0 - - 0.2 I
MHPG-006P 71.7 - 17.9 0.99 0.99 8.4 I
MHPG-007N 76.4 19.1 1.96 2.53 - I
MHPG-008N 76.4 19.1 1.96 2.53 - I
1TM-232 76.0 19.0 1.6 3.4 - II
ITM-234 74.7 18.7 1.6 5.0 - IT

T 76.9 19.2 1.92 1.92 -— 111
T118 76.9 19.2 1.92 1.92 - ITI

I. Chill cast (Si, Ge, B or P), pulverize, hot press, pulverize, blend with

GaP, hot press.

II. Chill cast (Si-Ge, GaP), pulverize, hot press, pulverize, blend with
P-doped Si, hot press.

III. Hot press (Si, Ge), pulverize, blend with GaP, hot press, heat treat in
air. .

The size of the grains in the compact was measured from micrographs obtained
by optical metallography (OM) and TEM. The measurements by both techniques
agreed within a factor of about 3 in the same grain size range. It was
possible to measure grains as small as one micrometer from optical micrographs
taken at about 1000 times magnification. The smaller grain sizes were
reliably measured from TEM micrographs taken at about 20,000 times
magnification.

The specimens prepared by Method I exhibited a grain size distribution that
can be characterized as mottled or bimodal. There is a population of small
grains and one of large grains. The small grain population has a very high
areal number density as compared to the large grains. In order to fully
represent these population groups, a histogram of the areal number density of
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grains was plotted against the size range of the grains. One of the largest
changes in population density occurred in a GaP containing specimen,
MHPG-007N, whose data are shown in Figure 6-4.

There is a sharp fall in the number density of grains Just beyond the small
size ranges. This rise is so steep that the scale is broken to represent both
data for the coarse grains as well as the fine grains. The existence of two
distinct grain size groups is clearly seen in Figure 6-4 for specimen
MHPG-007N. A gap in the grain size is present between 0.6 um and 1.5 um.

The corresponding grain distribution for MHPG-007N fis shown in a high
magnification (x 60,000) TEM micrograph (Figure 6-5). It can be seen that the
fine grains occur at the grain boundaries of the farge grains. This
observation suggests that the electrical and thermal properties can be
tailored by controlling the uniformity of the grain size distributions. ‘

Dislocations within grains were also observed by TEM for samples with and
without GaP prepared by Methods I. and II (chill cast/pulverized/hot pressed).

In addition to dislocations, the TEM micrographs of the GaP containing alloys
showed spherical or globular precipitates within the grains and in some grain
boundaries. A typical micrograph is shown in Figure 6-6 which is a 20,000X
magnification of ITM-232.

The chemical composition of individual precipitates and grains could be
determined by performing X-ray spectroscopy in the TEM microscope. The
precipitates identified in the SiGe-GaP alloys were:

. GaP associated with a 2:1 Si-Ge matrix
. P associated with Si enrichment

) Ga associated with Ge enrichment

. SiOX
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The GaP precipitate identified with a 2:1 Si-Ge matrix may be indicative of
silicon depletion surrounding the precipitate or alternatively a GaP
precipitate in a Ge rich region. The most frequent precipitates were
identified as S?Gx and the remaining three types were rarely found.

A typical micrograph containing three chemically different precipitates is
shown in Figure 6-7. Area 37 contains high 51 and P and essentially no Ga.
Area 39 corresponds to an 5102 particle and area 40 contains high Ga and P
in a Si-Ge matrix.

The Ga and P distributions were also examined in the as-pressed specimens and
they were found to be randomly distributed in the Si-Ge matrix. The
concentration of Ga and P varied throughout the matrix from essentially
non-detectable levels to levels sufficient to dominate the X-ray signal from
the Si-Ge matrix. Additicnally, the ratio of the Ga to P also varied from

region to region.

Professors W.A. Jesser, F.D. Rosi and J.C. Liu of the Departments of Materials
Science and Electrical Engineering of the University of Virginia conducted a
SEM and TEM study of the high power factor (45 pNIEm'Cz} annealed/oxidized
samples TI11 and 7118 developed by Thermo Electron and NASA-JPL. These
samples were supplied by Dr. J. Vandersande of NASA-JPL and were to be used to
help assess the effects of annealing/oxidation treatments on Si-Ge alloy
microstructures in comparison with that for similar materials processed by
more conventional casting/grinding/hot pressing and sintering techniqgues.

The observed improvements in thermoelectric behavior of n-type SiGe-GaP after
undergoing high temperature oxidation thermal treatments are illustrated in
Figure 6-8{5}. The observed changes represent fimprovements of about 15 to
30 percent over the values for more conventionally processed Si-Ge alloys.

When the results of TI111 and T118 are compared to the as-pressed SiGe-GaP

alloys prepared by casting/grinding/hot pressing, the following observations
can be made:
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J Level of porosity is significantly higher and varies across the
thickness of the specimen. '

. Grain size is rather uniform and equiaxed, 10 um in diameter.
. Fewer precipitates.
. Small distocation loops (approximately 200 angstroms in size) were

observed to form after 20 minutes of electron bombardment in the
(110> or (100) direction, and their number density increased
significantly with increasing time. :

TEM has been shown to be a valuable tool in characterizing microstructure
features in Si-Ge alloys. The differences in the distribution of grains and
precipitate phases as well as compositional homogeneity were clearly illustra-
ted. These microstructural features can influence the thermoelectric
properties and careful correlation studies will be helpful in quiding the
process to reproducibly fabricate high Z materials.

6.4 NMR AND RAMAN SPECTROSCOPY
NMR (Nuclear Magnetic Resonance) and Raman scattering techniques were recently
identified as possible tools for determining the extent of homogeneity in

Si-Ge alloys. NMR probes the local atomic environment of Si or Ge in much *the
same way as EXAFS does, however, on a much larger volume of sample
(approximately 1 gram).

The 2°

It is possible to observe the nucleus with nuclear magnetic resonance (NMR)
(6)

Si isotope is the only silicon atom with a nuclear magnetic moment.
techniques using magic-angle sample spinning The exact resonance
frequency is sensitive to the local environment of the 2931 atom. Thus it
is possible to see small changes in the local environment. Si-Ge alloys have
been examined in order to determine the number of Ge atoms around a 2981
nucleus. Other Si compounds such as pure Si, SiP, a—Si3N4, B-SiC, and
a—SiOZ have also been studied for comparison.

The measurements were made at the "Regional NMR Center" at Colorado State
University under the direction of Dr. Charles Bronnimann and at GE-CR&D by
Dr. E. Willjams. The measurements were made on- powdered samples at a
frequency of 39.8 x 10° Hz (Colorado) or 59.6 x 10% Hz (GE) at room



temperature. The data are recorded as frequency shifts in parts per million
from the resonance frequency of 2931 in  tetramethyl si]ane:Si(CH§)4.
Table 6-3 gives a summary of the results. The results for Si are for 981
in pure, high resistivity undoped Si powder. The results for Ge are for

dilute 2931 in a pure, undoped Ge matrix.

Table 6-3. Measured 29Si Resonance Frequency Shifts in PPM for
Various Crystals

Compound Shift

«Si0; | -1083

SiP* 22.8=8
g-SiC 133
si .79.5
Ge -23.0

* In this crystal there are 6 different Si sites, so the peak is rather broad.

2951 atom in a pure Si crystal has a shift of -79.5 ppm

From Table 6-3 a
while in a Ge crystal with all Ge neighbors has a shift of -23.0 ppm. In
Si-Ge mixed crystals it is expected that the shift will depend on the number
of Ge nearest neighbors. If the shift is Tlinear in the number of Ge

neighbors, n, then it is expected that

shift = -79.5 + § (79.5 - 23.0) ppm, O < n <4 M

This means that the shifts would occur at discrete intervals of 14.13 ppm
between -79.5 ppm and -23.0 ppm. Table 6-4 shows the resonance peaks observed
in a number of chill-cast Si-Ge alloys, and an indication of their relative
strengths (5 = strong, M = medium, W = weak). The peak height for the
particular resonance is proportional to the number of Si atoms in the sample
with the particular number of Ge neighbors. Note that the observed peak
positions in Table 6-4 are in good agreement with Equation (1). Figure 6-9
shows the measured spectrum of an as-cast sample of a 50 atom% Si + 50 atom%
Ge alloy. If the specimen was homogeneous, the highest peak would be at
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Table 6-4. Observed Frequency Shifts in PPM from TMS for NMR Peaks
Seen in a Number of As-Cast Si-Ge Alloys

No. Ge
Nearest — 4 3 2 1 0
Neighbors
Nominal
Shift — -23.0 -37.1 | -512 -654 1 -79.5
Melt
Composition | Observed Shifts
Atom % Si
100 --- - - --- -79.5
S
80 -27+8 -40+2 -57 -68 -79.7
w v W M S
50 - -39x1 -52.0 -63.7 | -73
w M S M
35 -24.9 - -50.7 | -64+3 ---
S S M
20 -22.8 -40 -55 --- ---
S W w
5 -23.1 -39 -55 - -
S M w

S = strong, M = medium, W = weak

-51.2 ppm where a 2931 atom has 2Si and 2Ge neighbors. The peak

distribution on either side of this should be symmetrical. Clearly this fis
not the case. The highest peak occurs for Si atoms with 3Si + 1 Ge neighbors
at -63.7 ppm. Thus the as-cast sample appears to contain more silicon than
the 1iguid phase did originally.

The Si-Ge phase diagram has been studied by Stohr and K]emm(7), who showed a
large s.paration between the liquidus and solidus lines. According to their
results the first solid to freeze out of a 50/50 liquid mixture will have a
composition of 80 atom% Si + 20 atom’% Ge. MWe can use the NMR observations in
- Table 6-5 to estimate the relative numbers, N, of Si and Ge atoms in the
as-cast material as follows:
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Table 6-5. Observed and Predicted Relative Peak Heights for a
50 Si + 50 Ge Alloy

Number of :
Nearest Ge | Predicted | Observed
Neighbors Height Height
0 0.16 0.71
1 0.67 1.00
2 1.00 0.55
3 0.67 0.19
4 0.16 <0.1

4¢0.71) + 301.00) + 2(0.55) + 1¢0.19 + 0
0+ 1(1.00) + 2(0.55) + 3¢0.19) + 4(0.05)

N(Si)
N(Ge)

i

and the ratio is:

N¢(Si) 7.13

N(Ge) + N(ST) = T0.00 = /!-3 atomk Si

This means that the NMR results are in reasonable agreement with Stohr and
Klemm. From this it is concluded that the remainder of the Ge in the sample

2951 atoms in it that yield

freezes last as almost pure Ge with Tittle or no
an NMR signal. The majority of the Si freezes out in a rather Si-rich alloy.
In Table 6-4 it was observed that for the 35 atom% Si alloy the peak for 3Ge +
1Si neighbors is actually missing (or very weak), whereas the 2Ge- and 4Ge-
neighbor peaks are strong. On freezing, the system seems to bypass the
intermediate compositions ending up at nearly pure Ge as the last to freeze.
For this reason such as-cast material should be thermally homogenized in order
to interdiffuse the Si and Ge atoms in order to make a homogeneous sample for

the thermoelectric devices.
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The local atomic environment of Si-Ge alloys was also probed by Raman
scattering. Dr. Peter Codella performed - the analyses using the GE-CR&D
spectrometer operating at a laser wavelength of 514 nm.

Pure Si and Ge were first run to confirm that the system was operating
properly. Two different specimens of nominal composition Si(0.5)Ge(0.5) +
8 MoleZ GaP, cut from sample IHP-191-AN, were subsequently examined using the
usual reflecting mode of the spectrometer.

In addition a specimen of undoped, chill cast alloy of nominal composition
$i(0.5) Ge(0.5) was cut and polished for analysis. Microscopic examination of
the polished surface revealed areas of light and dark contrast presumably
indicating regions having different Si-Ge ratios. The light areas are Ge

rich, the dark ones Si rich. Figure 6-10 shows the spectrum obtained when the

beam spot was on a dark area. The shift at around 500 cm_] is due to Si-Si

1

vibrations while that around 400 cm™' is due to Si-Ge vibrations and the

1 is Ge-Ge vibrations. Comparison with the curves shown

(8)

line near 300 cm~
in Figures 2 and 3 in the paper by Ishidate et al.
that the Tocal composition in the region examined  was around

(Si€0.8)-Ge(0.2)), in agreement with the phase diagram of Stohr and
N

lead to the conclusion

K1emm Thus these results agree well with NMR data on the _same
material. The light area gave the spectrum shown in Figure 6-11 where the
1ine around 300 cm'] is caused by Ge-Ge pairs and the line at approximately
400 em ! is Si-Ge pairs.

The GaP doped 50/50 Si-Ge alloy, IHP-191-AN, which was hot-pressed and
annealed, shows all 3 lines at more or less equal intensity in Figure 6-12.
In a homogeneous samplé containing Si with atom fraction g and Ge with atom

fraction p the following relationships apply:

p+q=1
Relative Intensity (500 cm_1 line) = q2
Relative Intensity (400 cm™| line) = 2pq
1 2

Relative Intensity (300 cm = line)

1
k=
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Figure 6-10. Raman Spectrum of a Dark Contrast Area of an
As-cast Specimen of 50/50 Si-Ge.
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Figure 6-11. Raman Spectrum of a Light Contrast Area of an
As-cast Specimen of 50/50 Si-Ge.
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Thus, at the 50/50 Si-Ge composition, the relative line intensities should be
1:2:1. In Figure 6-12 the ratio is closer to 1:1:1, but the agreement isn't
bad.

From these preliminary examinations it is 'apparent that specimens of both
undoped and heavily doped samples can be studied effectively in air with a
laser spot size of about 1 micron, and that the local Si-Ge composition can be
measured. The electron beam microprobe can accomplish the same thing, but
requires samples in a vacuum chamber. This technique appears to have some

promise.

6.5 SUMMARY

From the EXAFS study it was determined that the Ga atoms in n-SiGe-GaP have
the same four nearest neighbor P atoms as molecular GaP while in p-SiGe-GaP
there are three nearest neighbor Si atoms and one nearest neighbor Ge atom.
These observations indicate that, in the presence of Boron in the p-type
alloy, GaP has a tendency to dissociate and the Ga fis readily assimilated into
the Si-Ge matrix.

The TEM study of as-pressed samples prepared by the chill cast/pulverized/hot
pressed method indicated a mottled or bimodal grain structure, with fine
grains occuring predominantly at the grain boundaries of the coarse grains.
This effect was more pronounced for the GaP doped samples. 3102
precipitates were also detected in the grain boundaries. The Ga and P
distribution was not uniform -and only an occasional GaP particle was
detected. These observations strongly suggest the potential of using grain
size to tailor the thermal conductivity characteristics of the alloys and the
second phase precipitation process to tailor the electrical properties. The
TEM results of heat treated n-SiGe-GaP samples prepared by Thermo Electron
indicated a more uniform grain size distribution, higher porosity and fewer
precipitates.

Preliminary NMR and Raman scattering results of undoped and GaP doped 50/50
Si-Ge alloys suggest the possible potential of these tools for probing the
local environment of Si or Ge atoms. The relative position and intensity bf
the characteristic fingerprint give some indication of the kind and number of
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nearest neighbor atoms just as EXAFS is capable of providing. EXAFS would be
considered a microstructure tool while NMR is considered a bulk tool. The
application to a variety of GaP containing alloys is necessary since the
effect of Ga and P have not been fully revealed.
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SECTION 7
SiP FOR CHARGE CARRIER CONCENTRATICN CONTROL

7.1 BACKGROUND
The importance of doping concentrations in the optimization of thermoelectric

< The trends observed by

properties was demonstrated by Dismukes et al.
them are illustrated in Figure 7-1, when the dimensionless figure-of-merit
(IZT) is plotted against temperature for n-type 70/30 Si-Ge alloys with

different carrier concentrations. In addition, C. Vining(Z) has hypothe-

21 carriers/cm3 may

sized that overdoping of Si-Ge alloys up to perhaps 10
reduce the ambipolar effects and improve Z by as much as 45 percent. These
improvements due to excess phosphorus doping may result from (1) improvement
of electrical properties because of the larger number of charge carfiers
and/or (2) the precipitation of the excess phosphorus to provide phonon

scattering sites and reduced thermal conductivity.

Phosphorus is the major element used for doping n-type Si-Ge alloys. It fis
added either by the solution of elemental P or molecular GaP. One drawback
with using GaP is that it is a compensated dopant which requires dissociation
and preferential solid solution of the phosphorus to produce the active charge
carviers. If dissociation does not occur, the active chénge carrier
concentration may be much less than the amount of phosphorus added to the
Si-Ge alloy.

Silicon phosphide, SiP, may be a more suitable n-type dopant since it
dissociates at a lower temperature than GaP. In addition, the phosphorus is
not compensated by the silicon.

SiP is not available commercially and some preliminary synthesis efforts were
conducted in two laboratories to produce it by reacting the elements in sealed
quartz tubes. SiP was synthesized on the Program but no compacts were
fabricated.
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7.2 SiP SYNTHESIS

Both GE-CR&D and Thermo Electron prepared small quantities of SiP by reacting
finely divided silicon with Tumps of red phosphorus by vapor phase transport.
The silicon powder used at CR&D was 8.0 microns median particle diameter while

-625 mesh (20 microns) powder was used at Thermo Electron.

The experimental setup employed at GE-CR&D 1is shown in Figure 7-2. The
silicon powder was contained in a high purify alumina boat at the hot end of
the furnace. The phosphorus was placed at the cold end of the furnace in
direct contact with the fused quartz. The hot and cold zones were separated
by a section of quartz wool to reduce heat transfer. The quartz tube assembly

=6 torr and sealed before heating.

was evacuated to 10
The reaction furnace was run for a total of 120 hours (5 days) with the
phosphorus temperature held at 400°C and the silicon temperature at 1000°C for
3 days, then at 1050°C for 2 days. The calculated phosphorus pressure was
0.7 atmospheres.

A total of 10 gm of SiP product was made in this run since the unreacted Si
powder is only packed to about 30% of theoretical density.

The procedure used by Thermo Electron is similar to GE-CR&D except that an "L"
shaped quartz tube was used as shown in Figure 7-3. About 27 grams of
-625 mesh Si powder were loaded into the horizontal section and about 33 grams
of lump red phosphorus were loaded into the narrower vertical section. A
baffle was positioned at the elbow to prevent the silicon from coming into

6 torr

contact with the phosphorus. The quartz tube was evacuated to 5 x 10~
and placed into a tube furnace with flowing argon in order to minimize oxygen
diffusion. The phosphorus segment was heated by a separate resistance
heater. The silicon was kept between 950 and 1000°C while the phospho%us was
kept at 500°C for six hours. After this heating period, power was turned of f
and the system was allowed to cool overnight. The silicon powder was agitated
to expose a fresh unreacted surface and the six hour heating cycle was
repeated. This heating/cooling/agitating process was continued until no
change was observed in the phosphorus level which took approximately one week

for the synthesis of 50 grams.

7-3



L ] ! - . " 51
r S5 . 4 4 < 25 >

Figure 7-2. The Sealed Fused-Quartz Tube Assembly Used for
Making SiP at GE-CR&D
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7.3 SiP CHARACTERIZATICN

X-ray diffraction and SEM/EDS analyses were performed at GE-ASD on these
powders. X-ray diffractograms were obtained between 15 and 115 degrees
2-theta on a Siemens D500 automatic diffractometer using copper radiation.
Figure 7-4 shows the diffraction patterns between 15 and 65 degrees 2-theta.
The top pattern is that of GE-CR&D's SiP and the bottom is that of Thermo
Electron's SiP. The patterns are identical and correspond to a mixture of

orthorhombic SiP and cubic Si.

Figure 7-5 shows the backscattered electron images. The CR&D product is more
finely divided with a crust-like appearance while cleavage planes can be seen
on the large particles of Thermo Electron's product. Energy dispersive
spectroscopy results indicate that CR&D's material is very nearly
stoichiometric (50.5 a/o Si, 49.5 a/o P) while Thermo Electron's has a much
higher Si to P ratio (57.8 a/o Si, 42.2 a/o P).

7.4 SUMMARY

The feasibility of synthesizing SiP for more effective charge carrier
concentration control was demonstrated. It is recommended that compacts be
processed with these materials and the thermoelectric properties compared with
GaP doped alloys.

7.5 REFERENCES
(1) J.P. Dismukes, L. Ekstrom, E.F. Steigmeier, I. Kudman and D.S. Beers,

J. Appl. Phys. 35, 2899 (1964).

(2> C. Vining, pfivate communication.
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BOBL 28KV X508 10Mm WD39

A. GE-CR&D 50.5 a/o Si, 49.5 a/o P

L

X588 18Mm WD39

B. Thermo Electron 57.8 a/o Si, 42.2 a/o P

Figure 7-5. Backscattered Electron Image of Silicon Phosphide
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SECTION 8
MICROSTRUCTURE CONTROL IN p-TYPE MATERIALS

8.1 BACKGROUND

Studies were conducted of approaches for reducing the Tlattice thermal
conductivity of Si-Ge alloys as the means of improving their performance in
thermoelectric generators. It was concluded that the best method for
dec%easing the lattice thermal conductivity of Si-Ge alloys below their
present value of about 50 milliwatt/cm deg at 300K is to introduce scattering
of phonons from thermally stable second phase inclusions with a particle
diameter of about 50 angstroms and a concentration of a few volume percent.
GE-CR&D undertook several approaches for manufacturing suitable samples with
particular emphasis on'trying to improve p-type Si-Ge alloys.

