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DEVELOPMENT O F  IMPROVED THERMOELECTRIC MATERIALS 
FOR SPACECRAFT APPLICATIONS 

E. P. Stambaugh, L. K. Matson, B. G. Koehl, 
R. Simon, and E. H. Lougher 

INTRODUCTION 

This is the Final Summary Report on the project, "Development of Improved 
Thermoelectric Materials for Spacecraft Applications", covering the period f rom 
June 29, 1964, to  June 29, 1965. The program, outlined in  P R  DCN 1-4-50-01159-01 & 
S1 and in Battelle 's  proposal dated June 4, 1964, was car r ied  out under Contract NAS8- 
11452. The work was a continuation of that conducted by Ohio Semiconductors Division, 
Tecumseh Products Company, under Contract NAS8-11075. 

This r e sea rch  was directed toward the study and optimization of selected mater ia l s  
I for  use in the thermoelectric cooling in a space environment. The mater ia ls  studied 

were Bi-Sb alloys and alloys in the Ag-Sb-Fe-Te-Se system. 

ABSTRACT 

I Experimental  effort was directed toward optimization of n- and p-type Bi-Sb alloys 
f o r  low-temperature thermoelectric cooling and toward the preparation and evaluation of 
te rnary  and quaternary alloys in the Ag-Sb-Fe-Se-Te system for  use at higher tempera-  
tu res .  
selection and development of improved thermoelectric mater ia l s .  

Theoretical  work was concerned with the development of useful guidelines in the 
I 

I 

I 
Analytical techniques based on ooer and Z(max)T values for  screening and evaluat- 

l 

i 

ing mater ia l s  for  potential thermoelectric applications a r e  discussed. 
which can be  obtained f rom the resist ivity and Seebeck coefficient values and which is a 
character is t ic  constant of a mater ia l ,  i s  directly indicative of the quality of the elec- 
tronic t ranspor t  properties of a single-band material pertinent to  its potentialities as a 
thermoelectr ic  mater ia l .  It has been established that a ooer of much l e s s  than 
500 ohm-l-cm-l  is a sufficient cr i ter ion f o r  rejecting a mater ia l  without need for fur-  
ther  measurements ,  if the mater ia l  is known to be essentially extrinsic and to have a 
single conduction band. If not, the indicated value serves  as a rough acceptance guide. 
If a ma te r i a l  has an acceptable ooer value, a good estimate of Z(max)T can be obtained 
f r o m  the Seebeck coefficient, resist ivity,  and thermal  conductivity by plotting the ex- 
perimental  point on a graph of K/oT versus S. 

The quantity ooer, 

1 
i 

I In the Ag-Fe-Sb-Se-Te system, several  t e rnary  compositions were studied rather  
extensively in order  to obtain data on single-phase specimens for  guidance in develop- 
ment of the more  complex alloys. F o r  the Ag-Sb-Se system, it was established that a 
single-phase region exists in the vicinity of the AgSbSe2 composition and that the better 
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thermoelectric properties a r e  obtained in those mater ia l s  having a selenium content in 
excess of that in  the pseudobinary alloy composition (AgzSe-SbzSe3). Further  work on 
this te rnary  system does not appear warranted because of low 0, values. The highest 
value of Go obtained (85 ohm-l-cm-')  was on a specimen with a nominal composition of 

Ag25.25Sb24.75Se50- 

In the Ag-Sb-Te system, single-phase specimens were prepared by zone levelling- 
zone refining an ingot with a nominal composition of Ag21.3Sb26.8Te51 .9. 
measurements  made on these single-phase specimens revealed that both the Seebeck co- 
efficient and Hall coefficient were positive, in contrast  to a positive Seebeck coefficient 
and negative Hall coefficient obtained on specimens containing t r ace  amounts of a minor 
phase. The composition of a single-phase region was found by wet-chemical analysis to 
be Ag20.7Sb27.5Te51.8. F r o m  the o0 values obtained to date on selected specimens (500 

and 800 ohm-l-cm-'  at 300" and 400"K, respectively) this system shows promise for 
thermoelectric cooling applications and, therefore,  warrants  further study. 

