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The thermoelectric properties of 28 sintered S&s Get.; alloys, heavily doped with either 
boron or phosphorus and prepared from powders with median particle sizes ranging from 
about 1 pm to over 100 ,um, have been determined from 300 to 1300 K. The thermal 
conductivity decreases with decreasing particle size, however, the figure of merit is not 
significantly increased due to a‘compensating reduction in the electrical conductivity. The 
thermoelectric figure of merit is in good agreement with results’ of Dismukes er al. [J. 
Appl. Phys. 10, 2899 ( 1964)] on similarly doped alloys prepared by zone-leveling techniques. 
The electrical and thermal conductivity are found to be sensitive to preparation procedure 
while the Seebeck coefficient and figure of merit are much less sensitive. The 
high-temperature electrical properties are consistent with charge carrier scattering by acoustic 
or optical phonons. 

I. INTRODUCTION 

The thermoelectric properties of large-grain silicon- 
germanium alloys have been examined by Dismukes et al.’ 
using high- quality, zone-leveled materials. This report ex- 
amines the hypothesis of Rowe and otherszg that sintered 
silicon-germanium alloys may be superior to single-crystal 
materials for use in thermoelectric energy conversion ap- 
plicat.ions. Apart from practical advantages such as ease of 
preparation and superior mechanical strength afforded by 
the use of sintered materials, previous theoretica12*“t2 and 
experimentala-42’3>14 evidence had suggested that phonon 
scattering at grain boundaries reduces the thermal conduc- 
tivity, k, compared to single-crystal alloys of the same 
composition. Since the conversion efficiency of a thermo- 
electric heat engine depends on the temperature range of 
operation and material properties through the dimension- 
less figure of merit ZT = PUT/k, where S is the Seebeck 
coefficient, u 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 reflected 
results of recent reviews on thermoelectricity in general15 
and heavily doped silicon germanium in particular.5 

Goldsmid and Penn6 first pointed out that boundary 
scattering may significantly reduce the thermal conductiv- 
ity in solid solutions, even for characteristic boundary scat- 
tering 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 the- 
oretical calculations-based the Klemens-Callaway formal- 
ismt417 have allowed estimates of the magnitude of the 
reduction in k for undoped6’7 and heavily doped2*‘-t2 sili- 
con 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- sin- 

tered materials might exhibit electrical properties essen- 
tially identical to single- crystal materials2’8’12”4 with 
proper preparation. Some reports of electrical resistivity 
measurements2’18-21 on sintered materials support this view 
in the best cases, but more often the electrical resistivity of 
the sintered materials are higher than zone leveled materi- 
als.’ In no case had the anticipated improvement in figure 
of merit due to grain-boundary scattering been realized 
experimentally in silicon- germanium alloys, with the pos- 
sible exception of one report in which GaP was combined 
with silicon germanium2 

This paper summarizes experimental results which 
confirm the reported reduction of the thermal conductivity 
of sintered materials compared to similar zone-leveled ma- 
terials. It is accompanied, however, by a highly correlated, 
compensating degradation in the electrical properties. 
Thus, there is no overall improvement in the figure of merit 
with reduction in grain size. The temperature dependence 
of the observed. reduction in the thermal conductivity ap- 
pears to be inconsistent with the Klemens-Callaway for- 
malism calculations, suggesting that the reduction in ther- 
mal conductivity may be due to an altogether different 
mechanism, one which affects the electrical conductivity in 
a similar manner. 

II. EXi’iRlMENTAL 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 s&con and germa- 
nium in a 4-to-1 atomic ratio in fused silica crucibles under 
high vacuum. n-type materials were prepared by adding 
0.55 wt % phosphorus to the melt while p-type samples 
were prepared with 0.08 wt. % boron in the crucible. Some 
exceptions are indicated in Table I. The melt was cast into 
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TABLE I. Summary of preparation method and properties of Si,,Geo2. Soak time = 30 min and soak temperature = 1513 K, unless noted. 