8.1.1 SEMICONDUCTOR INCLUSIONS

It seemed reasonable to use particulate inclusions which do not drastically
alter the semiconducting properties of the matrix. Thus it was felt that the
particles should be either insulating or semiconducting, but should not be
metallic. A nymber of choices of metal silicides which are semiconducting
exist. Some examples are: BaSiZ, CrSiZ, MgZST, Mn]}Si]g, FeSiZ,
ReSiZ, and OsSiZ. These metals all have very low (<10 ppm atomic) solid
solubilities at equilibrium in solid silicon. 05812 was chosen as the most
useful compound from this collection because of its high density and large
bandgap.

8.1.2 CHILL-BLOCK CASTING
A technique for chill-block casting of ribbons (CBCR) was developed at GE-CR&D

(1’2). In this technique, a small diameter stream of the melt is

by HWalter
directed to impinge on a rapidly rotating, cold copper drum. The cooling
rates so obtained near the melting point are of the order of 106 to
107K/sec. For the silicon ribbons studied here, the 1.5 gm meit was held in
a fused quartz tube 0.6 cm in diameter and 15 cm long which had a capillary
tube orifice 0.075 cm in diameter. The melt was held at 1450°C and then
extruded using 12 psig of argon gas onto a 15 cm diameter copper drum rotating
so that the surface speed was 3000 cm/sec. The resulting ribbon was

2 X 10'3 cm thick and 2 x 10'] cm wide. The production rate of a length
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of the ribbon was calculated to be 250 cm/sec. To establish the potential and
feasibility of this approach, two different additives were used in the silicon
melts, namely osmium and boron.

8.1.3 RAPID-QUENCHING STUDIES

Si-Ge alloys were quenched in very short times by squirting them from a
fused-quartz hypodermic needle onto a rapidly rotating copper drum. These
samples, cooled by this chill-block casting-of-ribbon (CBCR) technique, cool

6

at a rate of about 3 x 107K/sec. This resulted in non-equilibrium

concentrations of the various elements.

8.1.4 UNDOPED ALLOYS _

Two undoped Si-Ge alloys were studied containing 80/20 and 50/50 Si to Ge atom
ratios. The results are shown in Figure 8-1 as the curve labeled at CBCR.
The segregation coefficient, k, is the ratio of the Ge content in the first
solid to freeze to that in the initial melt.

K o Ge content in solid
~ Ge content in 1iquid

The equilibrium phase diagram of the Si-Ge system has been worked out by Stohr

(3). From their data the equilibrium values of k in Figure 8-1

and Klemm
have been calculated. For materials which have been rapidly cooled the value
of k 1is considerably larger; however, it is not unity. If the melt froze
instantaneously, k = 1, and it does not. However, from Figure 8-1 it can be
seen that large deviations from equilibrium can be achieved which results in
more Ge being retained in the solid than would be possible during slow
cooling. X-ray diffraction studies of lattice parameter on these Si-Ge alloys
showed that the rapid freezing tended to produce two distinct regions in the
solidified deposit. One is a Si rich region and the second is almost pure
Ge. There is very little material of intermediate composition. For example,

a 50/50 liquid alloy under CBCR solidified into:

Region 1: 63.0 atom% Si + 37.0 atom% Ge
Region 2: 1.0 atom% Si + 99.0 atom% Ge
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If only these two regions are present, the ribbon surface would be expected to

show

77.8 volume % of Region 1
22.2 volume % of Region 2

A cross-section of the solidified ribbon 25 microns thick and 3000 microns
wide studied by a scanning electron microscope revealed two distinct regions
of high Si and low Si content with about the same area ratio as given above.
The Si-rich regions were about 3 microns in diameter separated by 1 micron

thick Ge-rich regions.

From this Atype of picture the following calculation can be made. The
diffusion coefficient of Ge in liquid Ge (or Si in liquid Si) is about:

D=1x 10—4 cmz/sec

just above the melting point. In order for the excess Ge atoms to move
1 micron in the cooling time of the melt from liquid to solid, the cooling

time, Teo must have been about:

2 -3 2
. =_%_ _ 10 “cm - 10—4

¢ 1x10“4cm2/sec

sec

The melt in the fused-quartz syringe was about 100°C above the melting point
of the alloy. Thus, the cooling rate was about 106 degrees/sec., which is
typical of the CBCR technique.

8.1.5 OSMIUM-DOPED SILICON

A silicon melt was doped with 2 atom % osmium. The initial Si-Os charge was
melted in a CVD boron nitride crucible. This melt was cast into a cold copper
mold. Sections of this first casting were placed in the quartz tube of the
CBCR furnace, and a ribbon was formed. The ribbon so produced was analyzed by
metallographic techniques with an optical microscope and an electron-beam
microprobe. These results showed that Os-rich regions about 5 x 10“5 cm
wide were present as long filaments and that the phase was OsSiz. The Os
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content of the silicon matrix was <0.3 atom % Os. An X-ray diffraction study
of the ribbon revealed that it was crystalline (not amorphous), and that the
lattice parameter of the cubic Si phase was 5.4287(4) angstroms. This value
js to be compared with:

[

Pure starting silicon do = 5.4308(2) angstroms

Silicon after melting in BN ag = 5.4299(4) angstroms
(boron contamination)

Thus there was little if any effect of the Os on the lattice parameter of the
Si, even after rapid quenching. Hence, it was concluded that very Tlittle if
~any Os was trapped in solid solution by the CBCR technique and further studies
on the Os-doping approach were halted.

8.1.6 B-DOPED SAMPLES

It is known from annealing studies<4)

that the maximum equilibrium solid
solubility of boron in silicon is about 1.0 atom% at 1385°C. However it was
found that by using the CBCR technique it is possible to produce ribbon
samples of Si with 2.5 atom% boron in solid solution. For these samples the
Tattice parameter (Figure 8-2) had decreased from:

5.43083(4)A

a, {undoped Si)
to

5.402(2)A

ao (max. boron)

At this concentration the misfit strain in the lattice prevents further boron
uptake. It is to be noted that boron is a substitutional impurity, and the
boron atom radius is less than that of silicon.

0.90A
1.1764

r(B
r{Si)
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Since Ge atoms have a radius of
r{Ge) = 1.225R

one can help to compensate the boron strain by counterdoping with Ge. This
indeed has proved to be the case. An undoped 80 atom% Si + 20 atom® Ge alloy

has:
3, (80/20) = 5.472(1HA&

By the CBCR technique a ribbon containing 5 atom% B in solid solution in an
80/20 alloy has been produced. For this sample:

a, (B-doped) = 5.401(1)&

‘Note that this 3, is very close to that of the Si with 2.5 atom% B. Hence
the lattice strain 1imit is about the same. Thus it can be hypothesized that
8 to 10 atom% B in solid solution could be achieved in a 50/50 Si-Ge alloy by
the CBCR technique.

'8.1.7 B3Si PRECIPITATES

It is known that the boron which is in solid solution in Si at high
temperatures will precipitate out as internal B3Si clusters after annealing
at 900°C for 1 hour. The precipitate particle diameter by transmission
electron microscopy has been measured and found to be about 150 angstroms.
After a 10 hour anneal the particle diameters are expected to be about
400 angstroms.

Studies of 80 atom% Si - 20 atom% Ge alloys containing boron show that the
equilibrium boron concentration in these is somewhat (approximately 50%)
higher than in Si itself. The precipitates that form are still B3Si; there
are no known B-Ge compounds. A sample containing 1.2 atom% boron in solid
solution was annealed at 900°C for 10 hours. The transmission electron
microscopy study found 150 angstrom diameter precipitates at a concentration

of about 1.6 x 1014/cm3.
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8.2 SUMMARY

The feasibility of producing samples containing small diameter 8381
precipitates has been demonstrated. These should be useful for studying the
thermal conductivity and phonon scattering by precipitates. It is believed
from theoretical‘ca1cu1ations that such precipitates could reduce the lattice
thermal conductivity of 80/20 alloys by a factor of at least 2 below presently
found values of approximately 30 mW/cm K. Whether this approach has high
potential for improving ‘p' type alloys needs to be determined.
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SECTION 9
GENERAL SUMMARY, DISCUSSION AND PERTINENT OBSERVATIONS

9.1 GENERAL SUMMARY
Reliable, reproducible fabrication of n-type  SiGe-Gap compacts with
improvements in average high temperature thermoelectric properties of 30 to 40

percent or more were achieved. Comparison of data obtained at GE-ASD, Ames
and Battelle-Columbus Laboratories indicate that the improvement may be even
higher for measurements made under simulated service in-gradient test
conditions and/or when the alloys are subjected to additional heat treatments

after hot pressing.

The fabrication procedures selected appear to have accomplished the
improvements by retaining the good electrical property characteristics of
highly doped, conventional coarse grained Si-Ge alloys under conditions in
which  the lattice thermal conductivities are reduced. The  thermal
conductivity reduction was achieved in hot pressed compacts made from powder
blends with enhanced phonon scattering due to their small median grain sizes
(5 microns or less) and/or the controlled precipitation of very small diameter

GaP particles.

The following subsections review the progress made in each phase of the
program and the conclusions which can be drawn for each phase.

9.2 Si-Ge ALLOYS PREPARED WITH TAILORED PARTICLE SIZES

A variety of process methods was used to prepare hot pressed compacts of
silicon-germanium alloys with median powder particle sizes ranging from over
100 microns to less than 2 microns and oxygen contents ranging from about 5
weight percent to less than 0.1 weight percent. While no clear correlation of
figure-of-merit with oxygen content was noted, compacts prepared from 5 micron
or smaller powder exhibited high temperature figure-of-merit values up to 13.4
+4.6% higher than the figure-of-merit values of compacts prepared from powders
larger than about 12 microns. This effect is attributed to the greater

homogeneity of the smaller particle size samples compared to those with larger
particle sizes. Further, these figure-of-merit value improvements were only
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slightly greater than those observed by RCA in zone leveled materials of
similar carrier concentrations.

The above result was very surprising since the thermal conductivities were
found to decrease by as much as 50 percent for the smallest particle sizes
without a corresponding sharp increase in figure-of-merit. This trend
resulted from a compensating reduction in the electrical conductivity.
However, the thermoelectric figures-of-merit are in good agreement with the
results of Dismukes on similarly doped alloys prepared by zone leveling
techniques. The electrical and thermal conductivities were found to be
sensitive to preparation procedure while the Seebeck coefficient and
figure-of-merit were much less sensitive. The high temperature electrical
properties were consistent with charge carrier scattering by acoustic or
optical phonons.

The actual degradation in electrical properties was hypothesized as being due
to such factors as voids, dangling bonds at grain boundaries, 3102
insulating layers around the particles, and/or  built in  strains
(piezoresistive effects). Approaches suggested for minimizing these effects
were to produce denser compacts, remove OXygen impurities, minimize Fe
contamination from milling and/or add GaP for better control of charge carrier
concentration and mobility and possible "fluxing" action on oxygen films at
the grain boundaries.

A simple theory of samples with fine porosity in the body of the material
would show K and o both decreasing at the same rate with increasing
porosity. The effect on Z would be small.

9.3 GaP DOPED ALLOYS PREPARED BY VACUUM MELTING/GRINDING/HOT PRESSING
The solution of GaP up to about 2 Mol percent in 80/20 Si-Ge alloys resulted
in improvements in high temperature thermoelectric properties of 30 to 40

percent or more. The improvement appears to be due to a possible small but
significant improvement in electrical properties and reduced lattice thermal
conductivity. Possible explanations for these improvements include:
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Increased carrier concentrations

Structure modification

Passivation of scattering sites

Increased homogeneity

Grain boundary effects (minimization of potential barrier heights)

m m <o O W >

Second phase inclusions

A brief discussion of these possibilities follows:

A. Increased Carrier Concentration

P, in solution, is an electron donor and, as such, is expected to
have a small ionic radius. Ga, in solution, is an acceptor and s
expected to have much larger (and negatively charged) ions. It fis
not uncommon for the compensation of strains to raise the solubility
limit of dopants in the presence of the compensating elements. Thus,
this may occur in SiGe-GaP alloys under proper preparation
conditions, resulting in higher carrier concentrations and increased
electrical power factors. This increased concentration was indeed
found in some of the alloys produced here. The increased carrier
concentration hypothesis has been recognized for some time. The
electrical power factors of zone leveled n-type Si-Ge alloys increase
with increasing carrier concentrations up to the solubility limit of
phosphorus. Higher carrier concentrations can therefore be expected
to possibly result in higher electrical power factors and increased
figure-of-merit values. Estimates suggest a maximum electrical power
factor of about 40 pW/cm-K2 at S=171uV/K and  rho=0.74x10-3
ohm-cm. If the carrier concentration was less than the optimum value
by a factor of two, doubling the electrical resistivity from the
optimum value, the electrical power factor would only be 10% lower
than the optimum value. This relative insensitivity of the power
factor to carvier concentration is characteristic of the relationship
between the Seebeck coefficient and the electrical resistivity.

B. Structure Modification

It is possible that under specific preparation conditions, such as
extended annealing or vacuum melting, GaP can form solid solutions
with Si-Ge alloys and thus alter their bulk properties, perhaps in a
beneficial way. GaP has a bandgap of about 2.24 eV; more than double
the value for Si-Ge. Thus, a solid solution of GaP in Si-Ge should
result in a larger bandgap and perhaps a larger Seebeck coefficient.

C. Activation/Passivation of Scattering Sites

The bonding state of the GaP can, in principle, affect the scattering
mechanism. "Clusters" of GaP could have a very different local
electrostatic field in the lattice than either Ga or P alone. Such
clusters could scatter either more effectively, less effectively,
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alter the energy dependence, or otherwise change the scattering
process. A stronger energy dependence to the scattering (possibly as
a result of introducing or activating a new scattering process) could
increase the Seebeck coefficient, while affecting the resistivity in
only a minor way. Alternatively, the effectiveness of some existing
scattering mechanism could be reduced (pacified) by, for example,
compensation of the localized strain field around donor impurities.

D. Increased Homogeneity

An obvious benefit of either modified hot pressing procedures or
annealing is increased homogeneity of the Si-Ge alloys. MWhile it is
not obvious how this alone could result in higher thermoelectric
performance than observed in zone leveled material, greater
homogeneity is certainly desired in general.

E. Grain Boundary Effects

Grain boundaries clearly play an important role in Si-Ge alloys. GaP
doping with or without long term annealing might remove defects from
the grain boundaries allowing the properties of the material to
approach the properties of single crystal materials. Results in this
Program have suggested that grain boundary effects in heavily doped,
hot pressed Si-Ge and SiGe-GaP alloys (prepared by many different
methods) have essentially the same effect on the electrical mobility
as on the thermal conductivity and that such materials, properly
prepared, have the same figure-of-merit as their zone Teveled
counterparts. "Cleaning up" of grain boundaries can be expected to
result in somewhat higher mobilities (and power factors).

F. Second Phase Inclusions

Changes in the solubility of GaP with Si to Ge ratio suggest that the
reduced lattice thermal conductivity of the improved SiGe-Gap alloys
such as ITM compacts 197, 232 and 234 might be due to precipitation
of fine particles of GaP. These alloys were made by blending Si-Ge
alloy powders (50/50), in which all of the GaP is soluble, with P
doped Si powder 1in which the GaP is essentially insoluble. The
resulting 80/20 SiGe-Gap alloys do show evidence of the presence of
separate and discrete GaP phases (fine particles) by both SEM and
electron probe analyses.

9.4 GENERAL OBSERVATIONS

In addition to significant improvements in thermoelectric properties resulting
from GaP additions, a series of observations and conclusions can bhe drawn from
the test results which are extremely significant. These include:
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GaP appears to be highly soluble in 50/50 Si-Ge alloys at
concentrations wup . to at least 16 Mol percent. High bandgap
additives, such as GaP to these alloys, do significantly increase
their high temperature Seebeck coefficients. However, this was
accomplished by sharply increased electrical resistivity values. The
resistivity increases appear to result from a combination of lower
concentrations of electrically active phosphorus charge carriers and
lower charge carrier mobilities.

GE-CR&D demonstrated that it was feasible to heat treat the alloy
powders in a phosphorus containing atmosphere. This should produce
more effective compensation of the excess gallium atoms and increase
the number of electrically active phosphorus atoms in solution.

The preparation methods employed in producing the 50/50 SiGe-GaP
alloys led to the production of very homogeneous materials. The
homogeneity of these materials was found to be superior to standard
Si-Ge alloys. The alloys were found to contain some porosity and
oxide particles of the type SiQy. The oxide particles were
primarily concentrated in the grain boundaries. Based on the
analysis done here, the hot pressing and thermal processing methods
employed appear to result in some loss of germanium and gallium.

The vacuum melting/grinding/hot pressing approach for fabricating
80/20 SiGe-Gap alloys appears to be very effective in reproducibly
making homogeneous alloys. There 1is, however, some loss of Ge.
Also, the presence of discrete SiOy particles in the GaP doped
alloys suggests that Ga (or GaP) may help improve properties by
effecting the chemistry or surface energies at particle boundaries.
As an example, the Ga may be "scavenging" the oxygen and minimizing
its effect in promoting high electrical resistivities. Also, the
data tend to confirm the limited solubility of GaP in the 80/20 Si-Ge
composition since free GaP was found in the compacts. Estimated
maximum solubility at this Si-Ge alloy ratio is about 1 to 2 Mol
percent.

Samples of these materials subjected to thermal treatments indicate
that an additional 20 percent improvement in thermoelectric
properties can be achieved. MWhether this was due to charge carrier
concentration control, modification of carrier mobility and/or heat
treating effects was not established.

The thermoelectric property data for ITM 197 and ITM 232 demonstrate
that a high degree of reproducibility in property improvement for
n-type SiGe-GaP alloys is achievable with appropriate fabrication
process control. Also, the data show that further improvement can be
made by increasing the carrier concentration (ITM 234). Details of
the fabrication procedures used for ITM 234 are summarized in
Appendix D.



Preliminary Tong term aging tests and thermal treatment studies at
Ames and Battelle Laboratories show that the 80/20 SiGe-GaP alloys
are (a) remarkably stable and (b) may be amenable to substantial
property improvements by thermal treatments. However, much
additional effort will be required to quantify the trends.

Techniques such as NMR show promise as both a research and possibly
quality assurance tool to monitor the quality and reproducibility of
compact fabrication. However, much more extensive research would
have to be done to assess its potential.

Useful methods for the preparation of SiP powder for use as a
controlled source of charge carriers in compact fabrication were
demonstrated. Alloying with this compound may permit even further
improvement in thermoelectric properties.
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APPENDIX A

DESCRIPTIVE SUMMARY OF Si-Ge ALLOY SAMPLES/COMPACTS
PREPARED ON THE ITM PROGRAM
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APPENDIX B
ADVANCED TECHNOLOGY THERMOELECTRIC MATERIALS

B.1 OBJECTIVES

The objectives of this part of the Program were to identify new n- and p-type
thermoelectric materials that have an average figure-of-merit over the
temperature range from 300°C to 1000°C of at least 1.3 x 10‘3 °K'1. These
materials were also to be stable for at least 40,000 hours of operation, have

6 torr at 1100°C), have good mechanical

low vapor pressures (less than 10~
strengths, and have an operating temperature range between 150°C and 1100°C.
Electrical contacting system(s) compatible with these materials were also to

be identified.

A Program of search for materials that will meet fhe above objectives was
divided into the following areas of effort:

1. From -a consideration of data in the literature and the physics of
material behavior, the materials, or classes of materials, that
appear to have the potential to meet the Program objectives were
identified or selected. Also a priority 1list for the selected
materials was established.

2. Test samples were to be made and tested with varying sample
compositions to identify trends of physical property changes and to
establish a basis for a judgement about the possibility of the
materials meeting the Program objectives.

3. The most promising candidates were to be selected for optimization of
properties and development of an electrical contacting system.

4. In-gradient life tests on selected materials were to be conducted to
determine the system viability of the materials.

The following sections of this Appendix contain a discussion of Item 1 based
on present day information, and a description of the methods that can be used
to accomplish the other objectives of the proposed effort. Only Tlimited
progress was made on these tasks as much of the Program was directed by the
Department of Energy to emphasize Si-Ge alloys.
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B.2 CANDIDATE THERMOELECTRIC MATERIALS

B.2.1 SILICON GERMANIUM ALLOYS

Present day Radioisotope Thermoelectric Generators<])

(RTGs)
characteristically use silicon-germanium alloys as the active thermoelectric
materials. The hot-junction operating temperature of these thermcelements is
about 1273 K (1000°C)>. The alloys typically have nominal compositions of
78 a/o Si plus 22 a/o Ge and 64 a/o Si plus 36 a/o Ge. The 78 percent Si
alloy begins melting at 1540 K (1267°C), which sets the upper limit on the
operating hot-junction temperature. Lower operating limits are set by the
metal-to-semiconductor bond interface materials and by the decrease in
efficiency as the cold junction temperature is increased. In Figure B-1 the
thermoelectric figure-of-merit, Z, is shown as a function of temperature for

(2) Note that Z starts to decrease at about

the n-type and p-type alloys.
1100 K.  The drop is caused by the onset of the intrinsic behavior of the
Si-Ge materials at these high temperatures. The thermal band—gap<3) of the
material is 0.94 eV at 300 K and drops to 0.51 eV at 1300 K. Theoretical

(4

considerations suggesf that the semiconductor band-gap should be about

]OKBTMAX’ where TMAX is the maximum operating temperature and kB is
Boltzmann's constant. Thus, for TMAX equal to 1323 K, one would like to use
a material with a band-gap grater than or equal to 1.14 eV. This means Si-Ge
has a less than optimum band-gap. This is reflected in the downward curvature
of Z at the highest temperatures in Figure B-1. So, for operation at or above

1323 K, one is looking for materials with a higher band-gap than Si-Ge alloys.

B.2.2 OTHER MATERIALS

The operating efficiency of thermoelectric generators can be ca1culated<5)
from a knowledge of Z. Since, in generaﬁ, Z is temperature dependent, an
average value over the operating temperature interval can be computed.(6)

The value of Z at any particular temperature is given by
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where S is the Seebeck coefficient, o the electrical conductivity, and K the
thermal conductivity at that temperature. Following the analysis of Goff and

Lowney,(7) the total K can be written as the sum of a lattice part, K

g)
and an electronic part, Ke‘ Thus:

The electronic part is related to the electrical conductivity by
Ke = LO oT

where LO is the Weidemann-Franz, Lorentz ratio.