Electric a1 

In study of the Ag-Sb-Te-Se alloys, i t  was observed that the most nearly single- 
phase specimen (nominal composition of Ag Sb Te26Se26) had the highest o0. Addi- 
tional work will need to be  conducted on this alloy system to ascer ta in  its potentiality 
for  thermoelectric cooling applications. 

20 28 

Specimens of composition AgFeSe2 and AgFeTe2 were polyphase and showed no 
promise as thermoelectric mater ia ls .  

Of the four undoped (n-type) Bi-Sb alloys studied (5, 8, 12, and 14 atomic percent 
antimony), the B ig~Sb8  alloy had the highest value of S 2 / p  over most  of the temperature  
range of interest .  ,Light doping of the Bi86Sb14 alloy with tin, a p-type doping agent, in- 
creased the n-type S 2 / p  value in  the vicinity of 300°K above that of the undoped alloy. 
The Seebeck-coefficient values of tellurium-doped alloys (n-type) were  very  low, indi- 
cating that the ca r r i e r  concentration was too high. All p-type specimens prepared had 
low S 2 / p  values; it appears improbable that p-type Bi-Sb alloys will be useful for 
thermoelectric-cooling applications. The anisotropy of the Seebeck coefficient and r e -  
sistivity in the Bi-Sb alloys was found to be dependent on the degree of doping. 

F r o m  the results attained on Bi-Sb alloys during this contract period, it is evident 
that further research  on the system is warranted. 

The general  theory of the thermoelectric figure of mer i t  for  mater ia l s  charac te r -  
ized by a multiplicity of parabolic electron-energy bands was applied to determine the 
relationship between Z(max)T, the maximum dimensionless figure of mer i t  as opti- 
mized with respect to  impurity doping, and the basic mater ia l  parameters  of the single- 
band, two-band, and three-band models over wide ranges of values of these parameters .  
This permitted the ranges of validity of the one- and two-band models to be more  clearly 
delineated. 

The general  qualitative features  of the thermoelectr ic  behavior of mater ia l s  were  
found to be adequately accounted for  on the basis  of an equivalent two-band model under 
many circumstances of interest .  
a r e  required mainly to account for  cer ta in  details of behavior and to obtain better accu- 
racy where needed. It i s  shown how the two-band model may be used to obtain the value 
of (ZT)max fo r  mater ia ls ,  the dimensionless f igure of mer i t  as optimized with respect  
to  both impurity doping and temperature .  

The three-band and higher -band-multiplicity models 

This latter quantity is the one of major  
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interest  in rating potential thermoelectric materials.  
alloy composition can  also be made i f  the variations of the basic mater ia l  parameters  
of the two-band model with alloy composition can be estimated. 

Optimization with respect to 

The delineations of the basic mater ia l  parameters  of the one-, two-, and three-  
band models in t e r m s  of the various mater ia l  constants and of their  effects on the value 
of Z(max)T and (ZT)max enable a cr i t ical  examination to be made of proposed c r i t e r i a  
for mater ia l  selection. In particular,  it was found that any c r i t e r i a  based on assumed 
advantages of particular c rys ta l  symmetr ies  o r  degrees of anisotropy have no substan- 
tial basis  in theory or  in fact. Higher values of the electronic portion of the single-band 
material parameter ,  Go, would be expected to be  obtained f o r  band s t ruc tures  consisting 
of a multiplicity of equivalent extrema with a high degree of effective-mass anisotropy in 
the neighborhood of each extremum. 
sar i ly  directly correlatable with any overall c rys ta l  anisotropy or  any particular crystal  
s t ructure .  Likewise, material-selection c r i te r ia  based on a minimum degree of ionicity 
in  the chemical bond were found to be of little value. 
rial parameters  of the single-band and two-band models showed that some medium 
degree of ionicity in  the chemical bond should have a beneficial effect on the value of 
Z (max)T . 

However, this desirable  condition is not neces- 

Examination of the various mate-  

The values of the equivalent two-band-model parameters  were computed and 
tabulated for the common elemental and binary-compound semiconductors and semi-  
metals  on the basis  of data available in  the l i terature.  
f rom these tabulations seem to confirm the above conclusions regarding the validities of 
proposed selection cr i ter ia .  
mat  e rial - s elect ion cr i ter ia .  