Sample esd” 
preparation (id 

Density 
k S  (g/m ‘) ZT Oxygen” 

(W/m k) (pV/W 1o-s 10-4 102” 10’ maximum (wt. I) 

n-type samples: phosphorus content = 0.59a/o (unless otherwise noted) 
3332 a ,174 4.66 - 108.9 0.87 
68 

Fl 
124 5.03 -,121.6 1.06 

110 15.0 4.51 - 97.7 0.73 
111 b 16.0 4.47 - 102.3 0.78 
69 a 13.5 4.82 - 116.4 0.93 
130 a,c 5.0 5.09. - 104.2 0.85 
70 a,d 3.9 4.17 - 114.3 1.07 
79 a,c 2.4 3.81 - 119.5 1.30’ 
63 3.3 4.11 a,c - 112.3 1.09 

. 81 a,e 3.3 3.54 - 121.4 1.30 
116 a,f 2.8 4.43 - 119.2 0.98 
93 a& 1.8 3.97 - 115.9 1.15 
x4 a,8 1.3 3.74 -z- 117.2 1.14 
152 c.k 2.1 3.81 - 110.8 1.03 
151 d 2.4 3.83 I- 110.6 1.04 
153 cm 1.9 3.90 - 105.0 0.9 1 

p-type samples: boron content = 0.23 a/o (unless otherwise noted) 
3334 
73 
112 
74 
131 
78 
62 
72 
117 
99 
75 
60 
82 
103 
104 
101 
102 
83 
124 
11 
12 
13 
14 
66 
66A 

a 

t 

sac 
a 

a,c 
a,e 
a,f 
a,h 
a 

a,c 
a,e 
a,c 

am 
a,h 

a,h,o 
a,g 
w 
w 
a,r 
a,s 
a,t 
i 
i 

,174 
124 
15.0 
11.0 
6.1 
4.5 
4.1 
3.0 
2.8 
2.7 
2.6 
2.3 
2.3 
2.2 
2.2 
1.6 
1.5 
1.3 
8.1 

>44 
>44 
344 
244 
4.2 
4.6 

Vary sintering soak time 
86 15 min 2.0’ 
88 30 min 2.0 
87 60 min 2.0 

5.00 112.5 
5.02 114.6 
4.96 117.8 
5.25 117.0 
4.75 117.7 
4.37 119.5 
4.26 124.2 
3.32 131.3 
4.86 123.5 
3.99 133.5 
3.88 120.9 
4.30 123.3 
3.22 132.3 
3.9J 131.4 
3.24 133.4 
4.10 131.7 
3.90 139.0 
3.63 124.2 
5.73 278.4 
5.32 79.2 
5.3 1 80.2 
5.44 78.8 
5.42 80.2 
4.18 149.5 
3.77 150.6 

1.07 34.2 1.72 
1.16 32.5 1.66 
1.07 33.7 1.73 
1.14 32.8 1.67 
1.11 34.2 1.64 
1.28 31.5 1.55 
1.34 31.1 1.50 
2.06 25.1 1.21 
1.25 34.6 1.46 
1.68 29.8 1.25 
1.39 29.2 1.54 
1.36 31.1 1.48 
1.78 27.9 1.26 
1.86 29.7 1.13 
2.24 26.8 1.04 
1.62 ,31.3 1.23 
2.11 30.2 0.98 
1.70 27.6 1.33 

0.55 33.2 3.45 
0.55 33.2 3.45 
0.54 32.1 3.61 

2.39 29.3 0.89 
2.65 2X.7 0.82 

3.01 
2.87 
2.98 
2.94 
2.99 
2.98 
2.99 
2.98 
2.96 
2.99 
2.96 
3.00 
2.97 
3.00 
3.00 
3.02 
3.03 
2.95 
2.98 
3.00 
3.00 
2.99 
2.98 
2.97 
2.96 

3.62 127.4 1.67 28.4 1.32 293 
3.78 127.5 1.63 28.2 1.36 2.98 
4.03 127.1 1.50 29.1 1.43 2.98 

The following four samples were prepared from a single lot of powdeP 
Vary sintering soak temperature, Series A 
89 1513 K 2.2 3.68 129.6. 1.69 
90 1528 K 2.2 3.91 126.5 1.54 
91 1543 K 2.2 4.05 124.2 1.40 
92 1558 K 2.2 4.49 124.7 1.39 