Thus, if Kg equals 0, one obtains

2
IT = S /LO

8

The value of LO for free electrons is 2.45 x 107 voltz/deg2 which is

also approximately the value for semiconductors. Thus if
S > 157 microvolt/K

one obtains
IT > 1.

For Si-Ge alloys at 1000 K, the measured value of ZT is 0.75. Note that ZT
values of the order of 1 or larger are needed to obtain usable efficiencies.
The problem then of finding new thermoelectric materials is to find ones with
large S values and Kg values approaching zero. Most metals have S values of
20 microvolt/K or less, hence are not wuseful. Most large band-gap
semiconductors have S values of 100 to 1000 microvolts/K, and are therefore
possible candidates. The salient problems are to find low Kg values, and
high o values.
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Since o is directly related to the carrier mobility, u, by:

¢ = neu,
one needs high wu values. n is the carrier concentration and e s the
electron charge. To obtain appropriate values of S the value of n is of the
order of 2 X 1020/cm3. For band-type rather than hopping-type
(8)

conductivity the mobility needs to be:

H > 0.5 cm2/v01t sec.

This sets a lower Timit on o of

o> 16 ohm™cm™!

The currently wused Si-Ge alloys have values of o of approximately
1000 ohm']cm'].

The theory of the lattice thermal conductivity of nonmetallic solids has been

developed recently by Slack.(g)

One new concept s that any crystal
possesses a minimum Kg. Thus, as long as the basic crystal structure is
maintained, the phonon conductivity Kg cannot be reduced below this value no
matter how many different varieties of phonon scattering are introduced. In
Figure B-2 the Kg for Si, Ge and 310.7Ge0.3 alloy are plotted. The
dashed line gives the minimum Kg calculated from

Kmin(81-Ge)'= 0.7 Kmin(51) + 0.3 Km1n<Ge)
The values for Si and Ge are taken from Table XVII of Slack.‘” The values
of Kmin are calculated for T > 6. However, Kmin is rather independent
of temperature for T greater than 300 K, so the temperature dependence may be
initially ignored. Figure B-2 also shows the effect of alloying on Kg in
the curve Tlabeled "undoped alloy". Here the phonons are scattered by the mass
fluctuations between Si and Ge atoms located on the lattice sites. If the
large-grain size or single crystal 310.7Geo.3 alloy is further doped with

1.8 x 1020/cm3 of B or P, the K_ curve drops even further to that

g
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labeled ‘“doped”. From Figure B-2 one can see that the wvery "hest"
Sio,7Ge0.3 can only be improved at most to a 70 percent increase in Z at
300 K and a 30 percent increase in Z at 1000 K. It may be that by decreasing
the grain size of a polycrystalline Sio.7Geo.3, or by adding GaP to the

lattice, one may affect this possible improvement in Si-Ge alloys.

The next method of reducing Kg is to use materials with a large average
atomic mass, M. This technique was pioneered by Joffe, and resulted in PbTe
and BiZTe3 based thermoelectrics. However, large M means, in general, low
melting points, high vapor pressures, high thermal-expansion coefficients, low
strengths, and poor mechanical properties. Thus, searching for large M

materials is not the best approach.

A third method of reducing Kg is to look for crystals with a large number of
atoms, n, in the primitive crystallographic unit cell. According to

Slack(g) the value of Kg is given by:

BN S O ]

———

g n2/3 YZ T

3 the average volume per atom, © the Debye

Here B is a constant, &
temperature, and vy the Gruneisen constant. It can also be shown that vy
becomes larger as the internal free volume of the lattice decreases. For
4-coordinated lattices such as Si or Ge, y s approximately 0.7; for
12-coordinated lattices y = 2.7. Thus if we choose a 10-coordinated
lattice with y approximately 2.5 and n equal to 20, the Kg will be lower
than that in pure Si or Ge by a factor of about 50. This analysis illustrates
the leverage one has on choosing Kg by choosing the right alloy structure.
The Si-Ge alloys have a lattice with about as high a thermal conductivity as
one could anticipate ever using. Such crystals work only because Kg has
been reduced to values near Kmin‘
When considering materials other than Si-Ge alloys it may be noted that there
are semiconducting compounds which are still semiconducting solids at
temperatures far above the melting point of Si (1681 K). These hold out the



promise of obtaining higher Carnot efficiencies than available with Si-Ge when
higher -temperature heat sources become available.

B.2.3 SiC AND A14STC4

Using elements from the fourth column of the periodic table, the next most
(1o

refractory material above Si is SiC. It is the obvious choice for
higher Carnot efficiencies if everything else is satisfactory. Its melting

point is 3100 K. It can be made both n- and p-type, and both have good

carrier mobilities. Its Z values have been estimated by Lowney and Goff(]O)
assuming that Kg equals 10'2 watt/cm K. However, from the values in
(9

Slack the calculated Kmin is

. -2
Kmin(S1C) =7.5x%x 10 watt/cm K

Thus, the ZT values in Figure 4 of Lowney and GorFt10?

are reduced by a
factor of 5 to 7 times. The resultant Z versus T curve for cubic SiC, n-type
doped at 2 x IOZO/cm3

calculated assuming that the Kg of SiC can be reduced to its minimum value

is shown in Figure B-2. These Z values are

by some procedure such as making mixed crystals of SiC with AIN or BP and then
using free carrier scattering and grain boundary scattering in addition. Such
approaches have not tried for SiC. It is concluded that a material other than
SiC is needed for temperatures above 1000°C.

The high Kmin
crystal structure with only 2 atoms per unit cell in the cubic polytype. By

of SiC is caused by its high Debye temperature and simple

choosing a ternary compound such as A1451C4 with n equal to 18 atoms in a

2/3

unit cell, we can reduce K If it is reduced by a factor of n from

min’
that of SiC, we would expect a Kmin of

)(2/3)

K. = (7.5 x 1072/9 - 1.7 x 1072 watt/em K

min

This would be a very useful value, however, a more likely value would be
somewhat higher than that of Si-Ge, say about 3.5 x 10'2 watt/cm K.
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The compound Al1,SiC can be thought of as Al,C plus SicC. Its
44 (11-13) (1233

it is stable to at Tleast 1900°C,

and is yellow to transparent in color, which means a band-gap of 2 to 3 eV.

U4 uhich

Al C, is not. If it has doping and mobility characteristics similar to

473
SiC, it would be worth investigating. Dopant elements might be beryllium,

structure has been worked out,

Furthermore, it 1is stable to degradation by moisture in air,

boron, phosphorus, or nitrogen. Some preliminary studies of this material
would appear to be worthwhile.

B.2.4 OTHER CHOICES
There are other binary, semiconducting carbides such as Bezc, B4C, and
A14C3. Of these only 84
will be discussed later. Ternary carbides such a

C is stable 1in the presence of moisture, and
(15,167
S A1884C7,

CeSBZCG may be interesting. Further studies are needed to ascertain

more of their physical properties.

B.2.5 SILICIDES
There are a number of silicide semiconductors as shown in Table B-1. Their
band-gaps vary from 0.2 to 1.8 eV. They are mainly disilicides. It is not

known whether IrSi, is a semiconductor or not. They can all be considered

to be cases of met§1 atoms inserted into an otherwise pure silicon lattice.
From the point of view of the minimum required band-gap of 1.14 eV, the choice
is OsSiZ(]B)Some of its properties have been reported by Mason et a1.<17)

Angstrom
using arc-melted samples. It is a slight distortion of the CaF2 structure,
and is identical to that‘'?’

parameter of the cubic, pseudo-CaF2 structure for 05312 is:

abc\ 1/3
a; = (%) - 5.553%

Thus it compares closely to ThO2 which has a

established the crystal structure of OsSi2 to be orthorhombic

of a B—FeSiZ. The equivalent lattice

o equal to 5.5997A. The
average atomic mass of OsSi2 is 82.11 gm, while that of ThO2 is 88.04 gm,
so some of the properties of the two may be similar. The measured room



Table B-1. Properties of Silicide Semiconductors at 300K

Eg M.P. Type K S
Material eV K N noop W/em K u V/K a, 10-6/4
Si 1.21 1681 2 Yes Yes 1.56 2.6
BaSiy 1.3 2120 24 ? Yes 0.10 +600 8.2
CrSia 0.90 1760 6 No  Yes 0.06 +160
(Cr-Mn)Sis 1760 6 Yes Yes ' -200
B-FeSip 0.88 1220 48 Yes Yes 0.11 + Or - 6.7
: (P.C.)
ReSijy 0.2 2250 6 Yes Yes 0.19 + 80
0sSip 1.8 2330 43 ? Yes 0.15 +380 7
TrSis
IrSis 8
|
Eg = Band-gap
N = Number of atoms in a primitive unit cell
K = Thermal conductivity (also degrees Kelvin)
S = Seebeck coefficient
o = Linear thermal expansion coefficient
P.C. = Phase change
temperature thermal conductivity(g) of ThO2 is 0.15 watt/cm K, while . its
minimum thermal conductivity‘®’ is about 0.025 watt/cm K. MWe expect 0ss1,

to be similar. Its minimum lattice thermal conductivity will thus be similar
to Si-Ge alloys.

The average linear thermal expansion coefficient, «, near room temperature

of B—FeSi2 15(20) 6.7 x IO’G/K. We expect OsSi2 to be about the
same. For ThO2 the value(ZI) of the expansion coefficient s
8.44 x 1078/k.

Thus the thermal expansion coefficient is sufficiently Tow to be useful as a
thermoelectric generator material.

B-11



We can also obtain an estimate of the 1likely carrier mobility. 1In B—FeSi2

21)

made by powder metallurgy, the mobilities at room temperature are:

pén) = 2.0 cm2/vo1t sec,

nip)

7.5 cm2/volt sec.

The n-type material is Co doped. If we proceed with Co substitution all the
the material has a true, not distorted, CaF2 structure. In

way to CoSiZ,
(23) has found that it is still n-type and the electrical

CoSi2 Nikitin
conductivity, o, depends on the purity.

(24 show that each Co contributes one electron to the

(25)

Hall effect studies
conduction  process. Matthias and Hulm measured the electrical
conductivity of CoSi, at 300 K and found 5.56 x 10% T This
corresponds to a mobility of u(n) = 13.5 cm2/vo1t sec for melt-grown
samples. Thus we conclude that OsSi2 will have a room temperature mobility
of the order of approximatey 10 cm2/volt sec, and will be a band-type

ohm-]cm

conductor. The utility of this will be discussed later.

We conclude that 03512 should be a useful thermoelectric up to 1500 K while
the companion B—FeSi2 is only good to about 1/2 this temperature because
of its smaller band-gap.

Ne note that the highest valence of 0s is Os+8. The nominal valence of Si

is si7%
with two Si atoms. In the crystal structure each Si is surrounded
tetrahendrally by four Os atoms and each Os by a cube of eight Si atoms. Al1l

of the available electrons are nicely shared, and the material is a good

Thus each Os has Just the correct number of electrons to share

semiconductor. In Re812 the Re has only seven electrons available, the
structure is different, and the material is a very small band-gap
semiconductor. The extra electron in Os makes a large difference.

n that Al makes it p-type.

As to the available dopants in OsSiZ, we know
Probably B would also since OsB2 exists. Also Re could be useful. For

n-type OsSi2 we can think of doping with P or As. However, Ir doping might



also work. The lattice thermal conductivity could probably be reduced by
alloying the Si with Ge or the Os with Ru or Fe.

At high temperatures we are concerned with evaporation of both Os and Si from
OsSiz. The boiling points of Si and Os are 3100°C and 5000°C,
respectively. These will be somewhat increased in OsSi2 because of the
atomic binding in the compound. The osmium volatility in OsO4 will have to
be watched, but the thermoelectrics are to be operated in vacuum, not in air.
A protective coating of SiO2 should also form on the surface. Note that it
is the 0s*8
feature that makes its bonding with Si so special.

nature of Os that produces volatile 0504. It is also this

B.2.6 NITRIDES

The classes of materials that seem to offer the most promising candidates are
the borides and the silicides. However, there are also nitride
semiconductors. Among these are cubic BN, AIN, Si3N4, BeSiN2 and
MgSiNZ. These have band-gaps that are too large to be useful. Other
nitrides such as Mg3N2, Ca3N2, L1‘3N2 and LiMgN react wvery readily
with moisture, and thus are also not useful. The GaN, ZnGeNZ, Ge3N4,
InN, and CrN compounds decompose into metal and nitrogen gas below 1300 K.
One possible remaining binary candidate is ScN. The band-gap of ScN s
2.1 eV, it s stable in moist air and in water, has a low thermal
conductivity, a high melting point and a low dissociation pressure. Its main
problem is that the carrier concentration of the n-type material has not yet

20, 3

been reduced below 10°"/cm”. HWork to reduce the carrier concentration and

the thermal conductivity are needed to make this a useful candidate. There

w(26)

may be possibilities in some ne ternary nitride phases such as

SmBSiﬁN]] or 3SmN—2513N4. However, much more information is needed
on such ternaries before useful predictions can be made.

B.2.7 BORON AND BORIDES
Several years ago GE-CR&D undertook to study the thermoelectric properties of
elemental boron and boride compounds. Some of this information is shown in
Table B-2. There are at least 16 different materials that one might work on.
The problem is to decide on which one to try first and why.
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The general reason for choosing boron and/or boron compounds is that they have
high melting points and are semiconductors. They are mechanically rugged,
have low thermal expansion coefficients and low vapor pressures. Some of them
have very low thermal conductivities (e.g., 868Y) caused, in part, by the
large number of atoms in a unit cell, N. Their band-gaps are in the correct
range to be useful and the Seebeck coefficients are acceptably large, at least
for p-type materials. The most severe limitations are the low carrier
mobility values and the effects of the dopant atoms on the mobility. The
intrinsic mobilities of a-boron, R-boron, and 8681 may be high enough to
be useful according *to our criterion of u > 0.5 cm2/voit sec, 1.e., they
are hopping conductors. Thus we digress here to a discussion of mobilities.

B.2.7.1 Carrier Mobility in B-Boron

Dopant Effects
The main problem that limits the performance of B-boron as a thermoelectric

generator material is its low carrier mobility. The measured mobilities of
Cu- or V-doped R-boron at room temperature are 0.10 to 0.26 cmz/volt sec

for doping Tlevels of approximately 1 x 102]/cm3. The intrinsic Tattice

(27,28) as

mobility of p-type B-boron has been measured by A.K. Hagenlocher
50 cm2/vo1t sec at 300 K. His samples were doped with Be at concentrations
of 1.8 x 10'8 3

to 4 x 1019/cm . It is essential to know how the mobility
is influenced by the doping element and its concentration.

In Figure B-3 we show the mobility versus carrier concentration for p-type
R3-boron (28) (29-31) (32-33

(34-35)

silicon, germanium and a silicon-germanium

alloy containing 80 a/o Si plus 20 a/o Ge. From Figure B-3 we see
that Be doped RB-boron behaves in a fashion similar to boron-doped Si and
Ga-doped Ge. The mobility at 1020/cm3 of QR-boron is about 1/2 that of
STO.BGeO.Z' We have chosen SiO.SGeO.Z for comparison because this s
close to the composition of the standard thermoelectric-generator alloy. It
is not known whether Be is a substitutional or interstitial impurity in
R-boron. However, the Be atom is just slightly (20 percent) larger in size
than the B atom and it readily forms Be icosahedra in compounds such as
CeBe]3. (35

BeB3 and in tetragonal boron.

Furthermore, Be appears to substitute for B in the compound

(36) Thus we speculate here that Be, at Tow
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concentrations (i.e., <1 atom percent) is a substitutional impurity in

3-boron.
In contrast to Be we consider C as an impurity in B-boron. Carbon
produces(27’28) n-type RB-boron at low temperatures. The mobility at 300 K

is equal to 1.5 cmz/vo1t sec for the Towest doping and decreases rapidiy
with increasing carbon content, dropping to 0.2 cm2/volt sec at about
2 X 1018/cm3. We speculate that carbon enters 3-boron as a
substitutional impurity. It is known that carbon is a smaller (16 percent
smaller) atom than boron, yet carbon expands<27) the lattice of R-boron.

This effect is not understood.

The interstitial atoms locally distort the RB-boron lattice. It may be this
distortion, producing a local alteration of the lattice vibrations around an
impurity that causes the Tlower charge carrier mobility. Thus V and Cu
1mpurif1es also produce low mobility R-boron. The direction to high Z
thermoelectrics based on boron may be the substitutional-versus-interstitial
nature of the impurities.

The mobility of SiO.SGeO.ZO in Figure B-3 is close to that of Si instead
of a weighted arithmetic average of Si and Ge. The randomness of the Si and
Ge positions in the lattice produces additional carrier scattering which
reduces the mobility below that of the expected average. Apparently f-boron
is much more sensitive to the effects of randomness in the structure, and its
mobility drops much more rapidly with increasing disorder than that of
silicon. The Si-Ge randomness is needed to reduce the thermal conductivity to
usable levels. In boron compounds the thermal conductivity will also be
reduced by such randomness, but it remains to be discovered if the reduction
in carrier mobility caused by randomness is of a magnitude that will make
these materials poor prospects for thermoelectrics.

Temperature Effects
Figure B-4  shows the temperature  dependence of the mobility of

nearly-intrinsic, p-type B-boron. For comparison the mobilities of

high-purity, p-type Ge, Si, SiC, and MgZSi are also shown. The fR-boron

(27,28)

data are from Hagenlocher. The other data are from various
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(33,38,39 (29,40-42) (43,44)

Titerature sources:- Ge Si SicC, and
Mg281.(45) For SiC the cubic and 6H hexagonal polytypes ‘have very nearly
the same p-type mobility. From Figure B-4 we note that R-boron has a lower
mobility than Si or Ge, but equal to or higher than SiC or MgZSi. The
magnitude and temperature dependence of the mobility of B-boron s

approximately:

1.2 X 100%cmédeq! - 77

T]'77vo

u(p-type) =
1t sec

It is possible that natural B-boron made from the natural abundance boron

isotopes of 80 percent BH and 20 percent B]O may have a lower intrinsic

10 1 alone. Since Be9 appeérs to be the

mobility than either pure B or B

best p-type dopant, consideration should be given to use B]] doped with
Be9 as a possible higher-mcbility material. The mass difference between
Be9 and B]O is less than that between Be9 and B]]. Thus the

lattice-vibration distortion arcund a Be impurity might be lower in B]O.

B.2.7.2 Mobilities in Other Boron Compounds .
It is claimed by Golikova and Samatov(46)
of approximately 100 cm’/volt sec at 300 K. They also state that RB-boron

has a mobility of 0.01 cmz/vo1t sec. In neither case is the donor or

that «-boron has a high mobility

acceptor impurity stated. In other references, other «a-boron-like
structures are reported 1o have reasonable mobilities. Burmeister and
Greene(47) report data from n-type B6P which can be converted to:

nin) = 20 cm2/volt sec at room temperature.

This value is good to within a factor of 3. Data of Neshpor et aT.(48) on

CVD boron carbide give calculated room temperature mobilities of up to:
B = 60 cm2/v01t sec.

Thus the intrinsic mobility of «-boron-like structures may be as high as or
higher than those in n-type B-boron.



The carrier mobilities in LuB,, and YB,, at 300 K can be calculated from

(49) Each rare-earth

the electrical conductivity data of Zhurakovskii et atl.
atom donates one electron to the conduction process (and two electrons to fill
the Blz bonding). The calculated mobilities at 300 K of these compounds

with B,, groups in them is:

12
W(LUB,,> = 65 cn’/volt sec
W(YB,,) = 44 cn®/volt sec

These are similar to those of the «-boron-like compounds. It is noted that
LuB]2 and YB12 are metallic. It may be possible to make them into
semiconductors by substituting one Be atom for a boron in each of the B,
groups. This would subtract the one electron from the conduction band and
lead to a semiconductor. Thus compounds close to LuB1]Be or YB]]Be might
well be useful semiconductors.