Prel iminary observations made 

These tabulations should aid in the sea rch  for  improved 

DETAILS AND DISCUSSION 

Experimental  and theoretical  studies have been conducted with the objective of de- 
velopment of improved thermoelectric mater ia ls  for spacecraft  applications. 
mental  work was concerned with evaluating the Ag-Sb-Fe-Se-Te and Bi-Sb alloy systems.  
The theoretical  effort was concerned with (1) correlation of chemical considerations with 
the theory, developed previously at Battelle and elsewhere,  of the interrelation of funda- 
mental  semiconductor character is t ics  (band gap, degree of doping, symmetry of band 
s t ructure ,  etc. ) with thermoelectric performance parameters ,  and ( 2 )  the development 
of useful guidelines in the selection and development of improved thermoelectric 
mat  e r ial s . 

Experi-  

Experimental Investigation 

Mat e rial - Evaluation Cr i te r ia  

In previous theoretical  studies at Battelle, analytical techniques(l7 2)* have been 

Screening of mater ia ls  i s  based on the quantity ooer whereas evaluation 
developed fo r  the evaluation and screening of mater ia l s  for  potential thermoelectric 
applications. 
is based on the value of Z(max)T. 

*References are listed at end of report. 
B A T T E L L E  M E M O R I A L  I N S T I T U T E  
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As shown in the theoretical section of this report ,  the quantity Doer is a valid 
measure  of the quality of the charge-car r ie r  - transport  contribution to the thermoelectric 
figure of mer i t .  
f rom the resistivity and Seebeck-coefficient values, using the procedure outlined in the 
First Quarterly Progress  Report. 
a s  a convenient cr i ter ion f o r  the rapid screening of mater ia ls .  
judged to be acceptable under the ooer cr i ter ion a r e  candidates f o r  further testing to 
as cer ta in  their  thermoelectric potentialities . 

The value of ooer can be readily determined fo r  extrinsic mater ia ls  

Consequently, it  has been used previously at Battelle 
Materials that a r e  ad- 

The value of ooer used as a dividing line between qualified acceptance and rejection 
of mater ia ls  is somewhat arbi t rary.  

Doer for n-Bi2Teg and p-Bi2Te3 a r e  1600 and 1200 0hm-l - cm- l ,  r e ~ p e c t i v e l y . ( ~ )  The 
room-temperature Doer of (Bi2Te3)90(Bi2Se3)10 alloy i s  1400 ohm-l-cm- ' .  
n-Ge70Si30 alloy has a room-temperature ooer value of 1200 o h - l  - c m - l .  Fortunately, 
f rom the viewpoint of selecting mater ia l s  for  (ZT),, as well a s  for Z(max)T at a given 
temperature ,  the value of Doer is not too temperature  sensitive (ao would be independent 
of temperature  i f  m d  were temperature  independent and p varied s t r ic t ly  as T-3/2). The 
values of Doer of n-Bi2Te3 and p-Bi2Te3 at  T = 150°K a r e  about 1500 and 1400 ohm-'- 
cm-', respectively. 

The better thermoelectric mater ia ls  seem to have 
Doer values in  the neighborhood of 10 3 ohm-'-cm-'. The room-temperature values of 

The 

Doer of n-Ge30Si70 at 1100°K is 1400 ohm- l - cm- l .  

In order  to ensure that no mater ia l  of potential thermoelectric importance would 
be inadvertently missed in a mater ia l  survey, the threshold value of Doer for further 
evaluation has been set  at about 500 ohm- l - cm- l .  
500 ohm-l-cm- '  would have to have a KL value of about 0.005 wat t /cm" C in order  to 
begin to be of thermoelectric interest  ( p  = 0. 22  a t  room temperature) .  
500 ohm-'-cm-' for Doer i s  based on the mater ia l ' s  being extrinsic and having single- 
band conduction. 
cated ooer values serve  as a rough acceptance cr i ter ion for fur ther  consideration rather  
than as a good rejection cri terion. 