55.8 1.29 3.05 
55.1 1.07 2.87 
51.1 1.68 3.01 
51.9 1.54 2.99 
52.7 1.28 3.04 
53.2 1.39 2.92 
46.4 1.26 3.02 
41.4 1.16 2.98 
44.x 1.28 2.99 
43.0 1.12 3.01 
53.7 1.19 2.94 
43.8 1.25 2.96 
46.5 1.18 2.96 
47.2 1.29 3.02 
46.3 1.30 2.99 
49.4 1.39 3.01 

27.0 1.37 2.94 
29.3 1.38 2.96 
30.9 1.44 2.99 
30.8 1.46 3.00 

0.917 
0.832 
0.972 

0.14 
0.17 

0.762 
0.942 
0.967 

0.969 
0.971 

0.24 

0.9 1 

1.00 
1.31 

1.040 
0.952 
0.943 
0.918 
0.920 

0.92 
293 

0.522 0.21 
0.568 0.15 

0.501 
0.506 
0.619 
0.564 
0.537 

0.28 

0.99 
1.00 
2.20 

0.619 
1.49 
1.53 

0.564 

0.519 
0.535 
0.184 

1.73 
0.91 
4.68 
0.37 
0.23 
2.84 

0.523 

1.52 

1.50 
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TABLE I. (continued). 

Sample ” k 
preparation $1 (W/m k) 10-S 

The following four samples were prepared from a single lot of powdefic 
Vary sintering soak temperature, Series B 
97 1513 K 1.9 3.90 129.7 1.31 
94 1573 K 1.9 4.18 122.7 1.30 
95 1588 K 1.9 4.35 123.4 1.20 
96 1603 K 1.9 4.54 123.1 1.22 

Density 
(g/m-‘) ZT Oxygen” 

10-4 10’ maximum (wt. %I 

32.6 1.46 2.98 0.565 1.60 
.I 33.0 ~,1.45 3.00 ‘7 

31.9 1.64 2.96 
28.2 1.82 2.94 

The following three samples were not intentionally doped 
2 124 7.03 
8 16 6.65 
1 a,f 2.5 3.75 

2.88 
2240 3.00 

2.88 

‘Pulverization in a shatter box. 
bGas atomization from the melt (Ref. 23). 
planetary ball milling in agate using agate balls in a hydrocarbon. 

Planetary ball milling in agate using dry agate balls. 
‘Attrition milled (Ref. 24). 
‘Air jet pulverization. 
‘Planetary ball milling in agate using agate balls in water. r 
hPlanetary ball milling in steel using steel balls in a hydrocarbon.. 
il?ot-pressed mixture of elemental sillcon, germanium, and boron. 
LLimited exposure of the powder to air before sintering. 
0.77 at. %  phosphorus. 

a water-cooled copper to produce a 400-g ingot which was 
mechanically pulverized to - 80 mesh powder. The result- 
ing powders were then subjected to a variety ‘of different 
comminution techniques in order to achieve various me- 
dian particle sizes. Table I summarizes the comminution 
techniques employed and the particle sizes achieved. 

Three compacts were prepared from alloy powders 
produced by a gas atomization technique,23 and two com- 
pacts were prepared by direct sintering of mixed powders 
of elemental silicon, germanium and boron. 

The particle sizes listed in Table I were determined on 
the powders with a Micromeritics Sedigraph 5000D. The 
particle sizes were also determined by optical metallogra- 
phy on most of the hot-pressed compacts. A good correla- 
tion was observed between the particle sizes determined by 
the two techniques. However, the microstructure of these 
alloys may be somewhat more complex as Owusu-Sekyere 
et al. have shown” that grains smaller than those revealed 
by either the Micromeritics or optical methods can be seen 
in transmission electron microscopy tests. 