Similar arguments can be applied to compounds such as LaB6 which have one
excess electron per formula unit. Perhaps LaBSBe would be a semiconductor.
B.2.7.3 Some Predicted Mobilities

A highly useful thermoelectric material 1is 1likely to require a mobility

>10 cmz/volt sec. This means a band-type electrical conduction, not a
hopping process. The boron compounds that might exhibit band-type conduction
would be ones which have no disorder in their atomic positions, and would be
susceptible to substitutional doping. Good candidates might be:

Host ’ Dopant
a~-boron Be
3-boron Be

B]3C2 (Ordered) Be,A1,Si
LuB]1Be,YB11Be,86P Be,C,S,Si
CaBG,SrB6,BaB6 Be,Sc,La
LiAlB]4 Be,Si
MgAlB]4 . Be,Si
BeB]2 C3
A1884C7 Be,Si,N
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Poor candidates might be:

Host Problem

B-boron Transition metals, random
B—AlB]2 Al sites randomly occupied
8681,8381 Si sites randomly occupied
868Y Y sites randomly occupied
High Temp. B]OC to B4C B and C sites mixed

Amplifying on boron carbide, it 1is believed that the well-ordered B]3C2
made(48’50) at 1000°C has a high (approximately 50 cm2/vo1t sec) fintrinsic
mobility. However, boron carbide made at high temperatures like 1200°C may
well have B and C exchanged oﬁ the lattice sites and have low mobility. Also
it is suspected that at B to C rat{os different from 13:2, additional
randomness and disorder occurs in the structure, as shown in the X-ray studies
of Yake1(51) on B to C ratios of 10:1 to 4:1. Emin and Wood(SZ) have
found room temperature mobilities over this whole range of compositions of
about w(p) equal to 0.7 cmzlvolt sec in variocus boron carbides made at

1200°C.

B.2.7.4 Mobility, Randomness, and Doping

In order to produce a useful thermoelectric material from boron or a boride it
should have a high mobility. This would probably mean a well-ordered crystal

(53) between the

structure. In a semiconductor there 1is a relationship
carrier mean-free-path, 2, and the mobility, u. At room temperature for
free electrons: L/ equals 0.7207 x 10_8 volt sec/cm. ‘For  [B-boron
the average size of the unit cell is 9.365 angstroms. So, for a greater than
or equal to 9.365 angstroms, the needed value of p is greater than or equal
to 13 cmZ/volt sec. It is seen that one distorted unit cell can cause
difficulty in intrinsic, p-type, B-boron; the intrinsic carrier
mean-free-path is only four unit cells in tength. In simpler semiconductors,
such as silicon, the intrinsic mean-free-path is longer and the unit cells are

much smaller. Thus one damaged unit cell does not produce as large an effect.
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In selecting a candidate dopant for fR-boron, it is observed that Be is most
likely the best, since it probably substitutes for a boron atom. It is also
observed that heavy interstitial impurities such as Cu, V or Hf could produce
Tow mobilities when they distort the unit cells. At 1 atom percent V there is
one dopant atom for every unit cell. The mobility of 0.26 cmz/vo1t sec.
The value of "4" is then 0.4 angstrom.

In order to choose a high mobility candidate, it is essential to select a
crystal structure and dopant element together. Any structure such as
oc—A]B]2 which has many partially occupied and also many vacant cavities in
the lattice(54’55) would probably not be a good candidate.

Another feature of these complex boron and boride structures requires further
explanation. Consider a compound Ax By as a host and an atom D as the
possible dopant. If D is some small atom of a light element with a different
number of electrens from A or B, it usually happens that D is not an effective
dopant. It seems that the lattice rearranges itself easily around D to use
all of the electrons of D in bonding and none are left over to donate to the
conduction band (or holes to the valence band)>. It is this "plasticity" of
these complex lattices that makes doping with light elements very difficult.
We have noted that heavy elements ruin the mobility. By way of contrast, in
silicon a phosphorus dopant atom must go intoc a silicon site. There is no
room for much bond rearrangement and the extra electron escapes. It is
therefore concluded that tightly bound crystal structures with very Tlittle
space for rearrangement around the dopant atoms are needed. These seem to be
Timited in number. B-boron thus appears, based on the work performed to
date, to be a marginal candidate. It may, however, still be useful with Be as
a dopant.

B.2.8 REVIEW OF BORON-BASED CANDIDATES

B.2.8.1 RB-Boron

One may be able to obtain high mobility RB-boron by doping with Be, as
mentioned previously. It must be determined how the Be atoms enter into the
B-boron lattice, and whether the mobility 1is really as high as

(27,28)

Hagenlocher reports. It must also be determined if such mobility
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values can be obtained with polycrystalline, hot-pressed samples, or
melt-grown single crystals. The next step is to measure mobilities in
carbon-doped B—bofon in order to check on Hagenlocher. The lattice
positions of the carbon should be examined using X-ray single crystal
studies. It must be determined if carbon produced n-type samples of f-boron
as Hagenlocher reports.

The hext step is to look at the effects of double-doping in B-boron. It may
be possible to make high-mobility p-type material with Be doping, but
reduction of the thermal conductivity must be obtained without destroying the
mobility. The addition of 1 atom percent Zr or Hf is known to drastically
lower K almost to Kmin'. If Be plus Zr or Be plus Hf doping does not destroy
the mobility, a wuseful thermoelectric material results. Use of somewhat
lighter atoms than Zr or Hf may be necessary if mobility is adversely
offected. A possible combination may be Be plus Ti. Note Ti, Zr, and Hf are
all p-type dopants. Similar double-doping combinations can be suggested for C
doping. Here, however, it may be better to use n-type heavy metals such as V,
Cr, Ni, or W. Again the balance between reducing the thermal conductivity and
the mobility will have to be carefully studied. Furthermore it may not be
possible to maintain R-boron as an n-type material up to 1000°C or above
because it is intrinsically p-type. It is believed that further work on
purely interstitial dopants will not yield high mobility samples. Even
samples double-doped with two transition elements such as V plus Cr, V plus
Ni, or V plus Cu have vyielded poorer performance than the same total
concentration of V itself. So the mode of providing different hopping sites
by using two different elements to increase the electrical conductivity has
not been useful, possible because B-boron does not really operate according
to this model.

B.2.8.2 Beryllium Boride

The beryllium boride with the highest boron concentration is B
(56,57)

1289‘ It is

thought o possess at least three different structures. The lowest

(58)

temperature tetragonal-1 structure, termed Y—B128e, consists of four

units held together by various interstitial atoms. For Be atoms the

B
12 (58)

same lattice can accommodate
(56)

Be from B]ZBe to B]ZBEZ' Even less

Be can also be used. The structure 1is very open and has sites of
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variable occupancy.(gg) It does not appear to be a useful candidate. This

tetragonal-I structure is found between 850°C and 1350°C.

At about 1600°C the tetragonal-II phase of B-B]ZBe is stable. It has

nearly the same tetragonal-II structure<54) as an a—B]2A1 or as

(607

tetragonal-II boron itself. It is not a useful thermoelectric, as

stated previously.

Above 1700°C, and presumably to the melting point, B]ZBe apparently
forms(56’57) an a-boron type simple rhombohedral structure with N equal to
13. In Table B-2 this is called oc—Be12
structure occurs is uncertain. Perhaps it is in the center of the icosahedra
as it is in CeBe]3. If so, this is a particularly simple structure and

should have a high mobility. It would be worth investigating for this

Be. Just where the Be atom in this

reason. Maybe Li or C would act as useful dopants. This structure should
have a wvery high thermal conductivity at room temperature of about
1 watt/cm K. Whether it could be made into a useful thermoelectric is, at
present, doubtful because of its high thermal conductivity. Its Kmin would
probably, be about 0.1 watt/cm K.

B.2.8.3 Boron Carbide
The well ordered, stoichiometric composition of boron carbide is B]3C2.
The intrinsic room temperature thermal conductivity of this composition is

about 1 watt/cm K. The Kmin appears(6]> to be about 0.056 watt/cm K for
material badly disordered by neutron irradiation. The well ordered B]3C2
appears(48) to have a carrier mobility equal to 60 cm2/volt sec. Badly

(52)

disordered material has a mobility of 0.7 cm2/volt sec. The

figure-of-merit, Z, is:

, _ S2o _ Sneu
K K
Thus the ratio wu/K s proportional to Z. Comparing well-ordered boron
carbide with u/K approximately 60, to badly-disordered boron carbide with
u/K approximately 13, it is observed that the current approach of trying to
make thermoelectric devices from badly disordered boron carbide (e.g., BQC)
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may be headed in the wrong direction.” Well-ordered material might provide
higher Z values, however, they might still not be high enough for useful

devices.

A compound closely related to B]3C2 is B1ZCZBe' Presumably the Be
atom here goes into the central chain position, but there is no X-ray evidence
to support this. The unit cell volume is slightly larger than that for
B]3C2. Even though there has been a "nominal" substitution of one Be for
one B, the material is not a better p-type conductor than B]3C2. If
anything 1t has a much higher electrical resistivity (106 ohm cm) at room
temperature than B]3C2 (0.04 ohm cm) accordihg to recent findings at GA
Technologies Laboratories. The incorporation of Be may help to produce an
.ordered structure in "boron carbide". However, as a thermoelectric material,

its properties seem to be close to those of ordered B]3C2.

B.2.8.4 Boron Subphosphide
The boron subphosphide,(GZ) B6P, was suggested as a thermoelectric
(63

generator material many years ago. It can be made n-type (S doped) and

p-type (Cd doped). Its intrinsic room-temperature thermal conductivity<54)

is probably very close to that of B6As, f.e., K equal to 1.2 watt/cm deg.

(64) on a less-than-perfect sample gave values about 1/3

47 2

Actual measurements
of this. Its estimated room temperature mobility

Thus its values of w/K fall within approximately 17 to 50, very similar to
(63

s 20 cm®/volt sec.

boron carbide. Hil1l and Epstein give a device value at 1473 K of 7T
equal to 0.81 which is respectable. It may be that 86P would be a very
useful n-type element for high temperature thermoelectric generators. It
seems that Be-doped -boron may be better as a p-type material.

Another useful property of 86P is its high microhardness(GS) of
5900 kg/mm®. It can be hot-pressed 5%’ to high density at 2050°C. It can
also be melted under inert gas pressure(62) and the cooled material

maintains the 86P crystal structure without noticeable loss of phosphorus.

It has been found(67) possible to partially substitute B for P in the chain
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positions to give a chemical composition of 89.3P. It is not known what
this would do to the p and K values. These effects might be similar to
those in Bgc. However, C might enter the icosahedra, P probably is too
large to do so. Thus the disorder in 89.3P might be rather different than
that in Bgc.

One of the unanswered problems in B6P js the phosphorus dissociation

pressure at the proposed operating temperature of 1000°C (1373 K). From Slack
(62)
et al.

pressure(68) over n-type Si-Ge thermoelectric alloys at 1050°C 1is about

the estimate is 10_8 atmospheres. The equilibrium phosphorus

10_] atmospheres. Thus if Si-Ge alloys can be used with 107 times as high-
a dissociation pressure at its maximum use temperature, there should be very
little problem with B6P. Its chemical stability is very high.

The lack of chemical stability of B6As is the real limitation of this
compound. It readily loses As above 1000°C.

B.2.8.5 Boron Silicide
The highest melting point (peritectic decomposition) boride of silicon fis

B Si. Some work was done on this compound under DOE contract at GE-CR&D

6 (69>

and, in particular, its. crystal structure was determined. It s a

densely packed structure with very little room for interstitial impurities.
ATl attempts to dope it with interstitials failed. It may have'’®’ a room
temperature carrier mobility of 15 to 70 cm2/vo1t sec. [ts measured room
temperature thermal conductivity is 0.12 watt/cm deg. Thus for well-ordered

B,Si the ratio u/K has an approximate range of 125 to 580.

6
If these values are correct, B6Si looks like a good candidate. So far only
p-type material has been made with room temperature values of o from 0.04 to
,0.3 ohm—lcm_1

More work on finding suitable dopants for 8681 should be pursued; perhaps Be

would be useful. This material has the correct kind of structure for a
possibly high mobility material. There are 292 atoms in a unit cell. Careful
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measurements should be made of its mobility in order to check Dzhafarov et
al.(70) These should be made as a function of the boron to si]icon ratio.
It appears<69) that the most well-ordered material may have a chemical

composition of BG 281.

B.2.8.6 Dodecaborides

There are a number of boron compounds with the chemical formula B]ZMe, where
Me is some metal. These exist as a cubic material for the rare-earth metals
from Tb to Lu and for Y, ZIr, and U. Note that B]zMe compounds also exist
for Be, Al, and Sc. For Sc and the heavier metals these compounds are
metallic. They consist of Me atoms, each surrounded by 12 B atoms. The Me
atoms are on a FCC lattice. The boron atoms all have well-defined positions,

and there 1is very little room for interstitial impurities. The metallic

nature of these compounds is governed by the fact that the Me atoms supply too

(7D The compound

(725

many electrons; one for each of the trivalent Me atoms.
YbB,, has some b2t 3+
with a very small activation energy and a much higher electrical resistivity

and some Yb jons. It is a semiconductor

than the other MeB]2 compounds .

It has been suggested earlier in this review that YB]]Be may be a
semiconductor. This partial replacement of B by Be has been carried out(73)
in LaB, with up to 30 atom percent replacement of the boron. It has been
done(7i% in HfB2
both cases the Tattice expands slightly as3 the Be content increases. It
+

with 15 atom percent of the boron replaced by Be. In
should also be possible to replace some Y with a divalent ion such as
Ca2+ or Srz+ to help reduce the electron concentration and maybe decrease
the thermal conductivity. One might also be able to use phonon scattering
from Dy3* or Tb3* ions to also reduce the thermal conductivity as is

(73) in some rare-earth garnets.

done
The intrinsic Tattice thermal conductivity of YB12 at room temperature is
‘7 of EuBg, which is a semiconductor. This is
Kg= 0.16 watt/cm deg. Combined with a mobility of u = 44 cm2/volt sec,
a u/K equal to approximately 275 is obtained, which is promising. These

probably similar to that

materials, as metals, are all n-type conductors. Thus they should be n-type
semiconductors if not too much Be or Ca is added.
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B.2.8.7 Teatradecaborides
There are three such boron compounds known, having the chemical formulas
B8, MgAT, B1

and B, LiAl. Their structure 1is given by Matkovich

Mg, ,

14 %7;> 14
and Economy. The orthorhombic unit cell has four formula units per
crystallographic unit cell for B]4MgA1. A1l of the sites are filled and the
structure is well-ordered with this stoichiometry. It is possib]e(78) to

make them with the metal sites only partially filled. Polycrystalline samples

a9 {80)

can be made by hot-pressing at 1800°C. They appear to have ionic

rather than covalent bonding of metal atoms and 812 units. They are p-type.

In view of the possible high volatility of Li and Mg at high temperatures,
they do not appear to be especially interesting.

B.2.8.8 High-Boron Borides
These high-boron borides are typified by 868Y' Many rare-earth and actinide

elements form these cubic borides with N approximately equal to 414. A few
studies of  their  properties have been reported.(81"83) Mobility
measurements(g]) gave u = 15 cmz/volt sec for BsGGd, while  thermal
conductivity measurements in this laboratory gave K = 0.022 watt/cm deg at

300 K. The resultant p/K = 680 looks gquite impressive.

The Eg = 0.8 eV is the measured activation energy of the Y donor in this
p-type material at 300 K. The real problem is to find some method of doping
B68Y to increase the electrical conductivity. It has been possible to
increase o from 3 x 1073 to  0.14 ohm 'em™!  at 300 K,  while
simultaneously decreasing S from +560 microvolt/K to S = +23 microvolt K, by
doping with 1 atom percent of Cr. Thus some transition metals are probably
soluble interstitially, but the mobility after such doping appears to be low.
Some other doping scheme, maybe Be doping, is needed tc make a useful
thermoelectric. However, with the very open structure, the Be added at the 1
percent level may drastically alter the crystal structure. The Cr addition
only expanded the wunit cell volume oy +0.6 percent without altering the
structure. More work should be done on these materials.
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B.2.8.9 Ternary A1-B-C Borides
There are a number of different ternary Al1-B-C borides. A18C7B4' has

already been mentioned.(]S) This compound was first discussed by Matkovich
et al.(84) It has a hexagonal structure: 3, = 5.906 angstrom, Cy =
15.901 angstrom. The atomic positions are not known. It melts,(85> almost

congruently, at 1836°C. It is yellow in color, which means a band-gap greater
than or equal to 2.3 eV, and has a very narrow composition range. It has an N
of approximately 48. Thus the intripsic thermal conductivity at room
temperature should be about 0.2 watt/cm deg. It appears to have no phase
changes between room temperature and the melting point. Polycrystalline
compacts have been obtained by hot pressing.. It seems that Be or N or Si
doping might be useful.

Other ternaries(84)
latter compound is amber in color and is sometimes called "diamond-Tike" boron
or B—A]B]Z. It was discovered in 1857 by HWoehlier and DeVille. Above
850°C it has'%®’
cell; below this temperature the cell becomes larger due to distortion and it

in the system are A1C4824 and A13CZB48. The

the tetragonal-I structure with one formula unit per unit

is orthorhombic with four formula units per unit cell. This phase change and
twinning make it unsuitable for use. The first compound is better written as
B48CSA]X with 1/2 < x < 2. It 1is black in color. At temperatures below
2000°C its cell contains four B]2 units and has an orthorhombic

(87.88) but above 2000°C it converts to the simpler rhombohedral

structure;

boron carbide structure(gg) of B12C2A1X/4, with the Al probably in the
central chain position. The electrical properties are unknown, but it is
probably similar to boron carbide. Its main advantage over boron carbide
might be the larger unit cell (below 2000°C) with an N of (approximately) 58
and a lower thermal conductivity. Its minimum thermal conductivity might also
be lower than that of boron carbide. Its advantage over a—B]ZAl is that
the Al sites at x = 2 appear to be fully occupied. Thus the mobility may be
greater than or equal to 10 cmz/vo1t sec. Investigation of it might be a

logical extension of work on boron carbide thermoelectrics. -
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B.2.9 OXIDES '

There are a large number of oxide semiconductors, but none appear to have high
enough mobilities to be interesting. Many of them are ionic or partially
jonic conductors which causes severe troubles at Tong operating times and

large current through-put.

B.2.10 SULFIDES, SELENIDES, TELLURIDES

These materials tend to have high vapor pressures at high temperatures, large
thermal expansion coefficients, and to be mechanically weak. The sulfides,
which are more thermally stable than the selenides or tellurides, tend to lose
sulfur by evaporation and turn metallic. Data on SCZSB’ YZS3’ and
La283 are sufficient to make these materials seem vrather unattractive by
comparison with Si-Ge, or the borides, carbides, or silicides.

B.3 CANDIDATE SELECTION

In the preceding sections a review of the information available about, and the
pros and cons concerning, the various candidates has been given. Now we wish
to rank these and select the most promising for further work. A method of
attacking this problem is to look at the ratio p/Kg, where M is the
carrier mobility, and Kg is the Tattice thermal conductivity. For the case
where the semiconductor can be considered a band conductor instead of a

hopping conductor, then p/Kg should be as Tlarge as possible. If the
effective mass is equal to the free electron mass, then the optimum doping
level 1is about 3 x 1019/cm3. For present purposes we shall call wu/K
equal to F, the "figure of promise". A considerable amount of work will be
required to ascertain the value of Z, i.e., the "figure-of-merit" for these

promising materials.

Since any new material will be compared to Si-Ge alloys, let us calculate F
for them at room temperature. For intrinsic, undoped, p-type Si at 300K, we
have:

wip) = 260 cm2/vo1t sec
Kg 1.56 watt/cm deg
p/Kg = 167 amp cm deg/voltzsec

F
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If we reduce Kg by alloying the Si with 20 mole percent Ge, we also increase
u slightly, and the result is:

F = 4560.
See Table B-3 for the u and Kg values.

If we now dope the Si-Ge with boron up to the useful range (about

1020/cm3), we obtain (See Figures B-1 and B-3)
i = 4.0 cmZ/vo1t sec,
Kg = 0.043 watt/cm deq,
F = 930.

Thus, in order to improve Si-Ge, we are looking for F values in excess of 900
in a heavily doped material.

A1l the requisite data are not available for the candidate materials listed in
Table B~3 to permit calculation of F-values at high doping levels and/or high
material impurity alloying levels. However, it was assumed that those

materials with intrinsic characteristics similar to or greater than Si (F
equal to 167) have the potential for meeting the figure—of-merit goals of the
Program for new technology material. This is based on the fact that the F

values of Si have been increased by nearly an order of magnitude as a result
of extensive theoretical considerations and experimentation. It is thus
believed that these other materials have the potential of equal to greater
improvement with a similar degree of emphasis.
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APPENDIX C

HIGH TEMPERATURE THERMOELECTRIC PROPERTY DATA FOR
12 OF THE Si-Ge ALLOY COMPACTS EVALUATED IN SECTION 4



SAMPLE} 1T™-62
DESCRIPTION:  §0%Si-20%Ge
Molecular Weight 3€.88
TEMPERATURE SEEEECK ELECTRICAL.  THERMAL MEAT CENSITY THERMAL  ELECTRICAL FIGURE  DIMENSIONLESS
COEFFICIENT RESISTIVITY DIFFUSIVITY CAPACITY CONDUCTIVITY POWER OF_______FIGRE _
FACTOR MERIT OF MERIT
Seebeck and Resistivity Lacer Orop Immercion Calouisted Calculated Calculated  Czlculated
Measured Simultaneously Flash Calorimetry Dansity -
€E-SCo Diffusivity Amce Lab., Thermai Expancion
— GE-RS0 _ mMPS-OTTP GE-RSD
# Points in Fit % % i1 11
Yemp. Range of D 19 ¢ e 10T ¢ 37T K
o6 C ®3C 1111 € 1375 K
RMSD (%) 1.07 0.63 0.9% 0.53 0.33 2.2 2.82 5.04 5.04
A -1.1TEX2E+02 9.44210E-01 2.9€032E-0C 4.EE300E+00 2.87 z Fas -
B ~3,29771E-01 1.30897E-03 ~1.492196-08 1.622206-03  4.3006-06
... ¢ 4.71T0%€-05__S.TE441E-08 -1.20906E-08  €.310006+04 B
D 1.31163€-07 -5.01901E-08 1.9525TE-11 0.113
E 1.21974E-10.
____F ~1.54104E-13 N
6 €.333%€E-17
H
Units for Temp: c [ [+ K [ K
Equation A+BTHCTAZHDTAS A+BT+. . ETA4 A/(LI4B(T-2T))A2 A2/ SA2/TE z7
e A+BT+, , HTAT D (A+BT+C/TAZ) asCprd . o
() ) {microV/K} {(miltiohm-cm} {(cm2/sec) (J/9-K) {(g/cm3) (W/em-i) (microl/em=t2 (1000/K)
s F4 <118.2¢ 0.847 0.02% 0.6729 2.8T1 0.0571 {477 70282 o071t
300 27 -126.47 0.985 0.0232 0.6624 2.870 0.052% 18.22 0.2%25 0.0877
b = -134.61 1.032 0.0288 0.6752 2.869 0.0541 17.56 0.2244 0.10%4
350 hed ~142,68 1.083 0.0Z84 0.650% 2.8 0,080 TTiE.80 0.2543 0,124z
37 102 -1%0.61 1.136 0.0230 0.847¢ 2.8e7 0.0518 18.98 0.2244 0.1441
400 127 -152,4€ 1.191 0.02TS 0.64€0 2.858 0.0%10 21,08 0.4133 0.1€52
425 152 -1€2,18 1.24€ , 0.02T1 0.6455 2.665 0.0%02 22,16 0.4418 0.187¢
450 177 -172,77 1.202 0.0287 0.6458 2.884 0.0494 23.20 0.4700 0.2116
4TS 202 -181.22 1.357 0.0262 0.64€8 2.884 0.0488 24.20 0.497¢ 0.2254
w00 27 16550 1.41% 0.03%E 0.68422 —z.ee2 0.047g Tes €T oumzme 0 ou2ens
525 prasted ~195.62 1.470 0.02% 0.6%02 2.862 0.0472 2€.04 0.5514 0.283%
BEO 7T -202.55 1.528 0.0248 0.E%52% 2.861 0.04€€ 26.95 0.57E7 ST
343 302 -208.28 1.582 0.0245 0.6%51 2D 0.0483 ‘2758 0.8008 | 0.24%3
800 27 ~21%.82 1.6850 0.0241 0.£220 2.e58 0.04%2 28.22 0.622¢ 0.2727
e < ~222.13 1.715 0.0237 0.6€10 2.858 0.0447 78.78 0.8432 0.4020
€50 377 -228.21 1.782 0.0233 0.EE4Z st U.0442 ‘73,23 0.6815 77T 0.4300
3431 402 ~224.04 1.851 0.0228 0.687¢ 2.8%8 0.0437 z8.59 0.€777 0.4574
T00 427 -229.62 1.922 0.0275 0.€711 2.e5% 0.0422 29,88 0.631€ 0.485%
725 Az 244,93 1,937 0.022 0.574T Z.6510 0.0427 30.05 T 0.70287 T 0.5103
50 77 -243,96 2.071 0.021! 0.ETe4 2.882 0.0422 30.17 0.7142
s 502 -264.£9 2.145 0.021%5 0.6221 2.852 0.0418 30.24 0.7227
800 27 -2£9.12 TZ.217 0.0212 0.62€0 2,862 0.041% 30.2¢ [ e
ers 7] -283.23 2.2¢08 0.02 0.6993 2.881 0.0412 20,29 0.725¢
0 BT -ZE7.01 2.254 0.0207 0.6928 2.850 0.0402 20.29 0.7404 Moc:
ers 80z ~270.44 2.415 0.02 0.8979 2.848 0.0407 T20.28 0.7444 ~ T g.E%14
00 €27 -273.52 2.4€3 0.0202 0.7020 2.84¢8 0.040% 20.31 0.747¢ 0.€720
B - < e -27€.24 2.515 0.0201 0.7061 2.847 0.0404 30.24 0. 7506 0,634
«£50 €77 -278.52 2.552 0,02 0.7102 2.84E 0.0404 20.41 O.TEXO T T0.715%
ar5 702 ~280.52 2.579 0.0188 0.7148 2.845 0.0401 30.%51 0.754% 0.7350
1000 727 -282.06 2.5% 0,012 0.7187 2.844 0.040% 30.64 0.7%E2 0.TEEZ
. 1o T2 -283.18 2.504 0.013¢ 0.7230 2.843 0,0407 30.80 0.7T9EE 0.7755
1050 k2ed -2e2.82 2.602 0.0192 0.7272 2.842 0.0410 30.97 0.TEE 0,783
1075 202 ~284.13 2.594 0,019 0.731% 2.842 0.0413 31.12 0.7520 0.803%
1100 e -282,82 2.%81 0.0200 0.T3%e z.841 0.0418 21.2% 0.747% 0.822%
1125 52 ~283.26 2.5€9 0.0201 0.7402 2.840 0.0423 21.24 0.7320 0.5202
__ 1150 er7 ~282.12 2.561 0.0202 0.744% 2.e28 0.0420 21.07 0.7221__ _ _0.8%18
1175 802 -2720.48 2.56€ 0.0208 0.7483 2.838 0.0437 20.6€ 0.7010 0.823¢
1200 27 -278.35 2.5 0.0208 0.7533 2.837 0.044€ 29.80 0.€701 0.2041
_._ 1225 4 ~275.€8 2,649 0.0212 0.7577 2.83% 0.04% 28.70 0.6737 0.770%
1250 o717 0.0218 0.7€21 2,825 0.04€7
12 1002 0.0221 0.768% Z.534 0.0420
- ...1300 1027 0.022¢ 0.7708 2.e22 0.0484 e
INTEBRATED _ -263.1% 2.904 0.0211 0.7034 2.85 0.0423 30.18 0,7158 _0.6430
AVERAGE




T, SAMPLE: 1T™™-858
DESCRIPTION: B0KS | -20XGe
Wolecular Weight %.88
TEMPERATURE SEEBECK ELECTRICAL  THERMAL HEAT DENSITY THERMAL ELECTRICAL FIGURE DIMENSIONLESE
COEFFICIENT RESISTIVITY DIFFUSIVITY CAPACITY CONDUCTIVITY POMER OF FIGRE
—F NCTOR-————MERFT — OF PERIT—
Seebeck and Resistivity Leser Orop Trmersion Culoulated Caioulzted Caicuisted Catculated
Mexsured-Simuttane FHash—Cxiorivetry Derstty -
€E-SCC Diffusivity Anes Lab. Thermal Expancion
GE-RSO wPs-OTTP GE-RSD
# Points in Fit + 30 23 i1 11
Temp. Range of D 17C 1T C 105 C I K
1O06-€ $£006—C +100-C 13T
RMSD (%) 1.086 - 1. 0.9 0.93 0.33 2.28 3.21 5.48 5.4E
A hﬁlm—hﬁw%ﬁ% B3040 Z ra
e -3.%608%6-01 ~1.82041E-04 ~3.66T13€-05 1.62220E-03 4,300E~-06
c %, 14053€-04 2.8210TE-05 6.11495E-08 €.31000E+04
— ey~ 1592 1EEO8 4 BATIZE-OT —6A12EE-1——— 0113 -~
E 2.309%1E-09 4.BE1TIE-10 3.03425E-14
F -1,0TTASE-12 -6.59742E-13
- - 4 3RASE LG -
H -1,02328E~138
== {nits for Temps € € < ¥ € g
Equation A+BT+..FTAS RHET+. . ETA4 AZ(14B(T=2T)0243 srz/r eA2/Tk bt
A+BTe. HTAT D (A+BTHC/TAZ) asCped
[{ 4] ) (microV/K)  (mitliohm-cm) (cmZ/s3ec) (47g-¥} {g/cm3) (W/cm¥) (microw/cm=+2 (1000/K)
2% -2-————1!4.65%———1—.%————0.-0300—— 06728———3.044- 00813 11,88 -~ - —0.1955 - — - Q0638
300 27 -122.61 1,098 0,0291 0.EEZ4 3,040 0.0%eE 12.€3 C.222€ 0.0701
s ] w2 -130.68 1.134 0.0283 0,6%82 3.039 0.0564 15.06 0.2872 0,083
%0 - -?'7—————%38—:6—————&.—}934——-640276———06505 ——ee 3,038 ———— 0. 054 - 18:18 —— -- 0. 2370 0.104C
275 102 -145.7¢ 1.238 0,02€9 0.64TE 3.037 0.0522 17.15 0.2244 0.1217
400 127 ~1%2.9%€ 1.28€ 0.02€2 0.84€0 3.0%% 0.051% 18.05 0.350% 0.14Q02
- A5 —-1%2- 16000 ﬁﬁ'————0£2’5?————0.€%--——3a65————670503 18,91 — ———0.3758 — - ~0.1532
450 177 168,58 1.410 0.0282 0.645¢ 3.0234 0.0483 13.77 0.4012 0,120%
475 202 ~173.82 1.464 0.,0247 0.6488 3.023 0.0424 20.84 0.42E5 0.202%
- /OO —227"———-&90783————&-:519—————%0242 Q.64 3.032 0.04TE————21.50 -~ ——0ASLE — - 0.2I%%
Lo pradvd ~187.28 1,572 0.0222 0.E503 3.0321 0.04e3 2Z.24 0.4754 JZE0L
0 Fan ~194,08 1.€27 0.0224 0.E%25 3.020 0.04E2 23.18 0.%004 0.2752
- - 875 -—30% 2007TO -£+504 0330 —0:6551 200G QAT ——— 23,82~ — —0,5231 — -+ 0. 002
€00 x7 -207. 2% 1.744 0.0227 0.8580 3.028 0.0452 24.62 0.544Z2 0.32€%
€% w2 -213.60 1.807 0.0224 0.6610 3.027 0.0448 2%5.24 0.5523 L3820
€50 - --—TF Z1a.8t -4 E74——0.,022% -0.6542 2026 ———0. 0444 ———— 2878 ~— - o820 --— 02T
€TS 402 -22%5.20 1.944 0.0218 0.6E7E 3.02% 0.0441 28.22 0.5247 0.4014
T00 427 ~231.53 2.017 0.021€ 0.6711 2.024 0.0432 2€.5% 0.80ES 0.454%
- 725 - -—ASZ-———236:5 2-02¢ 0218 —— 08747 — 3.«93——&‘.045——26;95'——--0.&:170 — = V.72
750 47T -242.01 2.164 0.0211 0.6784 2.022 0.0432 27.06 0.251 0. 4825
s s02 -2AE.ET 2.2 0.0209 0.6221 3.021 0.0131 27.21 0.€E218
—gOQg —— BT 25086 —— —— 27964 e 20— €960 27020 0. (4323 2722 0.83%E
jaxad 52 -254.56 2.3€% 0.020% 0. €29 2.020 0.0128 27.40 0.8407
50 lad -257.72 2.419 0.0204 0.6232 2.018 0.0428 27 .4E 0.842¢
s —€02 ——**2&0.—30-————-2—.4&——'9:6262————&.59?5 —_— 80t ————QE —— 2752 —O.81ET -
800 &7 -262.28 2.453 0.0201 0.7020 3.017 0.0425 27.59 0.6421
s €5z -2€3.€5 2.511 0.0200 0.7061 3.018 0.0425 27.68 0.£51%
o850 - —ETI— 2643 K14 0O §0 0. IO ———2 S ——— 0, 042% 27,00 — ——0E57 -
=141 702 -264.48 2.503 0.0182 0.7145 3.014 0.0128 27.94 0.€862
1000 kras -282.9%€ 2.4T8 0.0187 0.7127 3.012 0.04Z7 22.12 0.e58T [s=-22
102% ™ ~2€2.85 2.438 0.0187 0.7Z220 3.012 0,043 28.34 0.8812 0.€77%
10m0° —TTT 26171E 2327 O OreT— 0722 2501t 00121 2852 OEe2A ST OEEE
107% |02 -2%8.01 2.327 0.0137 0.7315 3.010 0.0424 2.3 0.6542 0.7147
1100 7 -2%8.42 Zz.281 0.0187 0.7352 2.009 0.0427 23.02 0.6€51 .72
1138 jooed -2%53.48 2.1894 0.01%2 0.7402 3.002 0.0442 29.29 0.8831 0. 74
1150 e -2%0.3%2 2.120 0.0200 0.744%5 2.007 0.0447 23.42 0.€520 0.7TE7
AR & & 4-] B30T 24706 2:07¢ 00201 07 008 ﬁ:mﬂ—__ﬁ-m-__—o.€4% — == 0.7E1%
1200 «7 -Z43.86 2,032 0.0204 0.7322 3.005 0.04€1 28.18 0.€227 0.7E2%
1225 ol -240.22 2.023 0.0206 0.7577 3.004 0.0470C 28.67 0.8101 0.7474
1250 - —-Qyy —=2222T O <0210 OLTEZY 3.0\”3——"0;64‘90——_—‘37:2‘5"'———’ﬁm Iaiahe o Py ptai]
1275 1002 -23€.43 2.083 0.0214 0.7€8 3.002 0.0482 2€.T1 0.54Z2 0.6321
1200 1027 0.0218 0.7708 2.001 0.0505
INTEGRATED ~246.38 2.205 0.0206 0.707T5 3.02 0.0440 27.52 0.6279 0.584C
AVERAGE — _— — - - -

202 CTo 1002 C




SAMPLE: I™-70
DESCRIPTION: 80781 -20%6e

Melscular Weight 36.86
TEMPERATURE SEEBECK ELECTRICAL  THERMAL HEAT DENSITY THERMAL BLECTRICAL FIGRE DIMENSIONLEES
COEFFICIENT RESISTIVITY OIFFUSIVITY CAPACITY =~ - CONDUCTIVITY POWER OF FIGURE
FACTOR MERIT OF MERIT
Seebeck and Resistivity Lacer Orop Immergion Calculated Calculated Cziculated Calculzted
Weasured Simultaneously Flash Calorimetry Density -
€E£-8C0 Diffusivity Anec Lab. Thermal Expancion
GE-RSO MPS-OTTP SE-RS0
¢ Points in Fit 18 18 11 11
Temp. Range of D e 1 111 C 3735 K
901 C 801 ¢ 1118 C 1378 K B
RED (%) 3.64 1.5 0.51 0.83 [+ P <] .77 8.79 10.%€ 10.56
A ~1.0TE44E+02 9.519E1E-01 2.4422TE-02 4.B£300E+00 3.020 r4 T B
8 =3.12763€-01 ©.10650E-04 -1.1883T7E-0% {.E2220E-03 4.300E-06
C ~E.B1434E-0%  1.21ESCE~08 -3.73680E~0S8  €.31000E+04
D Z2.TE356E-07 ~B5.53FELE-08 1.11433E~11 0.113 N
£ 1.32042E-10~
F ~1.4T031E-13
8 $.81983€-17
H
Units for Temps c ¢ 3 K [ K
Equation A+BT+CTA240TA3 A+BT+,,.0TA3 A/ (14B(T-271)43 Sr2/r SA2/Tk T
A+BT+, . .6T48 O# (ABT+L/TA2) asCprd
) [{o}] {microV/K) (mitliohm-cm) (em2/sec) (J79-K} (g/emd) (R/em=K} (microW/cm-t2 (1000/K)
- 15 z ~108.12 0.953 0.0244 0.6729 3.021 0.04%6 12.27 0.2472 0.0€30
00 27 ~115.88 Q.57 0,024% 0.6824 2.020 0.0422 12.7¢2 0.2e52 0,087
- = -123.81 1.010 0.0238 0.6552 3.018 0.0471 15.21 0.3230___ 0.1080
350 e -131.8€ 1.050 0.0Z2% 0.E505 3.018 0.04€1 1E.56 0.2830 0.12%¢
3T 102 -133.821 1.08% 0.0232 0.6176 3.017 Q0453 17.8¢ 0.3341 0.1472
_400 127 -147.75 1.142 0.0229 0.6460 3.01€ 0.0448 19.12 0,428 LOUTIE
425 m -155.64 1.190 ©.0228 0.6455 3.01% 0.0422 20.3% 0.4631 0.1982
450 177 -162.46 1.240 0.0223 0.64%8 3.014 0.0434 21.%5 0.4971 0.2237
4TS 202 -171.18 1.290 0.0220 0.64€8 3.013__ o.0428 22,72 0.5307 __ 0.2m21
00 =7 -172.7¢ 1.240 0.0217 0.6423 3.012 0.0422 2%.85 0.5652 0.2g1s
=% paid -1ee.22 1.290 0.0214 0.6%03 3.011 0.0412 24.96 0.5920 0.2128
=0 777 -192.49 1.441 0.0711 0.6%28 3.010 0.0414 25,97 0.8270 _ _ 0.244%
575 302 -200.56 1.494 0.0208 0.8551 3.008 0.0410 2e.33 0.€%64 0.3774
800 <ag =207 .40 1.547 0.0205 G.£TE0 2.008 0.040€ 27.80 0.€e28 0.410%
ol 3 -213.99 1.602 0.0203 0.8510 3.007 0.0403 28.53 0.7032 0.4
650 377 ~220.30 1.659 0.0200 0.684Z 3.006 0.0400 28.2¢ T 0.7x%0 0.475%
7% 402 ~228.30 1.716 ¢.0138 0.66T8 3.005 0.0237 23.84 0.7521 0.507T
700 427 -231.97 1.775 0.018% 0.6711 3.004 0,024 30.32 0.7€3S ST
725 452 -227.28 1.e33 0.0193 0.6747 3.004 0.02%2 30.7T1 0.7843 0,%€es8
750 A4T7 -Z42.2 1.e91 0.0191 0.6784 3.002 0.03e% 31.02 0.7%€% 0,597z
™S s2 -24E.74 1.848 0.0189 0.6821 3.002 0.0388 21.28 0.8052 0.6243
800 527 -250.82 2.002 0.0182 0.€8€0 3.001 0.02eE 31.42 0.8122 0.€512
8% =2 -254.45 2.051 0.0188 0.6299 3.000 0.02e% 21.58 0.81392 0.67€2
' 577 -757.59 2.095 0.0185 0.632% 2.993 0.0224 31.67 0.8241 0.7004
715 802 -260.22 Za3 0.0184 0.6973 Z.98 0.0384 31.78 0.e271 T 0.7237
€00 €27 -262.21 2.160 0.0182 0.7020 2.897 0.0324 31.88 0.8282 0.7484
- 24 -263.82 2.178 0.0182 0.70851 2.9% 0.0395 31,96 0.£309 0.7€3¢
o050 &7 -264.7€ 2.185 0.0181 0.7102 2.99% 0.032¢€ ZX2.08 0.8221 0.790%
=242} 702 -2€5.08 2.178 0.0181 0.7145 2.994 0.0387 2.26 0.e232 0.8124
1000 7T -2684.78 2.1% 0.0181 0.7187 2.982 0.03£3 2.48 0.8343 0.8242
102% = -2€3.T6 2,128 0.0181 0.7230 2.982 0.032 .7 Q.83%€ 0.8585
1050 T -ZE2.08 2,077 0.012 0.7272 2.521 0.0335 .07 0.2363 0.E78%
1078 802 -253.87 2.01& 0.0182 0.7315 2.990 0.0332 3.44 0.8331 0.9010
1100 27 -2%E.52 1.944 0.0183 0.72%52 2.988 0.0404 32.84 0.828¢ 0.82%
11T 252 -252.58 1.884 0.0185 0.7402 2.988 0.0408 34.23 0.8374 0.942¢
1150 err =Z47.87 1.778 0.01e€ 0.744% 2.927 0.04315 34,55 0.8220 020
11T x4 “242. - 1.883 0.0188 0.7483 2.988 0.0421 34.62 0.8223 0.9€70
1200 x7 0.0181 0.7533 2.925 0.0423
1225 «e2 0.0183 0.7577 2.984 0.0437
12%0 17 0.01%€ 0.7e21 2.883 0.0447
1278 1002 . 0.0200 0.76eS 2.9 0.0457
3300 1027 0,0204 0.7708 2.1 0.04€2 .
_ INTEGRATED -247.25 1.938 0.0188 - 0.69%2 2.9 0.0334 31.60 0.8016 _0.7084
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SAMPLE: ITH-81
DESCRIPTION: N-TYPE, ATTRITION MILLED