Pressure sintering was performed in a double- action 
vacuum hot press with a vacuum level of about 8 X 10 - ’ 
Torr. TZM dies and molds with a light graphite coating to 
reduce friction during compact ejection were used. The 
pressing pressure was 180 MPa of pressure, applied after 
achieving the soak temperatures. The heating rate to the 
soak temperature was about 25 Wmin. After soaking at 
temperature (see Table I for soak times and temperatures), 
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 di- 

‘0.9 at. %  phosphorus. 
m2.0 at..% phosphorus. 
“Same powder lot as 103, but roasted in air at 773 K before sintering. 
“Powder was handled under an inertatmosphere through sintering. 
PO.025 at. %  boron. 
s1.0 at. %  boron. 
“2.0 at. %  boron. 
“4.0 at. %  boron. 
‘8.0 at. %  boron. 
“Eohivalent spherical diameter. 
“Oxygen content determined by neutron activation analysis. 

ameter by 1.27 cm thick, dense, crack- free, and dull gray 
in appearance. ’ 

The compact surfaces were machined flat and parallel 
and the thermal conductivity of the compact was measured 
at 370 K by a standardized steady-state technique (ASTM 
designation F-433) calibrated by measurements on Pyro- 
ceram 9806 and Pyrex 7740 with about a lo- K tempera- 
ture’drop across the compact. The precision of these mea- 
surements were better than f 1% and the accuracy is 
believed to be better than *5%; The Seebeck coefficient 
was determined at room temperature as the ratio of the 
voltage developed between two Cu probes in contact with 
the sample, one probe about 15 K warmer than the other, 
and the temperature difference between the Cu probes as 
measured by thermocoupIes placed very near the points of 
contact of the probes with the sample. Density was deter- 
mined using an immersion technique. The electrical resis- 
tivity and Hall coefficient, from which the carrier concen- 
tration and Hall mobility were calculated, were determined 
using van der Pauw’s technique26 on 1.27- cm-diam, 0.08- 
cm-thick samples cut from each compact. Neutron activa- 
tion analysis for oxygen content was performed on 25 sam- 
ples. 

High-temperature measurements of thermal diffusiv- 
ity, Seebeck coefficient, and electrical resistivity were per- 
formed on 14 n-type and 14 p-type compacts. The thermal 
diffusivity was determined using a standard laser flash 
technique*’ between 400 and 1380 K in 100-K increments, 
generally on the same sample used in the Hall measure- 
ments. Repeated measurements on a single sampIe indicate 
a reproducibility of better than *3% over the entire tem- 
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perature range. The high-temperature thermal conductiv- 
ity was calculated using the measured density, corrected 
for thermal expansion, and heat capacity results deter- 
mined by a drop calorimetry technique.*’ A single set of 
heat capacity data was used for all thermal conductivity 
calculations. 

High-temperature electrical resistivity and Seebeck 
measurements were performed simultaneously on a 0.63 
cm X 0.63 cm x 4.6 cm sample cut from each compact and 
instrumented with four chromel-alumel thermocouples ce- 
mented in equally spaced holes with a graphite cement. To 
prevent reaction with the sample each thermocouple was 
coated with a thin layer of graphite cement before mount- 
ing in the sample. The sample was placed in a vacuum 
furnace between independently controlled resistance heat- 
ers. The Seebeck coefficient was determined from the slope 
of the voltages measured between the thermocouple legs 
plotted against the temperature differences between the 
thermocouples. The temperature difference across the sam- 
ple was typically IO-30 K during this measurement. 

The Seebeck coefficient data were corrected for the 
absolute Seebeck coefficient of the leads as determined in 
an independent measurement of the absolute Seebeck co- 
efficients of chrome1 and alumel with respect to platinum, 
incorporating literature values for the absolute Seebeck co- 
efficient of platinum.29 The corrections for absolute are be- 
lieved accurate to within =I=2 ,uV/K. The precision and 
reproducibility of the Seebeck coefficient measurements 
was better than I%, as determined on relatively stable 
p-type silicon-germanium samples. While more difficult to 
estimate since no standard materials with large Seebeck 
coefficients are available, the accuracy of these measure- 
ments are believed to be comparable to the precision. 