Molecular Weight 36.93
TEMPERATURE SEEBECK ELECTRICAL THERMAL HEAT DENSITY THERMAL ELECTRICAL FI1GURE DIMENSIONLE
COEFFICIENT RESISTIVITY DIFFUSIVITY CAPACITY CONDUCTIVITY  PQWER oF FIGURE
FACTOR MERIY OF MERIT
Seebeck and Resistivity Laser Orop lesersion Calculsted Calculated Calculeted Calculate
Measured Sisultaneoualy Flash Calorimetry Deneity
GE-$CO Diffusivity Anes Lab. Therasl Expaneion
GE-RSO NHPS-Q7TP GE-RSO
# Points in Fit 106 106 11 11
Teap. Range of D 31 ¢ 5ne 92 ¢C 3785 K
1003 C 1003 ¢ 1117 € 1378 K
RMSD (X} 0.47 1.62 1.13 0.93 0.33 2.39 2.96 .38 5.3
[} -1.2331SE+02 1.33864E+00 2.06656E-02 4. &6300€+00 3.01 z 27
8 -1.72455E-02 7.80300E-04 -8.23967E-07 1.62220E-03  4.300E-06
c -3,74905E-03 1.24522E-05 -2.24615E-08 6.31000E+04
D 1.95344E-05 -6.SA974E-08 2.11850E-11 0.113
€ -4.91480E-08 1,70098E-10
F &.48625E-11 ~-1.98097E-13
] -4.28638E~14 8.11230E-17
H 1.084%94E-17
Units for Temp: 4 c 4 K c K
Equation A+BT+, HT*? A+BT+...ET"4 A/ {1+B(T-270)"3 §~2/r §°2/rk T
A+BT+. . JHTA? D8 (A+BT+C/T 2} auCpad
{X) ) (microV/K) (milliohm—cm) (cm2/sec) (J/g-K) (g/cal) (/cm=K) (microd/ca-K (1000/K)
275 2 0.6734 3.011
300 27 -126.13 1.3674 0.6629 3.010
328 52 -131.90 1.4046 0.6857 3.009
350 n -139.4% 1.4478 0.4510 3.008
375 102 -147.95 1.4943 0.0204 0.6481 3.007 0.0397 14.865 0.36%0 0.13¢
400 127 -156.72 1.5422 0.0202 0.6465 3.006 0.0393 15.93 0.4048 0.1561
425 152 -145.38 1.5904 0.0201 0.6450 3.008 0.0390 17.20 0.4408 0.187
450 177 -173.467 1.63¢84 0.0199 0.6463 3.004 0.0387 18.41 0.4756 0.214
475 202 -181.47 1.6843 0.0198 0.6473 3.003 0.0384 19.53 0.5084 0.24!
s0o 227 -188.75 1.7343 0.0196 0.6488 3.002 D.0381% 20.54 0.5389 0.26%
§28 252 -195.55 1.7830 0.0194 0.6507 3.001 0.0378 21.45 0.5689 0.297
S0 277 -201.93 1.8329 0.0192 0.6530 3.000 0.0375 22.25 0.5925 0.32¢
s7% 302 -207.98 1.8844 0.0190 0.4556 2.999 0.0373 22.95 0.6159 C.3548
600 327 -213.78 1.9382 0.0187 0.s5684 2.998 8.0370 23.58 0.6375 0.382
625 352 -219.42 1.9944 0.0185 0.6615 2.997 0.0367 24.14 0.657S 0.4:1C
650 377 -224.95 2.0S31 0.0183 0.6647 2.996 0.03464 24.65 0.6763 0.435
675 402 -230.41 2.114% 0.0181 0.6480 2.995 0.0362 25.11 D.6940 0.46¢
700 427 ~235.81 2.1770 0.0179 0.6715 2.995 0.0359 25.54 0.7108 0.497
725 452 -241.12 2.2409 0.0177 0.6751 2.994 0.0357? 25.94 0.7268 £.527
750 477 -246.31 2.3048 0.0175 0.6788 2.993 0.0355 26.32 0.7420 0.55¢
75 502 -251.29 2.3674 0.0173 0.6826 2.992 0.0353 26.67 0.7562 0.58¢
800 s27 ~2556.00 2.4270 0.0171 0.6865 2.991 0.0351 27.00 0.7694 0.4615
825 5§82 =-260.33 2.4820 0.0169 0.6904 2.990 0.034% 27.30 0.7813 0.644
850 577 -264.18 2.5305 0.0168 0.6944 2.989 0.0348 27.58 0.7918 0.672
875 402 -267.46 2.5704 0.0167 0.6984 2.988 0.0347 27.83 0.800% 0.70C
900 627 ~270.08 2.5999 0.0165 0.7025 2.987 0.0347 28.06 0.8083 0.727
925 652 -271.98 2.6173 0.0145 0.7067 2.988 0.0347 28.26 0.8142 0.753
950 677 -273.11 2.6211 0.0164 0.7108 2.985 0.0348 28.46 0.818S g.777
975 702 -273.45 2.6100 0.0163 0.7150 2.964 0.0349 28.65 0.8214 0.80C
1000 727 -273.03 2.5836 0.0143 0.7192 2.983 0.02350 28.85 0.8233 0.822
1025 752 -271.90 2.5420 0.0164 0.7235 2.982 0.0353 29.08 0.8243 0.84%
1050 717 -270.16 2.4861 0.01464 0.7278 2.981 0.0356 29.36 0.8250 0.86¢
1075 802 ~267.95 2.4181 0.014S 0.7321 2.980 0.0360 29.69 0.8256 0.887
1100 827 -265.42 2.3412 D.0166 0.7344 2.979 0.0364 30.09 0.8261 0.90¢2
1125 852 -262.78 2.2604 0.0168 0.7407 2.978 0.0370 30.55 0.8263 0.92%
1150 877 ~260.22 2.1820 0.0170 D.7451 2.977 6.0376 31.03 0.8251 0.94¢
1178 902 -257.97 2.1147 0.0172 D.7494 2.978 0.0383 31.47 - 0.8206 D.964
1200 927 -256.22 2.0691 0.0175 0.7538 2.97% 0.0392 31.73 0.8095 0.97¢
1225 952 -2585.12 2.0586 0.0178 0.7582 2.974 0.040¢ 31.62 0.7876 0.964
1250 977 -254.78 2.0990 0.0182 0.7626 2.973 0.0412 30.93 0.7504 0.%38
1275 1002 ~255.20 2.209S 0.0186 0.7670 2.972 0.0424 29.48 0.4951 0.886
300 1027 0.0191 0.7718 2.972 0.0437
INTEGRATED -254.53 2.316 0.0172 0.7081 2.986 0.0364 28.06 0.7716 0.722
AVERAGE .
302 ¢ To 1002 €
Carnot Efficiency from 300 C te 1000 C 54.9

Material Conversion Efficiency from 300 C te—tOO— —  10.2
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DAMFLES dimmow . .
DESCRIPTION:  B0XSi-20%Ge. . . R
Molecular Meight 36,98 S . ..

L PO A T S X R . - .
TEMPERATURE SEEEECK ELECTRICAL.  THERMAL . .’ HEAT " DENSITY THERMAL . BLECTRICAL . FIGURE  DIMENSIONLESS
COEFFICIENT RESISTIVITY DIFFUSIVITY CAPACITY X CONDUCTIVITY POMER . OF FI1GURE
) - T ST FACTOR MERIT OF MERIT
Seebeck and Resistivity | Laser Drop Inmersion Caiculated Calcuiated Calculated Calculated
Measured Simuitansousily - " Flash Calorimetry Dens ity ’
6E-SCD Diffusivity Ames Lab. Therma! Expansion
: BE-RS0 MHPS-0TTP . GE-RSO .
# Points in Fit - ] - il 1
Temp. Range of D 24 C 24 ¢ 107 C . IBK
a4 C g4 C 7 1108 1378 K o :
RMSD (%) 1.08 1.20 0.91 0.93 0.33 2.17 3.30 5,47 5.47
A -1.14440E402 1.2063EH0 2.25834E-02 4.BE300E+00 2.98 T b 7T
B =3.08167E-01 -1.60486E-04 -B8,T3488E-06 1.62220E-03 4,300E-08
¢ -1.64407E-04 2.T207TE-05 -1.0118CE-08 6.31000E+04 .
D 5.86021E-07 ~1.13368E-07 1,49910E-11 T 0.313 :
E -2.63102€-10 2.532T3€-~10
F -2.657T12E-13
& 1.02060€-16
H
Units for Temp: c [+ c K - C K
Equation A+BT+, . . HTAT A+BT+, . .ETA4 A/ (14B(T-27))43 8A2/r SA2/rk T
A+BT+, , HTAT DR (A+BT+C/TA2) anCped
(K} (Cy {microV/K) (milliohm-em) (cm2/sec) (J/73-K) {g/cm3) (W/em=K) (microld/em-K2Z (1000/K)
27% 2 0.6730 2.961
300 27 -122.82 1.218 0.6852% 2.960 12.38
325 82 ~-130.78 1.2%52 0.6554 2.958 13.66
30 77 -138.84 1,300 0.6508 2.958 14.83
375 102 ~146,94 1.3%8 0.0218 0.6477 2.957 0.0414 15.82 0.3047
400 127 -1585.05 1.418 0.0233 0.5461 2.9% 0.0408 18.96 0.4180
428 pioed ~163,.11 1.481 0.0211 0.6458 2.955 Q.0402 17.97 0.4463
450 177 -171.10 1.544 0.0208 0.6460 2.954 0.0287 18.9¢ 0.4775
475 202 -178.96 1.607 0.0205 0.6483 2.953 0,0392 19.83 0.5080
SO0 227 -186.668 1.669 0.0203 0.6454 2.952 0.0388 20.82 0.5204
526 | 2= -184.18 1.730 0.0200 0.6504 2.951 0.0z34 21.80 0.5604
580 277 -201.47 1.790 0.0187 0.8827 2.950 0.0380 2z.e7 0.5497%
§7% 02 -202.51 1,851 0.0194 0.B5%52 2.950 0.0376 23.438 0,8253
800 =7 -215.27 1.812 0.0192 0.5%581 2.949 0.0372 24,23 0.651%
62% 382 -221.73 1.978 0.0183 0.6611 2.948 0.03639 24,89 0.8755
€50 377 -227.8¢ 2.040 0.0187 0.66842 2.947 0.0365 2%.4€ 0,971
€75 x4 ~233.66 2.108 0.0154 0.8677 2.348 0.0362 5.3 0.7183
700 427 ~238.08 2.174 0.0182 0.6712 2.945 0.0359 26.29 0.7319
7285 452 -244.16 2.244 0.0120 0.6748 2.944 0.0357 26.57 0.7450
70 477 -Z45.B4 2.314 0.0177 0.6785 2.942 0.03%54 26.76 O T4
775 502 ~253.12 2.383 0.0175 0.6823 2.842 0.0352 26.8¢ 0.7633
] &27 ~257.01 2,451 0.0174 0.6881 2.941 0.03%0 268.95 0.7630
28 82 -260,43 2.516 0.0172 0.6901 2.840 0.0348 26.97 0.7730
g0 577 -263.5¢ 2.575 0.0171 0.6540 2.939 0.0348 26.98 0.7758 .
87% 502 -266.23 2.626 0.0168 0.6981 2.338 0.0347 26.93% 0.7772 0.6301
900 B8z7 -Z88.50 2.669 6.0168 0.7022 2.937 0.0347 27.01 0.7784
325 esz =270.37 2.701 0.0187 0.7063 2.936 0.0347 27.07 0.77%&
Ead 877 -271.8% 2.718 0.0167 0.7T104 Z2.935 0.0348 27.18 0.7812
a78 702 -272.95 2.724 0.0167 0.7146 2.934 0.0343 27.35 0.73834
1000 727 -273.€8 2.713 0.0166 0.7188 2,933 0.0351 27.81 0.7e8%
1028 t2 -274.02 2.688 0.0187 0.7231 2.932 0.0383 27.95 0.7302
1050 777 -274.14 2.642 0.0187 0.7274 Z.832 0.03%6 28.38 07360
1075 80z -273.83 2.537 0.0168 0.7317 2.931 0.0280 28.89 0.801%
1100 87 “273.35 2.53% 0.0169 0.7380 2.830 0.0365 23.47 0.8078
1125 8s2 -272.55 2.471 0.0171 0.7403 2.929 0.0370 30,08 0.812%
1150 877 -271.51 2,408 0.0173 0.7447 2.928 0.0376 30.61 0.8138
1175 02 -270.27 2.358 0.0178 0.7430 2 ™27 0.0383 30.97 0.8087 0 (
1200 827 ~Z6%3.8¢€ 2.331 0.0177 0.7534 2.926 0.02381 31.01 0.7934 0.9527
1225 b 74 -267.3%2 2.342 0.0180 0.7578 . 2.5 0,0400 30.51 0.7636 0.59254
1250 77 -Z€5.67 2.408 0.0184° o.,76822 2.924 0.0408 z9.32 0.7162 0.6
1275 1002 -263.97 2.543 0.0187 0.7666 2.923 0.0420 27.33 0.650% 0.2294
1300 1027 N _0.012  0.7710 z.922 0.0432
INTEGRATED -257.88 2.422 0.0175 0.7038 2.%4 0.0360 27.52 0.7632 0.€247
AVERAGE ) ‘ T ) '
302 CT0882¢C
Carnot Efficiency from 300 C to 1000 C 4,57
- o

Material Conversion Efficiency from 300 € to 1000 C
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SAMPLE S I™M-S2 e
DESCRIPTION: B80XSi -2076e o .
Molecular Weight 26.95 d : -
TEMPERATURE SEEBECK ELECTRICAL  THERMAL HEAT DENSITY THERMAL. ELECTRICAL FIGURE DIMENSIONLESS
___ COEFFICIENT RESISTIVITY ADIFFU‘SXVXTY#__CAPACIT‘(“ e 'mm!vxw POWER CoF F1GLRE
Lo . FACTOR MERIT OF MERIT
Seebeck and Resistivity Laser = Drop Immersion Caloulated Calcuisted Calculated Calculated
Measured Simultansously = 7 “Filash Calorimetry =~ Density .
eE-5C0 Diffusivity Ames Lab. Thermal Expansion
gE-RS0 nPS-0TTP GE-RSO
# Points in Fit 12 - 11 11
Temp. Range of D xC o =:cC o 105C 3T K
1036 C 1025 C 1103 C 1378 K
RMSD (%) 1.1 1.685 1.23 0.83 0.33 2.48 4.0 6.52 €.5C
A -1.11821E4+02 1.28882E+00 2.385TEE-02  4.66300E400 2.96 z IT
B ~2.990726~01 -4.88529E-03 -1.00688€-05 1.62220E-03~  4.300E-08
c —7.G9504E-05 T.5A295E-05 -8.728%2E-09 6.31000E+04
D 2.27570E-07 -4.0839%€-07 1.50201E-14 ’ 0.113
E 1.07479E-09
F -1.46076E-12
=] 9.71847E-16 ° )
H -2.50255E-19
Units for Temp: 4 < c K c K
Eguation A+BT+. . LHTAT A+ET+. . .ET*4 AL 1+B(T~27))43 Sa2/r SAZ/TK k4l
A+BT+., . HTAT D#(A+BT+C/TA2) asCpd
(K) (C) (micTov/K)  {milliohm-om) (cm2/sec) (J/7g=K}) (g/cm3) {W/cm=K) (microW/em-K2 (1000/K}
278 2 0.6730 2.961 0.0000 ERR ERR
300 27 0.662% 2.960 0,0000 ERR ERR
325 ¥4 -127.00 1.168 0.8554 2.958 0.0000 13.57 ERR
30 . -134.41 1.214 ) 0.8506 2.9%8 0.0000 14.82 ERR
378 102 ~141.8% 1.261 0.022% 0.6477 2.957 0.0430 15.58 Q.3708
400 127 ~149.21 1.318 0.0222 0.6461 2.956 0.0424 16.94 0.2938
425 162 -158.75 1.372 0.0219 0.6456 2.955 0.0418 17.91 0,428
4T0O 177 ~164.16 1.425 0.0218 0.6480 2.964 0.0412 18.91 0.4524
475 zZ02 -171.53 1.473 0.0213 0.6468 2.953 0.0407 18.97 Q,4307
500 27 -1768.81 1.517 0.0210 0.6484 2.952 0.0402 21.08 0.5242
528 252 ~-186.01 1.557 0.0207 0.5504 2.951 0.0333 22.23 0.5563
550 277 -193.08 1.8596 0.0204 0.857 2.950 0.0383 23.37 00,5940
575 302 . =200.02 1.635 0.0201 0.6552 2.950 0.0383 24.47 0.8285
600 k7 -z0.80 1.677 0.0198 0.6581 2.943 0.0386 25.50 0.6£18
€28 B2 -213.40 1.724 0.0198 0.6611 2.943 0,0382 26.42 0.8817
€50 377 -219.80 1.77¢ o.0192 0.6643 2.847 0.0378 27.20 0.71&
e7% 402 -205.98 1.838 0,018 0.6677 2.948 0.0375 27.84 0.7415 Q.
700 427 -231.91 1.698 0.0182 0.6712 2.945 0.0273 28.33 0.7604 0.
1285 452 -237.58 1.968 0,0186 0.6748 2.944 0.0370 28.68 0.77%% Q.f
T80 477 -242.9% 2.040 0.0184 0.8785 2.943 0,03€2 28.84 0, 7873 [a]
775 502 -248.02 2.113 0.0182 0.6823 2.942 0.0388 29.12 0.7964 0
800 527 25,77 2.184 0.0180 0.6861 2.941 0.0364 29.25 0.80%6 [
8z% 552 -257.16 2.2%2 0.Q179 0.6901 2.840 0.0383 29.36 O. ; 1]
50 577 -261.17 2.313 0.0177 0.6940 2.9 0.03€2 23.5¢ 0.e182 0
875 60z -264.80 2.33 0.0176 0.8381 2.938 0.0381 29.87 0.8208 0
00 ez7 -263,01 2.40Z 0.017% 0.7022 2.937 0.0361 29.90 0.8273
25 852 -270,78 2.427 0.0175 0.7063 2.936 0.0362 20.21 0.8347
&80 €77 -273.10 2.43 0.0174 0.7104 2.8 0.03€3 20.62 0.8432
&7%8 702 -274.93 2.428 0.0174 0.7148 2.934 0.0365 31.11 0.8530
1000 727 -276.27 2.407 0.0174 0.71€8 .93 0.0367 21,71 0.8629
1025 752 -277.08 2.371 0.0174 0.7231 2.8 0,0370 2.3 0.8753
1050 7 -277.36 2.32Z 0.0175 0.7274 2.8z2 0.0374 33.12 Q,8267
1075 802 -277.07 2.2685 0.0176 0.7317 2,531 0.0378 23.689 G.8367
1100 827 -276.19 2.203 0.0178 0.7360 2.930 0.032683 34.€2 0.9038
112% 852 -274.70 2.141 0.0178 0.7403 2.923 0.0382 35.24 0.8080
1180 877 -27z2.58 2.08% 0.0182 0.7447 2.928 0.039% 35.64 0.9006
1175 902 -269.83 2.039 0.0184 0.7430 2.827 0.0403 35.71 0.5351
1200 8z7 -286.39 2.008 0.0187 0.7534 z.926 0.0412 25.22 0.8573
1225 as2 -262.27 1,889 0.0130 0.7578 2.925 0.0422 34.42 0.8160
1250 77 -257.42 2.01z 0.0184 0.7622 ' 2.924 0.0432 2Z.94 0.7€1e
1275 1002 -251.86 2.043 0.0198 0.7668 2.923 0.0444 30.96 0.6967
1300 1027 -245.52 2.103 0.0203 0.7710 2.822 0.0457 28.58 0.6253
INTEGRATED ~-255.68 2.134 0.0182 0.7035 2.94 0.0376 30.72 0.8168 0.7471
AVERAGE 30241002 ©.9075
302 € T0 992 € - 502 e wex o .33¢Y
Carnot Efficiency from 300 C to 1000 C 54,95
Material Conversion Efficiency from 200 C to 1000 € 10.47
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ST It
. DESCRIPTIONG  ©0XS|-2006e
" Moleculur Weight 3653
_TBFERATUE 'SEFEECK ~ ' BLECTRICAL. | THERMAL ° HEAT 3005 ° Y, THERWAL ™ ELECTRICAL Fxm . DIMENSIONLEST
N J CONDUCTIVITY  POMER ¢ . FIGURE
. - B T A Ly L A g T . FACTOR rERrr . OF MERIT
N .. .. e L e . DR
- Seedeck and Resistivity Ser Laser U Droo © " Inmertion C‘Iaul‘tld C;lwl\hd C;Ieul;nd Calculated
' | Measured Sl-ultmously ®yTT Flash, Cah'rluh'y " Density" e T :
. : 5-9:3 L. . Dlﬂuﬂva Anmes Lab. Thermal Expmslul v
= e - s Sy @e-RI0 m-om-g { GE-RI0 -
# Points in Fit 102 L :
Tenp. Range of D 2 C . ZC .
- R - 1082 ¢ V- e R
RMSD (%) - 0,80 ¢ 0.3 ... I3 0.3 1.3 3.28 3.28
A . 1.20629% 402 1.96906E400  1.8953%-02 4esaooe+oo-b oL BEBTLL T PR r 3 Ir .
B 2.3532E-01 4.2532E-03 T.S6R1E-0T 1.622206-03 ~ 4.300E-08. 7 7 ' - -
c 3.4T64%E-04 -Z,0ABTE~0S -2,88T4TE-08 6.31000E+04 ~ .°% -
0 - "1.TATOSE-06 8.20461E-0B  2,TESE2E-11. 10.113
E 2.45094E-09 -1.8588€E-10 © - .. L., - L
F . =1.17129€-12 1.T6314E-13
i Do -6.3T902E~1T
M -
Units for Temps c . € . &L 5 Ry 3 €., i . X
Equation MEBT+, HTAT 7 AMBT+H. L ETA ~ 7 Y A/(!#B(T-Zﬂ)‘ﬁ ST S*2/rk bal
: ' AHBT+,  HTAT . DR(A+BTIC/TA2) v aCped o . : .
(K) () (microV/K) (millichm-ca) (cm2/sec). (Jlg-'_() (9/0‘3) " (W/oaK) (microW/em-i2 (1000/K)
218 2. I A 0.6734 .. - 281 . ¢ R
300 21 135.08 2.063 0.6629 T . 2,980 % ST 8.& s
R ® 141,44 2.148 T . 0.6%8T 2.979 S 8.3 :
b I 14 147.98 To2.210 7 - 0.6810 - . . 2.978 . T 9.9 . s
3™ 102° 154.%0 '2.288 0.0188 , 0.6481 ©o29mT 0.0062 o.sz 0.2907 0.109%
400 127 161,00 2.324 0.0188 .  O.B485 2.978 0.03%9 1.15 0.3110 0.1244
- 4z 152 167.37 2.378 0.0185 ©  0.6480 2,378 . 0.03% u v 0.3312 0.1407
450 177 173,58 2.4% 0.0183 0.6463 . . 2,974 0.0353 12.3% 0.2508 0.157¢
4TS 202 179.51 2.49% 0.0182 0.6473 2,813 - o0.0348 12.81 0.3634 0.1
500 baf 188,21 2.558 0.0180 - 0.6488 - 2.972, 0.0346 13.40 0.2870 0.153¢
525 Fas . 180.63 2.628 0.0178 0.5%07 2.m 0.0343 13.84 0.4032 o.2t17
50 Fag 195.78 2.695 0.0175 . O.E%30 | 2.970 0.0340 . 14.22 0.4180 0.2zt
TS A 200.6% 2.768 0.0173 0.65% | 2.969 - 0.0337 14.54 0.431% 0.2481
€00 =7 208,25 2.843 0.0171 0.6884-° . 2.969 ' . 0.033 14.82 0.4438 0.28865
=] =2 209.61 2.920 | 0.0169 . 0.8615 - .. 2,968 - .. 0.0331 15.08 0.4548 . 0.2842
3n 213.74 2,997 0.0168 0.68547 " ' 2.%€7 - 0.0328 15.24 0.4€51 0.302:
675 a2 217.67 3.075 0.0184 0.6680 ' 2.988 . 0.032%. 1%5.41 0.4744 0.320:
700 47 221.43 3.153 0.0162 0.671% .- 2.965 .  0.032 15.55 - 0.4831 0.328¢
TS A= 225.08 3.220 0.0160" 0.6731 . . 2.984 .".. 0.0319 15.68 0.4911 0.3%°
=0 41T 228.% 3.307 ~ 0.01%8 0.€788 . 2.883 = 0.0817 15.%0 0.4988 0.374
. TS 02 231.99 . - 3.333 - 0.0138 . 0.686 . 2.982--. 0.0315 15.91 0.50%8 0.391
~ 800 w27 e P 2N 3.4% 0.0184 - o.6288 . 2,981 7 0.0813 16.02 0.5120 0.40%
05 . = 238.67 3.533 - 0.0152° 0.6904 . 2.960 0.0311 | 16.12 - 0.5179 0.427.
50 sTT 241.88 . 3.609 ° . 0.0151 0.6344 .. z.889- 0.0310 16.22 0.5229 0. 444
&5 . s 248,24 ° 3.684 0.0150 0.684 .. 72,35 . 0.0310 18.32. 0.85271 0.461;
900 - €27 248.49 S 3781 7 0.0148 07025 . 2.887 0.0310 16.42 | 0.5302 0.477
=25 %2 2511 3.840 . 0.0149 0.7067- - -, 2.955 . 0.0310 16.50 - 0.5818 0.482
®sO eTT 254.87 ~.° 3.821,- " 0.0148 0.7108 - . - 2.95% 0.0311 " 16.57 0.8218 0.508
=14 T02 257.94 4,005 0.0148 0.7T1% . Z.854 . - 0.0%13 . 16.61 0.2301 0.518
1000 127 260,87 . 4.0%0. '0.0;49-}1 oTie - 2883 Y7 0.0318 . 16.54 0.5282 0.528
1028, TR 263.58 4,173 .- 0.0150--.. 0.7T23 . 2952 0.0320 16.63 0.5138 0.532
1080 ™m 268.01 - 4.288 4 0.0151 ‘_..o.ma 2.9%1 .- 0.0324 1€.58 0.5111 0.5
10TS 8az 268.04 4.3 . b.0153 7. o722 . 2,880 0.0330 16.48 0.4936 0.3537
1100 &7 269,55 4.445 " 0.01%5 0.7364 . 2.948 . 0.0337 . 18.34 0.4655 0.534
1125 =3 270.42 4528 [ 0.01%8 , 07407 47 2.849 - 0.0344 16.14 - 0.4688 0.527
1150 87T ~  270.47 4,604 .7 0.0181. L 0.Tam1 . 2.348 0.0353 15.88 0.4457 0.517
1S a0 269.51 T 4,684 - 0,0168 . 0.7454 . . 2.947 - 0.0364 15.57 - 0.4282 0.50z
1200 w27 267.33. © 4.708° 0.01€3 - 0,753 L 2.946 . C0.0375..- - 15.19 0.4047 0.488
1223 o Z53.70 4718 T 0.017T4 -7 0.TSe2 2.915 0.0388 - 14,74 0.37% 0.464
125 - -97T7 . 2%3.34 4.8 . - 0.0180° 47 0.T626- 1 2.944.° 0.0403 14.23 0.3530 0,441
1275 1002 Z%0.97 4.613 0.0186 Q.TST0 <. . 2.943°.7  0.0418 ' 13.6% 0.32%% 0.41¢
1300 027 zu.zs S AAT2 ©0.0183. . . B.TTIE . - 2,942 | 0.0437. 13.01 - 0.2375 0.35¢
i Yo .‘.'::.‘ . . R CHY ,: B - B Lo ) - Lo
- INTEGRATED- &, 245.73 . 0.0333 15,81, .:  0.4795 0.43¢
.o wo . - ;‘ . : Db
SOl Carmot E"lelmcy from 300 € to 1000 € . * - -2 4.¢
Material Conversion Efficiency from 300 C to 1000 C - Bt