The electrical resistance was measured using an ES1 
1700 resistance bridge with l-@ resolution employing a 
low-frequency square-wave, four-probe technique with the 
sample supports serving as current leads. The resistivity 
was calculated as the slope of six independent resistance 
measurements determined along the length of the sample 
plotted against the distances between the thermocouples, 
multiplied by the cross-sectional area of the sample. The 
principal source of error in the resistivity determination 
was dimensional uncertainty. The precision of the resistiv- 
ity measurements was better than f 0.5%’ with similar ac- 
curacy. Approximately 100 Seebeck coefficient and electri- 
cal resistivity data points were collected between about 300 
and 1300 K by an automated data collection and data 
reduction system. 

III. EXPERIMENTAL RESULTS 

Table I summarizes the results of room-temperature 
measurements of the median particle size of the feed pow- 
der, thermal conductivity, Seebeck coefficient, electrical re- 
sistivity, Hall mobility, carrier concentration, density and 
oxygen content for each of the alloys, as well as the hot- 
pressing conditions used. The maximum ZT values calcu- 
lated from the high-temperature thermoelectric property 
measurements on 26 of the alloys are also summarized. As 
an aid in analyzing the results of Table I, previous room 

temperature results’ on zone-leveled Sic., Gecl have been 
parametrized using a purely empirical interpolation 
scheme as follows: 

p - type: 

In(&)= -0.451 In(n) + 5.02, 

In&) = - 0.116 In(n) + 3.75, 

ln(&J = - 0.089 In(n) + 1.78, 

II - type: 

ln( - 5'~) = - 0.502 in(n) + 4.82, 

In&J = - 0.300 In(n) + 4.19, 

ln(kd) = - 0.085 In(n) + 1.67, 

with S, in pV/K, pFtzl in 10 -’ m2/V s, k zl in W/m K, and 
n in 1O26 m - 3. The measured thermal conductivity of a 
sintered sample has been normalized by calculating the 
thermal conductivity of a corresponding zone- leveled sam- 
ple using the Hall carrier concentration of the 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 Fig. 1 for 20 p-type 
‘samples of sintered Si,,8Ge0,. samples prepared using sim- 
ilar comminution techniques and sintered under similar 
conditions (compact Nos. 62, 74, 75, 78, 83, 99, 13 1, in- 
dicated by the open circles) show a systematic decrease in 
thermal conductivity as the particle size decreases. 

For constant particle size, the thermal conductivity in- 
creases systematically with increasing sintering time (indi- 
cated by TIME: compact Nos. 86, 87, and 88) or increas- 
ing sintering temperature (TEMPERATURE: compact 
Nos. 89, 90, 91, and 92), as indicated by the two sets of 
data connected by vertical lines in Fig. 1. Variations in 
preparation technique also significantly affect the thermal 
conductivity as indicated by the samples produced by gas 
atomization (GA: compact No. 112) and alternate com- 
minution techniques such as air jet pulverization (AJP: 

rd 
-x 

1 .o - __-.--___ f------- -- __ _ 
p-Type Sintered Si0,8Ge0,2h 300 I< 

--- __._-___ --.. - 
p-Type Sintered Si0,8Ge0,2h 300 I< 

0.6 
AM”‘- . ,>,, 

%O --.d.---- 
0.00 0.20 0.40 0.20 0.40 0.60 0.60 0.80 0.80 

(j-1 (bm-lf (j-1 (bm-lf 

FIG. 1. The thermal conductivity of sintered heavily doped p-type 
SicsGee2, normalized to the thermal conductivity of zone-leveled material 
with the same carrier concentration, as a function of feed particle size. 
The data labeled TEMPERATURE and TIME indicate the effect of hot- 
pressing temperature and soak time, respectively, while the data 1abeIed 
GA, AIP, AM, HO, and LO indicate the effect of variations in the pow- 
der comminution process. 
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compact No. 117) and attrition milling (AM: compact no. 
72 and 82). Intentionally increasing the oxygen content 
(HO: compact No. 104) by roasting the powder in air 
resulted in a significant further reduction in the thermal 
conductivity, while a decrease in the oxygen content pro- 
duced by handling the powder exclusively under an inert 
atmosphere (LO: compact No. 102) may have resulted in 
a slight increase. 

A normalization procedure similar to that described 
above for the thermal conductivity results had been also 
been applied to the Hall mobility resuIts. Figure 2 shows 
the Hall mobility values, normalized to the Hall mobility 
of zone-leveled’ alloys of the same carrier concentration, 
obtained on the same 20 samples described above. The 
behavior of the mobility is seen to be qualitatively similar 
to the thermal conductivity, with a few exceptions, and a 
strong correlation between thermal conductivity and Hall 
mobility is observed. 

To demonstrate this effect the quantity S2a, sometimes 
called 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 is expected to be a function of the car- 
rier concentration alone, the normalized power factor is 
expected to be identical to the normalized Hall mobility. 
Figure 3 shows the normalized electrical power factor plot- 
ted against the normalized thermal conductivity for the 
samples listed in Table I. The point ( 1,l) in Fig. 3, indi- 
cated by the end of the solid line, represents zone- leveled 
material and the solid line connects the origin with this 
point. A data point above this line represents a figure of 
merit higher than zone- leveled material and a point below 
this line represents a lower figure of merit compared to 
zone leveled material. While there is considerable scatter in 
the data shown in Fig. 3, the general correlation between 
electrical and thermal properties is quite strong. Since the 
thermal conductivity data in Fig. 1 is determined on the 
full 5.08-cm compacts, while the electrical mobility and 
electrical conductivity in Figs. 2 and 3 are determined on a 

- .‘1 “-- I  

p-type Sintered Si0,8Ge0.2, 300 K 

FIG. 2 Hall mobility of sintered, heavily doped, p-type Si,,,Gq,,, nor- 
malized to the Hall mobility of zone-leveled material with the same car- 
rier concentration, as a function of feed particle size. The data labeled 
TEMPERATURE and TIME indicate the effect of hot pressing temper- 
ature and soak time, respectively, while the data labeled GA, AJP, AM, 
HO and LO indicate the effect of variations in the powder comminution 
process. 

0.5 c-,‘“..---.--..--.-...-w 
0.5 0.6 0.7 0.8 0.9 1.0. 7.1 

k,‘kZI 

FIG. 3. Electrical power factor as a function of thermal conductivity of 
sintered Si,,,Gq,, normalized to the electrical power factor of zone- 
leveled material with the same carrier concentration. The solid line rep- 
resents a figure of merit equivalent to zone-leveled material. 

thin sample cut from the compact, some of the scatter in 
Fig. 3 may be attributed to inhomogeneities within the 
compacts. 

Figure 4 shows the Seebeck coefficient, electrical resis- 
tivity, thermal conductivity, and figure of merit for sintered 
n-type (93) and p-type (75) samples from this study and 
sample 1834 from Dismukes,’ the only zone-leveled Si,, 
Geo.z sample characterized at high temperatures in- that 

30; 

s- 

1 
J 200 

E 

100 

x 
I 3 

2 
-q 
QL 

.? 
x 4.5 

.i 4.0 

52 
-3.5 
x 

0.8 

0.2 

5OC 

'r 

t 

1 500 700 900 1100 1300 

~~--- n-Type, Sintered * 
-~- n-Type, Zone Leveled 
--- p-Type, Sintered 

0.0 L 
300 500 700 900 1100 1300 

TEMPERATURE (K) 

FIG. 4. Seebeck coefficient, electrical resistivity, thermal conductivity, 
and figure of merit as a function of temperature for n and p-type sintered 
Si,,, ,Ge,, and n-type zone-leveled Si&g,, (see Ref. 1). 
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study. The agreement between the figure of merit of the 
sintered and zone- leveled materials is quite good and prob- 
ably within experimental error. While the data in Fig. 4 are 
typical of the quality of the high- temperature data col- 
lected, the two samples selected as examples represent the 
highest figure of merit observed in this study. 