SAMPLE: I™-T3

DESCRIPTIONI Siae
Molecuiar Weight 36.93
TEMPERATLRE SEEBECK ELECTRICAL  THERMAL HEAT DENSITY THERMAL ELECTRICAL FIGLRE OIMENSIONLES
COEFFICIENT RESISTIVITY DIFFUSIVITY CAPACITY CONDUCTIVITY POWER oF FIGURE
FACTOR MERIT OF MERIT
Sesbeck and Resistivity Laser Ovop Tamersion Calculated Calculated Cailculated Calculate
Measured Simultaneously Flash Calorimatry Qens ity
€E-SCO Diffusivity Ames Lab. Thermal Expansion
GE-RS0 " FS-OTTP GE-RSO
# Points in Fit . 100 101 11 B3
Temp. Range of D ac 31 C 138 ¢ 378 K
sTL ¢ 8Tt € 1098 C 1375 K
RMSD (%) 0. 0.39 0.57 0.93 0.33 1.53 2.09 3. 3.9
A 1.1T204E+02 1.1ZTH0E+00 2. TOOSEE-02 4, E8300E+00 2.97 4 ras
8 2.48481E-01 1.6335E-03, 7.55890E-06 1.62220e-03 4,300E-08
(o} -9,0T3SE-05  1.32010E-08 -4,S9316E-08 6.31000E+04
D -4, TSLTTE-10 3.T140€E-11 0.113
E
F -
[
H
Units for Temp: c c o3 K c ¥
Equation A+BT+. . HTAT A+BT+. . ETA4 A/ (1+B(T-ZT))*3 Sr2/T g42/7k zT
A+BT+. . HTAT D (A+BT+C/TA2) asCped
(1.9} {2} (microV/K) (milliohm-cm) (cmZ/sec) (J73-K) (g/cn3) (W/ em=K) (microl/om=-k2 (1000/K)
275 2 0.6734 2.87T1
00 r4 123.73 1.1723 0.668238 2.870
325 52 123.£9 1.21%57 0.6557 2.969
30 17 135.53 1.2608 0.6510 2.968
318 102 141.28 1,307 00,0273 0.6431 2.867 0.0507
400 1z7 146.88 1.3550 0.0272 0,648 2.968 0.,0805 .
42% 152 152.28 ~ 1.4043 0.02TL 0.6450 2.865 0.0%02 .
450 177 157.77 T 1.4551 0.0270 0.6462 2.064 0.0800 17.11 0.3424 0.154
ATS 202 163.08 1.507%1 0.0268 ©.6473 2.964 0.0437 17.64 0,32550 0.163
500 7 1€8.22 1.5804 0.0268 0.6488 2.863 0.0494 18.13 0.3872 0,168
825 252 173.27 1.61%0 0.0263 0.6%07 2.8682 0.0430 12.538 0.370 0.1
=0 g 178.20 1.8708 0.02€1 0.B%30 2.861 0.0487 18.01 0.2304 0.214
[-74-] 302 183.03 1.72T8 0,0258 0.6558 2.e80 0.0483 19.39 0.4014 0.237
600 27 187.74 1.73%52 0.0254 0.6384 2.959 0.0479 19.74 0.4121 0.247;
(=} 32 182.33 1.8450 0.02%1 0.8815 2.858 00,0475 20.05 0.4224 0.284
50 <14 196.82 1.9051 0.0248 0.6647 2.857 0.0470 20.33 0.4325 0.281
eTs 402 201.19 1.9662 0.0244 0.6680 2.8%8 0.046% 20.59 0.4422 0.
700 427 205.44 2.0283 0.,0240 0.871% 2.955 0.0461 20.81 0.4517 0.31€;
25 452 209.58 2.0812 0.0237 0.8751 2,954 0.04%8 21.00 0.4807 0.234
0 ATT 213.61 2.1550 0.0233 0.6758 2.953 0.0451 21.17 0.4634 0,382
s 502 217.%3 2.219% C.0228 0.6828 2.8%2 0,0448 21.R C.4TTS 0.270
800 527 221.33 2.2848 ¢.0z28 0.686% 2.952 0.0442 21.44 0.4883 0.3
825 =2 22%5.02 2.3%10 0.0222 0.6904 2.8%51 0.0437 21.54 0.4925 0.406.
850 s77 228.60 2.4177 0.0218 0,6544 2.8%50 0.0433 21.61 0.4930 0.4z4.
=141 €02 Z32.08 2.46%50 0.0218 0.6384 2.848 0.0423 21.87 0.5048 0.441
800 €27 235.41 2.5523 0.0213 0.702% 2.848 0.0428 21.71 00,5033 0.4%2
2% (5574 Z38.65 2.6214 0.0210 0.7087 2.84T 0.04Z3 21.73 ~ 0.5140 0.47%.
98B0 €77 241.77 2.6903 0.0208 0.7108 2.848 0.0420 21.73 0.5170 0.4381;
gTS 702 244,78 2.7%37 0.0208 0.71%0 2.845 0.0418 21.71 0.51%0 0.506!
1000 kr4i 247,87 2.8294 0.0204 0.71R 2.844 0.0417 21.68 0.5197 0.51%
102% TS 250.45 2.899%5 0.0203 0.723% 2.843 0.0417 21.63 0.5181 0.532
1050 77 2%3.12 2.8700 0.0202 0.7278 2.842 0.0417 21.57 0.5172 0.54%
1075 302 255,62 3.0406 0.0201 0.7x1 2.842 0.0418 21.%0 0.5137 0,552
1100 87 58,12 3.1118 0.0201 0.7364 2.841 0.042Z1 21.41 0.5087 0,56
1128 852 260.45 3.1828 0.,0202 0.T407 2.840 0.0424 21.31 0.%021 0.554:
11%0 877 Z62.66 3.2538 0.0203 0.7451 2.839 0.0429 21.20 0.4540 0.%563
1175 902 264.76 3.3251 0.020% 0.7454 2.68 0.0435 21.08 0.4844 0.563
1200 27 266,79 3.39%%5 0.0207 0.7538 2.837 0.0443 20.5%5 0.4733 0.BET"
1225 *2 2€8.63 3.4678 0.0210 0. 7582 2.63% 0.0482 20.81 0.4€08 0.564-
12%0 s77 270.39 3.5391 0.0214 0.76528 2.83% 0.04€2 20.86 0.4470 0.553
1278 1002 272.03 3.6102 0.0218 0.T870 2.834 0.0474 20.%0 0.4321 0.551
1300 10z7 0.0223 0.7715 2.833 0.0488
INTEGRATED 234.93 2.637 0.0219 0.7081 2.847 0.0441 21.14 0.4810 Q. 448"
AVERAGE
302 C T0 1002 C
Carnot Efficiency from 300 € to 1000 C 4.9
Material Conversion Efficiency from 300 C to 1000 € 7.1

C-9



SAMPLE: IT™M-74 oo
DESCRIPTION) 00%S | -2CGe e e A ;i .
Moleculnr Weight 6.3 .
TEMPERATURE SEEBECK ELECTRICAL  THERMAL HEAT DENSITY THERMAL ELECTRICAL FIGURE DIMENSTONLESS
. COEFFICIENT RESISTIVITY DIFFUSIVITY CAPACITY _ CONDLCTIVITY POWER i 3 FIGLRE
- . e : FACTOR MERIT OF MERIT
Seebeck and Resistivity Laser Drop Imnersion Calculated Calculated Criculated Calculatec
Measured Simultaneously Fiash Calorimetry Density :
GE~SCO Diffusivity Ames Lab. Therma! Expansion
GE-RSO MHPS-0TTP GE-RSD
# Points in Fit ™ ” 11 11
Temp. Range of D 300 € 300 C 100 C s K
968 C 38 C 1083 C 1375 K
RMSD (%) 0.57 1.96 0.78 0.93 0.3 2.01 3.10 5.11 E.11
A 1.126T7E+0Z  1.48353E€+00 Z.42050E-02 4,E6200E+00 2.94 z bas
B8 2.52624E-01 4.23344E-068 1,353B4E-05  1.8522206-03 4, 300E-06
c ~1.12813E-04- 4.604226-06 -6,1Z341E-08 6,31000E+04
D ~2.48632E-08  4,.50208€-11 0.113
E
F
6 ..
H
Units for Temp: [« c C K C K
Equation A+BT+,. . HTAT A48T+, . . ETA4 A/ (1+B(T-2T)) A3 Sr2/r SA2/rk b4l
A+BT+, . JHTA7 DE{A+BTHC/TAZ) a#Cpad
(K} {Cy (microV/K) (milliohm-cm) (omZ/sec) (J79-K} {g/cm3) (W/em=-X) {microW/cm-K2 (1000/K)
278 z 0.6734 2.941
300 27 0.68629 2.840
325 52 0.6957 2.929
3O 7 0.8%510 Z2.838
378 102 0.0250 0.5481 2.937 0.0478
400 127 0.0250 0.64€65 z2.936 00,0475
425 152 0.02%0 0.6480 2.535 0.0474 ‘
450 177 0.0249 0.6483 Z.934 0.0473"
4TS 202 0,0248 0.6473 2.833 0.0471
500 Frag 0.0z48 0.6468 2.932 0.04639
8z5 252 0.0244 Q0.8507 2.831 04,0465
50 277 0.0z4z2 0.E630 2.931 0.04€3
75 2 178,65 1.842 0.0233 0.6556 Z.530 0.0460 17.33 0.,3787
[Sedl 7 183.18 1.888 0.0237 0.6584 2.928 0.0456 17.70 0,388
825 382 187.80 1,953 0.0233 C.8615 2.928 0.0452 18.02 0. 3388
€50 377 191,86 z.01Z 0.0z230 0.6547 2.827 0.0448 1€.28 0,408
878 402 185,98 2.073 0.0227 0.8680 2.926 0.0443 18.582 0.4173
700 427 199,95 2.137 0.0223 0.6715 2.925 0.0423 18.71 0.4Z6€
hyad 452 203.79 2,202 0.0220 0.6751 2.524 0.0434 18.88 0.4348
TS0 477 207 .45 2.269 0.0Z1E 0.6782 .82 0.0429 18.87 Q.442%
778 502 211.04 2.337 0,0213 0.6828 2.822 0.0424 18.06 0.44332
€00 527 214.46 2.406 0.0208 0.6865 z.971 0.0420 19.11 0,455
828 562 217.73 2.476 0.0206 0.6904 Z.820 0.0415 19.14 0.4511
a5 577 220,86 z.547 0.0203 0.6944 2.818 0.0411 13.18 0.4659
875 €02 223.85 Z2.818 0.0200 0.6984 2.918 0.0407 19.14 0.4633
800 827 226.70 2.6839 0.0197 0,7025 2.917 0.0404 19,11 0.472%
925 eE2 229.41 2.780 0.0185 G.T067 2.918 0.0401 138.07 0.4750
220 877 231.88 2.831 0.0183 0.7108 2.818 0.0393 15.01 0.4753
ars 702 234.41 2.901 0.0181 0.7150 2.918 0.02%8 18.54 G.4757
1006 727 236.68 2.971 0.018C 0.7182 2.914 0.038e 18.86 0.,4741
1028 782 238.84 3.038 0.0183 0.723% 2.913 0.039% 18.77 0.4712
1050 7 240 .84 3.10€ 0.0189 0.7278 Z.912 0.0400 18.€7 0.4€€9
1078 X4 242.1 3.172 0.0188 0.7321 2.911 0.0403 18.57 0.4€12
1100 8z7 244.42 3.238 0.0180 0.7364 2.910 0.0407 18.4€ 0.4523
1128 882 246.01 3.2%: 0.0181 0.7407 2.8%09 0.0412 18.3% 0. 4452
1180 877 247 .45 3.358 0.0183 0.7451 Z.908 0.041& 18.24 0.4351
1178 802 243.75 3.4185 0.0196 0.7434 2.907 0.0428 18.12 0.4238
1200 a7 249.90 3.470 0.0200 0.753¢& 2.90€ 0.0433 18,00 0.4109
1225 852 250.92 3.822 0.0204 0.7582 2.905 0.0450 17.88 0.3972
1280 77 0.0210 0.7826 2.804 0.0454 ERR ERR
12785 1002 0.0216 0.7670 2.903 0.0480 ERR ERF
1300 1027 0.0223 0.7718 2.802 0.0433
INTEGRATED 222.72 2.887 0.0205 0.7038 2.2 0.0421 12.63 0.444: 0.401%
AVERAGE