The thermal conductivity of five samples (compact 
Nos. 73, 74, 83, 62, and 72) ofp-type sintered S&.sGq.2 at 
elevated temperatures, normalized to the thermal conduc- 
tivity of the largest particle size sample (73) is shown in 
Fig. 5. The thermal conductivity generally decreases with 
decreasing particle size, with the exception of sample 72 
(3.0 pm), which was prepared by attrition milling, consis- 
tent with the low-temperature, steady-state thermal con- 
ductivity data shown in Fig. 1. The normalized conductiv- 
ity appears to be nearly independent of temperature 
between 300 and about 1000 K. Above 1000 K the con- 
ductivity of the smaller particle size samples approaches 
the conductivity of the larger particle size samples. 

Figure 6 shows a combined plot of the Seebeck coeffi- 
cient and the electrical conductivity. Following Jonker3’ a 
S-a plot can be described by: 

(1) 

where N,, p* and A* are the density of states, mobilities, 
and transport coefficients, respectively, of holes ( + ) and 
electrons ( - ). The solid line in Fig. 6 represents a fit of 
the data at 1200 K to Eq. ( 1) with 

(EgJkBT+A+ +A-)=11.01+0.08, 

ami,=6170*40 R-’ m- I, 

and 

N+&+,u+/NA+LL =0.59*0.05. 

Much of the scatter in Fig. 6 is attributed to variations 

2 i.0 

$ 0.9 
II 

.z 0.8 
‘--.. 
E’o.7 
.< 

0.6 I . . -  1 -  

300 500 700 900 1100 1300 
TEMPERATURE (K) 

FIG. 5. Thermal conductivity of five samples of sintered, p-type Si,,GecZ 
(73, 74, 83, 62, and 72), normalized to the thermal conductivity of the 
1argest particle size sample (73), as a function of temperature. 
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FIG. 6. The Seebeck coefficient of SiO.BGQ,, as a function of electrical 
conductivity. The solid line is a theoretical fit to the data at 1200 K. The 
dashed and dotted lines indicate a theoretical extrapolation to 800 and 
400 K, respectively, based upon the fit at 1200 K. The arrows and solid 
circles indicate previous data on zone-leveled material (see Ref. 1). 

in electrical mobility resulting from the sintering process- 
ing. The systematic variations in electrical properties, 
which correlate with the thermal conductivity (Figure 1) 
and not with carrier concentration, are too small in mag- 
nitude to mask the much larger doping effects and hence 
appear as scatter in Fig. 6. The dashed and dotted lines in 
Fig. 6 represent calculated Seebeck coefficient at 800 and 
4OOK, respectively, based upon Eq. ( 1 ), the coefficients 
resulting from the fit to the data at 1200 K and taking into 
account the temperature variation of umin, but with no 
additional adjustable parameters. The agreement between 
the experimental data and the theoretical curves is quite 
reasonable, although the p-type 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 and 1200 
K indicate degeneracy of the carriers has been lifted by 800 

Literature estimates of the temperature variation of the 
energy gap of Si vary from dEJdT = 2.3 (Ref. 31) to 
4.3 X lo-’ eV/K.32 Using .I& (0 K) = 1.07 eV and assum- 
ing the same scattering mechanism for electrons and holes 
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 Fig. 6 to 
allow a more definitive, independent estimate of dEd dT, 
and hence the scattering mechanism remains somewhat 
uncertain. 

Figures 7 and 8 show the electrical power factor 
(,!?&‘), in thermal conductivity units, as a function of 
thermal conductivity for n-type and p-type Sio.,Geo,, re- 
spectively. The correlation of electrical and thermal prop- 
erties shown in Fig. 3 at room temperature is also evident 
in the high-temperature data, although somewhat less 
clearly due to carrier concentration variations. The electri- 
cal and thermal properties of sintered n-type S&Ge,, 
shown in Figs. 6 and 7 can be as good as the results of 
Dismukes’ on zone- leveled material of the same composi- 
tion; however, mariy samples exhibit lower k and lower 
S%T values. 
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FIG. ?. Correlation between electrical power factor @or) and  thermal 
conductivity in sintered n-type SicaGeez Error bars indicate f 2 .5% and 
are not actual estimates of the error. Solid lines are least-square fits to the 
data. 

IV. DISCUSSION 

While the reduction in the thermal conductivity due to 
reduced particle size (Fig. 1) has been ascribed to grain- 
boundary scattering of 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 Figs. 2 and 3 and supported 
by the high-temperature results of Figs. 7 and g, is soine- 
what surprising. Numerous authors have discussed the ef- 
fect of grain-boundary scattering on thermal 
conductivity,2-‘3 but the effect on the electrical conductiv- 
ity of heavily doped silicon germanium is often neglected 
because the electron mean free path is estimated to be sev- 
eral orders of magnitude smaller than the expected grain- 
boundary scattering length. 

In polycrystalline Si, however, sig,nificant reduction in 
carrier mobility,-due to potential scattering at grain bound- 
aries, is well documented, and can amount to several or- 
ders of magnitude at low doping levels.33 While discussing 
0.2~pm grain size, heavily doped (> 10z5 carriers/m3) poly- 
crystalline Si Seager comments that “the mobility will ap- 
proach (within, say factors of 2 or 3) single-crystal values” 
(see Ref. 33, p. 296). As sintered materials can be expected 
to have more disordered grain boundaries than typical of 
polycrystalline Si, mobility reductions on the order of 
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FIG. 8. Correlation between electrical power factor (8~7’) and  thermal 
conductivity in sinteredp-type SiesGea2 Solid lines are least-square fits to 
the data. 

lo%-50% seem quite plausible for 1-,um particle size sin- 
tered 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 dependen- 
cies would be expected. While there is considerable scatter 
in. the’ data, Figs. 6 and 7 suggest the correlation observed 
at room temperature in Fig. 3 persists in approximately the 
same form at high temperature. 

Perhaps more significant is the temperature indepen- 
dence 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 
(Fig. 4). All of the contributions to the-thermal conduc- 
tivity are-presumably similar for the-samples shown, with 
the exception of sintering-related effects. As the average 
phonon mean free path decreases with increasing temper- 
ature, 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 tempera- 
ture seem consistent with the usual Klemens-Callaway for- 
malism, although detailed calculations are required to con- 
firm 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 Row- 
ing 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 prob- 
lem of calculating the effective pathlength of the tortuously 
connected medium. In such a case both electrical and ther- 
mal current flow would be similarly affected, except at very 
high temperatures where radiation can contribute to heat 
transport. 

If such defects are responsible for the observed reduc- 
tions in k and o, then little improvement the figure of merit 
of hot-pressed alloys as currently fabricated and other ap- 
proaches must be used. The optimum doping level esti- 
mated from the data in Fig. 6 offers some modest room for 
growth. The optimum electrical power factors (S2a) for IZ- 
and p-type sintered Si0,sGe0.2 are 3.93X 10 -’ and 
2.31X10-“W /mK2, whichoccuratS = - 171X,uV/K, 
o= 135000 Cl-lm-l and S= 168 pV/K, a=82000. 
0 -i m  -I, 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 concen- 
tration may require doping beyond the solubility limit, par- 
ticularly in n-type materials, possibly limiting the practical 
value of optimally doped materials. Due to the logarithmic 
dependence of S on (T, however, even a factor- of-2 devia- 
tion from optimum doping results in only about a 10% loss 
in electrical power factor. 
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V. SUMMARY AND CONCLUSIONS 

The empirical values ZT = 1 previously.found in zone- 
leveled S&Gee.s has been achieved, but not significantly 
surpassed, in this ‘study on sintered S&Gee z. In ‘spite of 
reductions in the thermal conductivity. approaching 50% 
in fine-particle-size material, higher ZT values have not 
resulted due to associated. reductions in electrical conduc- 
tivity. 

The apparent failure of phonon grain- boundary scat- 
tering theory to account for- the qualitative temperature 
dependence of the thermal conductivity prompts the sug- 
gestion that transport in sintered silicon germanium differs 
from zone-leveled materials primarily due to the tortuous 
connectivity of the former compared to the latter. 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 in- 
dicates either acoustic or optical phonon scattering of the 
charge carriers dominates the temperature dependence’ of 
the high-temperature electrical properties. 
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