302 CTO 882 €

Carnot Efficiency from 300 C to 1000 €

Material Conversion Efficiency from 200 € to 1000 C

C-10




I™-T8

SAWPLE:
DESCRIPTIONS 80NS | ~-20%Ge
Molacular Weight 35.98
TEMPERATURE SEEBECK ELECTRICAL  THERMAL HEAT DENSITY THERMAL ELECTRICAL FIGURE DIMENSIONLESS
'COEFFICIENT RESISTIVITY DIFFUSIVITY CAPACITY CONDUCTIVITY POMER oF FIGURE
T . ) AN o ’ FACTOR MERIT OF MERIT
Seebeck and Resistivity Laser Orop Immersion Calculated Calculated Catculated Calcuinted
Measured Simultaneously Flash Calovimetry Density :
E-SC0 Diffusivity Ames Lab. Thermal Expansion
6E-RSO MHPS-QTTP & -RS0
# Points in Fit =8 3 11 11
Temp. Runge of D 24 C 24 C e cC s K
986 C s C 1033 € 1375 K
RMSD (%) 0.77 1.27 0.80 0.83 0.33 2.08 2.8 4.87 4.37
A 1.19TTIE+02 1.24939E+00 1.STESBIE-02 4 . BB300E+00 2.96 4 IT
B 2.61TSEE-01 2.04182E~03 1.684%2E-05 1 82220E-03 4.300E-06
C -1.16T765E-04 ~1,02936E~06 -%,86140E-08 6.31000E+04
D 3.702680E-03 4.16115E-11 0.113
E ~2.43136E~12
F
&
H
Units for Temp: c [+ c K c K
Equation A+BT+. . JHTAT A+BT+. .. ET 4 A/ (14B(T-2T)143 SA2/r SAZ/rk bai
A+ET+, . HTAT D# { A+BT+C/TAZ) a#Cpid
(K) {3} tmicro¥/K) (milliohm-cm) (cmZ/sec) (J/3-K) (g/¢cm3) (W/cm=K) {microl/cm~KZ (1000/K}
275 2 0.6734 2.961
200 7 126.72 1.304 0.6829 2.9680 1Z2.31
325 ¥4 133.03 1.354 0.6557 2.963 13,07
250 7 139.20 1.40Z 0.6510 z.9%8 13.82
37 102 145.22 1.451 0.02038 0.6481 2.9%57 0.0401 14.53 0.362€
400 127 151.10 1.488 0.0210 0.64ES 2.956 0.0402 16.23 0.378&
425 152 156,83 1.548 0.0211 0.6460 2.9E5 0.0403 15.8% 0.3%41
450 177 162.41 1.587 0.0211 0.6463 2.954 0.0404 16.52 0. 4082
475 202 167.85 1.647 0.0211 0.6473 2.963 0.0404 17.11 0.4233
500 27 172.14 1.687 0.0210 0.6483 2.952 0.0403 17.67 0.43¢1
825 asve 178.28 1.748 0.0208 0.6507 2.951 0.0402 18.12 ~ 0.4520
o0 Z 182.29 1.801 0.0203 0.6%530 . 2.980 0.0401 18.86 0.4654 0,852
343 302 163.14 1.854 0.0208 0.6556 2.950 0.0399 19.03 0.4724 0.2751
s00 327 192.85 1.908 0.0204 0.6584 2.949 0.0397 19.48 0.4903 0. 254E
=23 £ 197.41 1.965 0.0202 0.6615 2.948 0.0384 18.83 0.5028 K
€80 377 201.83 2.0z22 0.0200 0.8647 2.947 0.0332 20.14 0.5144
87% 402 208.10 2.081 0.0197 0.6630 2.94€ 0.0333 20.41 0.5284
T 427 210.23 2.141 0.0198 0.67!5 2,945 0.0385 20.64 0,525
725 452 214.21 2.203 0.01%2 0.6751 2.5944 0.0282 20.83 0.5458
750 4T7 218.04 Z.26% 0.0183 0.6788 2.94% 0.0378 20.98 | 0.5547 0,418
778 502 221.T3 2.328 0.0187 0,6826 2.942 0.037T% 21.11 0.5630 0.4
800 827 225.27 Z.394 0.0184 0.68€E 2.841 0.0372 21.20 0.5704 0,455
a8 ey 228.65 2.4680 0.0181 0.6904 2.940 0.0363% 21.25 0.577¢ g
&80 577 231.91 z.827 0.0179 0.6344 2.928 0.03€% 21.22 O.58828
875 802 235.01 2.594 0.0177 0.6984 2,938 0.0383 21.28 0.5870
00 827 237.97 Z.662 0.0175 0.7025 2.937 0.03e0 21.27 0.580z
az8 €52 240.78 2.730 0.0173 0.7067 2.938 0.0353 21.24 0.5321
950 €77 242.45 z. 79 0.0171 0.7108 2.52% 0.0357 21.18 Q.E9z¢6
97% 702 245.97 2.566 0.0170 0.7150 2.834 0.0357 21.11 0.5918
1000 727 245.34 2.934 0.01€3 0.7182 2.933 0.0287 21.02 0. 8830
1025 T2 2%0.57 3.000 7 0.0168 ~ 0.723% T 2.8 0.0352 20.93 0.584¢8
1050 7T 252.85 3.065 0.0163 0.7218 2.932 0.0360 20.82 0.578€
1078 80z 254 .58 3.128 , 0,0169 -0.7321 2.581 0.0363 20.71 0.5708,
1100 827 Z58.37 3.19¢ 0.0170 0.7364° 2.830 0.0367 20.80 0.5613 0.617
11285 882 253.02 3.25% 0.0172 0.7407 2.923 0.0372 20.48 0.5501 0.6
1150 BT7 2%59.5%2 . 3.308 0.0174 . 0.7481 .- | Z.9z8 0.0373 20.36 0.5373 0.617
1178 902 260.87 3.362 0.0176 ~ = 0.7434° DA -~ 0.0387 20.24 0.5230 0.€14
1200 az7 262.07 - 3.412 0.0180 0.7538 2.926 0.0397 20.13 ¢.2074 O.E02
1229 o962 263.13 3.4%8 0.0184 0.7582 2.925 0.,0408 20.02 0.4306 Q.80
1250 a7 264.05 3.500 . 0.0183 0.7626 2.924 - 0.042% 19.82 ©.4730 0,541
1275 1002 264.8 3.5 ' 0.0156 0.7670 2.323 ' 0.0435 19.83 0. 4546 0.57%
1300 1027 -7 N T - 90,0201 0.7715 | z2.922 0.0453 . .
INTEGRATED Z233.85 2.664 -0.7039 2.94, 0.0374 20.70 0.5538 0.5
AVERAGE . - T B ; ) ’ :
pzCTOSEZC Rl T -
g ’ Carnot Efficiency from 300 C to 1000 C 54.¢
7.7

. Material Conversion Efficiency from 300 C to 1000 C



SAMPLE 3 IT™M-788 .
DESCRIPTION: B0XS | -20%Ge
Molecular Waight 36.93
TEMPERATURE SEEBECK ELECTRICAL.  THERMAL HEAT DENSITY THERMAL ELECTRICAL FIGRE = DIMENSIONLES:
COEFFICIENT RESISTIVITY DIFFUSIVITY CAPACITY CONDUCTIVITY POWER . OF FIGURE
- o . FACTOR MERIT OF MERIT
Serbeck and Resistivity Laser - Drop Immersion Caiculated Calculated Calculated Calcuiated
Maasured Simultaneously Flash Calorimetry Dens ity
&E-5C0 Diffusivity Ames Lab. Thermal Expansion
GE-RS0  MHPS-OTTP , GE-RSO ‘
# Points in Fit 102 =) 11 i1
Temp. Range of D 2T ¢ 21 ¢ 9% ¢ 3ars K
1037 C 1037 € 1083 € 1378 K
RMSD (X) 0.70 0.17 1.58 0.93 0.33 2.8 1.57 4,39 4,39
A 1.15590E+02 1.29504E+00 Z.2TS03E-02 4.6E300E+00 Z.98 z 7T
B 3.23673E-01 1.80361E-03 1.43503E-05 1.62220E-03 4.300E-06
c ~5.578T3E~04 ~2.11818E-07 -6.136820E~08 6.31000E+04
D B.8100TE-07 6.T2TSSE-02 4,.543WSE-11 0.113
E ~5.04316E-10 ~1.63682E-11 '
F 2.20T87E~14
[ ~9.7287%€E-18
H
Units for Temp: c c C K C K
Equation A+BT+, . HTA7 A+BT+, . .ET44 A/ (1+8{T-27) 123 S42/v EAZ/rk IT
A+BT+,  JHTAT DR (A+BT+C/TA2) a*Cpad
{K} {2 {microV/K) (milliohm-cm) {(cm2/sec) (J/g-K) (g/cm3) (W/om=K) = (mi crol/em-K2  (1000/K)
218 2 0.6734 2.981
300 27 123.90 1.345 0.6629 Z.380 11.41
25 82 130.98 1.331 0.6557 2.979 12.34
30 g4 137.55 1.437 0.6510 2.978 13.17
378 102 143.65 1.434 0.0237 0.6481 2.977 0.0457 13.81 0.3048
400 127 149.34 1.5 0.0237 0.6455 2.978 00,0456 14,56 0.3180
428 182 154.69 1.831 0.0237 0.6450 2.975 0.0456 15,13 0.3320
450 177 183,78 1.832 0.0237 0.6453 2.974 0.0455 15.64 0.3432
475 202 164.60 1.684 0.0236 0.6473 2.973 0.0453 18.08 0.3%4%
500 2z7 169.28 1.737 0.0234 0.6488 2.972 0, 0452 16.43 06.3€52
jrts] 252 173.77 1.781 0.0Z32 0.8507 2.971 0.0443 18.85 0.3782
550 277 178.17 1.846 0.0230 0.6530 Z.970 0.0447 17.19 0.3880
575 02 182,50 1.803 0.0228 0.6556 2.969 0.0443° 17.51 0.3342
600 x7 186.73 1.860 0.022% 0.65:34 2.969 0.0440 17.80 0.4047
625 B2 181.06 2.018 0.0222 0.6515 2.988 0.0436 18.08 0.4143
%0 377 195,522 2.076 0.0218 0.8547 2.967 0.0432 18.37 0.4:52
875 402 198.58 2.138 0.0218 0.6580 2.968 0.0428 18.65 Q.4360
TOO 427 203.82 2.196 0.0213 0.8715 2.965 0.0423 18.9832 0.4470
125 452 208.18 2.257 0.0208 0.6751 2.964 0.0418 18.20 0.4524
=0 477 Z1Z2.53 2.318 0.0208 0.6788 2,963 0.0414 19.48 0.4700
T8 502 216.689 2.382 0.0203 0.68286 2.962 0,0410 18.73 0.4218
€00 827 221.28 2.445 0.0200 0.68e5 2.961 0.0408 20.01 0.492C
875 552 225,80 2.514 0.0197 0,6904 2.360 0.0402 20.27 0.5048
850 577 229,83 2.577 0.0184 0.6944 2.959 0.0285 20.51 C.5154
875 802 234.21 2.545 0.0181 0.6934 2.958 0.0395 20,74 0.5255
00 827 238.41 2.714 0.0183 0.7025 -2.957 0.0382 20.8% Q.5345
925 =2 242,50 2.784 0.0187 0.70687 2.956 0.0380 21.13 ¢.5421
€0 877 246,43 2.855 0.0185% 0.7108 .95 0.038] 21.27 0.5480
875 702 250,17 2.927 0.0183 0.7150 2.954 0.0287 21.38 0.551(¢g
1000 727 253.67 3.000 0.0183 0.7182 2.953 0.0088 21.4% 0,5523 0.
1028 782 280,87 TTTT8.000 0.6I68 7T 0T p3%: < No'c o S (IR < A W7 1 "0
1050 T 252.65 3.088 0.0168 0.7278 2.832 0.0360 20.82 0.578¢
1075 802 254.58 3,128 0.0169 0.7321 2.921 0.0363 20.71 0.5708
1100 827 256.37 3.181 0.0170 0.7364 2.930 0.0367 20,60 0.5€13
1125 882 258,02 3.251 0.0172 0.7407 " 2.828 0.0372 20.48 0.58M
1150 877 258.52 3.308 0.0174 0.7451 2.928 ¢.0379 20.36 0.8373
1175 02 260.87 3.362 0.0176 ~ 0.7454 2.927 0.0387 20,24 0.5220
1200 a7 ‘282.07 3.412 0.0180 0.7538" 2.926 0.0™97 20.13 0.5074
1228 o652 263,13 3.458 0.0184 0.7582 2.925 0.0408 20,02 0,4306
1250 977 284,05 3.500 0.0189 0.7625 2.924 0,0421 19.82 04730
1275 1002 264.81 3.538 0.01%5 0.7670 2.923 0.0436 19.83 0.454¢
1300 1027 0.0201 0.7715 2.922 0.0453
INTEGRATED 233.85 2.564 0.0182 0.7033 2.54 0.0374 20.70 0.9539 Q.00
AVERAGE
2CTOSS2C
Carnot Efficiency from 300 € to 1000 C 64,92
Material Conversion Efficiency from 300 € to 1000 ¢ 7.7
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SAMPLE? iTn-83
DESCRIPTION: P-TYPE, MILLED IN WATER
tiolecular Weight 34.93 -
TEMPERATURE SEEBECK ELECTRICAL  THERMAL HEAT - DENSITY THERNAL ELECTRICAL FIGURE  DIMENSIONLESS
COEFFICIENT RESISTIVITY DIFFUSIVITY CAPACITY CONOUCTIVITY  POMER OF FIGURE
. FACTOR MERIT OF MERIT
Seebeck and Resistivitly Laser Dros lIamersion Calculated Calculated Calcuiated Calculsted
Measured Sisultaneouely Flash Calorimetry- Density
gE-SCO Diffusivity Anes Lab. Thernal Expansion
0E-RSO HHP$-077P GE-RSO
#% Points in Fit 108 106 11 - . ¥ Y
Temp. Range of D 24 C 24 C. 100 € ~ 378 K PSR
1008 € 1008 € 1102 € 13718 K :
RHSD (%) 0.40 0.21 .79 . 0.93 0.33 2.08 1.00 3.05 3.08
A 1.239836+02 1.55229E+00 1.92361E-02 4.66300€E+00 2.95 4 T
B8 2.84905E-01 2.0%536E-03 8.70984E-06 1.62220E-03  4.300E-06
¢ 1.25125E-08 -3.171156-07 -4.30150E-08 6.31000E+04
o) -1.12080E-06 7.54768E-09 3.4S013E-11 0.113
£ 1.73847E-09 -2.256173E-11
F ~8.63747€-13 3.04497E-14
[] -1 .46024E-17 .
H .
Units for Temp: [+ c [ < K
Equation A+BT+.. . HT~7 A+BT+.. ET"4 A/(1+B(T=270)"3 §~2/r $~2/rk T
A+BT+. . JHT*7 Du(A+BT+C/T*2) anCped
(K) ({3 (microV/K) (milliohm-ca) (ca2/sec) (3/9-K) (g/¢cm3) (4/cm=K) (microb/ce-K (1000/K)
27 F4 0.6734 2.951
300 27 130.61 1.6074 0.6629 2.950
325 52 136.85 1.6589 0.6557 2.949
350 n” 143.07 1,71111 0.6510 2.948
375 102 149.20 1.7642 0.0197 0.6481 2.947 0.0377 12.62 0.3351 6.12%?
400 127 155.18 1.8184 0.0197 0.6445 2.94% 0.0376 13.24 B.3526 C.1210
425 152 160.97 1.8738 0.0197 “  0.64560 2.94S 0.0375 13.83 0.3692 0.1569
30 1924 166.54 oo 1.9303 0.0196 0.6463 2.944 0.0373 14.37 0.3848 0.1732
15 202 171.87 1.9880 0.019S 0.6473 2.943 0.0372 14.86 0.399S 0.1897
500 227 176.96 2.0447 0.0194 0.6488 2.942 0.0370 15.30 0.4131 0.2063
528 252 181.79 2.1065 0.0193 0.6507 2.941 0.03569 15.69 0.4257 0.2235
S50 277 186.38 2.1673 0.0191 0.6530 2.941 0.0386 16.03 0.4374 0.2406
$7S 302 190.73 2.2289 0.0189 0.6556 2.940 D.0364 16.32 0.4482 0.2577
600 327 194.86 2.2914 0.0187 0.6584 2.939 0.0362 16.57 0.4582 0.2789
425 352 198.79 2.3548 0.0185 0.6615% 2.938 0.0359 16.78 0.4674 0.2921
650 3 202.54 2.4192 0.0183 0.6647 2.9%7 0.0356 16.96 0.4758 0.3093
675 402 206.14 2.484¢6 0.0180 0.4680 2.9356 0.0354 17.10 0.4837 0.3243
700 427 209.460 2.5512 0.0178 0.6715 2.935 0.0351 17.22 0.4909 0.3436
725 452 212.97 2.61%0 0.0176 0.6751 2.934 0.0348 17.32 0.4976 0.3607
750 477 216.26 2.46883 0.0173 0.6788 2.933 0.034S 17.40 0.5036 0.3777
775 502 219.50 2.7593 0.0171 0.6826 2.932 0.0343 17.46 0.5092 0.3944
800 527 222.70 2.8321 0.0169 0.6865 2.931 0.0341 17.51 0.5141 0.4112
825 552 225.88 2.9068 0.0167 0.4904 2.930 0.0339 17.55 0.5183 0.4276
850 577 229.06 2.9837 0.0166 0.6%44 2.929 0.0337 17.58 p.S218 0.4435
875 602 232.23 3.0629 0.0164 0.6984 2.928 0.0336 17.61 6.5244 0.4%88
900 627 235.40 3.1442 0.0163 0.7025 2.927 0.0335 17.462 0.5240 0.4734
925 652 238.56 3.2278 0.0162 0.7067 2.926 0.0335 17.63 0.5266 0.4871
950 677 241 .68 3.3132 0.0161 0.7108 2.92% . 0.0335 17.43 0.5258 0.49935
97% 702 244.73 3.4003 0.0161 ¢ 0.7150 v 2.924 0.0336 17.61 0.5234 0.5105
1000 727 247.69 3.4884 0.0161 0.7192 2.924 0.0338 17.59 0.5198 0.5198
1025 52 250.48 3.5769 0.0161 0.7235 2.923 0.0341 17.54 0.5142 0.5271
1050 77 253.08 3.6645 0.0162 0.7278 2.922 0.0345 17.47 0.5068 0.58321
1075 802 255.32 3.7501 0.0183 0.7321 2.921 0.0350 17.38 0.4973 0.5344
1100 827 257.19 3.8319 0.0165 0.7364 2.920 0.0355 17.26 0.4856 0.5342
1125 852 258.55 3.907% 0.0148 0.7407 2.919 0.0363 17.11 0.4719 0.5308
1150 877 259.27 3.97%56 0.017 0.7451 2.918 0.037% 16.91 0.4559 0.S5243
1175 902 259.21 4.0320 0.0174 0.7494 2.917 0.0381 16.66 0.4378 0.5144
1200 927 258.20 4.0736 D.0178 0.7538 2.916 0.0392 16.37 0.4177 0.5012
1225 952 256.05 4.0962 0.0183 0.7582 2.915 0.04035 16.01 0.3956 0.4846
1250 9N 252.56 4.0952 0.0189 0.7626 2.914 0.0419 15.58 0.3717 0.4646
i) 1002 247.49 4.0649 0.019% 0.7670 2.913 0.0435 15.07 0.3462 0.4414
Jo 1027 * 0.0202 0.771% 2.912 0.0453
INTEGRATED 234.20 3.239 0.0172 0.7081 2.926 0.03%6 17.11 0.483S 0.4432
AVERACGE
302 C To 1002 C
Carnot Efficiency fros 300 C to 1000 C 54.98
Msterinl Conversion Efficiency fros 300 C to 100 7.04
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APPENDIX D

DETAILED DESCRIPTION OF PROCEDURES* FOR
FABRICATING COMPACTS OF ITM ALLOY 234

* In general these procedures are variations of those employed for manufacture
of standard Si-Ge alloys and MOD-RTG SiGe-GaP material.
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DESCRIPTION OF ITM—234 COMPACT FABRICATION PROCEDURES
(REFER TO FIGURE D-1 FOR PROCESS FLOW)

. Prepare vacuum casting with nominal composition  (SiGe)q g5(GaP)g 07P0.07
by melting Si and Ge chunks in a fused silica crucible and adding GaP and P from
test tube to melt.

100.20 grams Si chunks

258.96 grams Ge chunks
31.24 grams GaP flakes
9.61 grams red P lumps

. Determine density and measure rcom temperature Seebeck coefficient on casting.

. Shatterbox and planetary ball mill vacuum casting to ~5 micron median particle
diameter.

. Vacuum hot press powder blend into a 3" diameter compact according to the
following schedule:

Cold press powder blend to 2800 psi
30 min outgas at 300°C

40 min rise to 1000°C

45 min soak at 1000°C and 11,00 psi
10 min rise to 1050°C

45 min soak at 1050°C and 11,000 psi
Increase Toad to 28,000 psi

10 min rise to 1100°C

45 min soak at 1100°C and 28,000 psi
10 min rise to 1150°C

60 min soak at 1150°C and 28,000 psi
Extrude at 1150°C

10 min cool to 900°C and He backfill to 1 psig
Cool to room temperature

. Determine density and measure room temperature Seebeck coefficient on top and
bottom surfaces and from center to edge on hot pressed compact.

. Shatterbox and planetary ball mill compact to ~5 micron median particle
diameter. The nominal composition of this powder blend is

(SiGe)y g5(6aP)y 7P0.07°

. Prepare a vacuum casting with a nominal composition of 3 atomic percent
phosphorus in silicon. Add red phosphorus lumps from test tube to melt.

500.00 grams Si chunks
17.05 grams red P lumps

. Shatterbox and planetary ball mill to ~5 micron median particlie diameter. The
nominal composition of this powder blend is Sig g7P0.03-
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9. Prepare a mixed powder blend consisting of 225.1 grams of the SiGe-GaP
powder from Item 6 and 174.9 grams of the P-doped Si powder blend from
Ttem 8. The nominal composition is Sig.747Geg. 187G20.016P0.050-

10. Vacuum hot press into a 3" diameter compact according to the following
schedule:

Cold press powder blend to 2800 psi
30 min outgas at 300°C

Increase load to 28,000 psi

60 min rise to 1100°C

45 min soak at 1100°C and 28,000 psi
120 min rise to 1240°C

90 min soak at 1240°C and 28,000 psi
Raise to 1265°C

5 min soak at 1265°C

Extrude at 1265°C

14 min cool to 900°C and He backfill to 1 psig
Cool to room temperature

11. Determine density and measure room temperature Seebeck coefficient on top
and bottom surfaces and from center to edge of the finished compact.
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SHATTERBOX. | . . SHATTERBOX A
% 1000*C /45 min / 11 kpsi F :
PLANETARY BALL B 1050°C /45 min / 11 kpsi PLANETARY BALL : -

31.24 g GaP ., MILL TO 3.8 um 1100°C / 45 min / 28 kpsi Mg‘m‘:&z'““ 1
-f, ] 1150°C / 60 min / 28 kpsi s ICLE ¥
% E

100.20 g Si
258.96 g Ge

T LTI T N NPT RS ASR LIRS

3 o T T T e
YACUUM CAST POWDER BLEND HOT PRESS COND!TIONS POWDER BLEND
IvVC.233 IPB-233 HP-233 IPB-233-A
DENSITY = 3.849 ghee 3
SEEBECK » -130 uV/°C ¢ iGe), 45(GaP)g ;P o7

SHATTERBOX,
PLANETARY BALL Ssi P
L.97%0.03

e T At Tt

VACUUM CAST B‘ B
Ve PB-231

1100°C / 45 min / 28 kpsi
1240°C / 90 min / 28 kpsi
1265°C / S min / 0 kpsi

5.1 ¢g1PB-233-A
1749 3 IPB-231

IPB-234 DiP-234
DENSITY = 2.984 glec
SEEBECK = -82t1 pV/Ct

t AVERAGE SEEBECK MEASURED ON TOP AND BOTTOM SURFACES OF COMPACT

Figure D-l'. Fabrication Process for ITM 234
$10.747Gep.187G30.016P0.050
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