A mater ia l  with a oo value of 

The value of 

If the mater ia l  is not known to be single-band and extrinsic,  the indi- 

If further consideration is indicated f rom the ooer values,  then a good est imate  of 
the maximum figure of mer i t  of the mater ia l ,  Z(max)T,  with respect  to  impurity doping 
can be obtained from the Seebeck coefficient (S), resist ivity ( p ) ,  and thermal  conduc- 
tivity ( K )  values on a single specimen. 
(S,Kp/T) on a graph of K/oT versus  S [ s e e  Reference ( l ) ] .  
this characterist ic curve also indicates whether the measured specimen is underdoped, 
overdoped, o r  about optimally doped. 
conduction. 
case . (2)  As the impurity doping is changed, it is observed that a plot of S versus  Kp/T 
is a closed-loop curve with two maxima of ZT = S2/(Kp/T)  along this curve,  one fo r  
negative Seebeck coefficient and one fo r  positive Seebeck coefficient. Thus, measured 
values of S and Kp/T for only a few differently doped specimens a r e ,  in principle, suff i -  
cient to outline the character is t ic  curve f o r  a given mater ia l ,  and hence, to determine 
the values of the pertinent dimensionless parameters  and also the two values of 
Z (max)  T . 

This i s  done by plotting the experimental point 
The position of the point on 

This analysis i s  for  mater ia l s  with single-band 
However, it has been extended to  include the two-band (electrons and holes) 

Effects of Inhomogeneities 

In evaluating a system for  possible thermoelectr ic  applications, i t  is important to 
conduct the electrical  measurements  on specimens that a r e  homogeneous and single 

B A T T E L L E  M E M O R I A L  I N S T I T U T E  
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phase. Attainment of single-crystal  specimens is desirable,  of course,  but this r e -  
quirement is not nearly so important as that of homogeneity and single-phase composi- 
tion, since electr ical  measurements  conducted on inhomogeneous, polyphase specimens 
can  be misleading. 
the potentiality of a system for thermoelectric-cooling applications f rom data collected 
f rom inhomogeneous mater ia ls .  

As a ma t t e r  of fact ,  it is impossible to determine with confidence 

A high degree of inhomogeneity in a mater ia l  leads to a lower figure-of-merit 
value than i f  the mater ia l  is homogeneous.(4,5) The lower figure of mer i t  for an in- 
homogeneous mater ia l  resul ts  f r o m  an increase in the thermal  conductivity and a de-  
c rease  in the Seebeck coefficient by the circulating-current effect, as discussed below. 

Consider an idealized inhomogeneous specimen consisting of Regions 1 and 2 of 
different composition, as i l lustrated in Figure 1. If a temperature  gradient is imposed 
ac ross  the specimen as shown, circulating cur ren ts  (indicated by a r rows)  will be se t  up 
as a resul t  of the difference in Seebeck coefficient between the two regions. As the cur -  
rents  c r o s s  the boundaries between the two regions at the high-temperature end (T  t AT), 
heat is absorbed by the Pel t ier  effect. 
temperature  end (T) ,  heat is evolved by the Pe l t ie r  effect. 
effective thermal  conductivity of the material. Such behavior has been observed in  
BizTe3-BizSe3 alloys(6), BiSbTe3(7), A g S b T e ~ ( ~ 1 ,  etc. 
pound o r  alloy, the more  homogeneous specimens exhibited the best  thermoelectric 
properties.  

As they c ross  the boundaries a t  the low- 
This effect  increases  the 

In each semiconductor com- 

A-48798 

FIGURE 1. CIRCULATING CURRENTS RESULTING 
FROM INHOMOGENEITIES 

Other t ransport  propert ies  also a r e  sensitive to inhomogeneities in  mater ia ls .  
Thus, in determining the t ransport  properties of any system, the importance of the 
homogeneity of the specimens can be an overriding factor.  
investigation, effort was directed toward the preparation and evaluation of single-phase 
specimens of compounds and alloys. 

Therefore, throughout this 

Ternary  Compounds 

This par t  of the program was concerned with the evaluation of Ag-Sb-Te alloys 
and more  complex mater ia l s  derived by partial substitution of Fe and Se in the Ag-Sb-Te 
alloy latt ice.  F o r  guidance in the development of these complex mater ia l s ,  data were  

B A T T E L L E  M E M O R I A L  I N S T I T U T E  
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needed on the properties of single-phase specimens of ternary compounds in the 
Ag-Fe-Sb-Se-Te system. 

Preparation. Four methods were used in preparation of specimens of Ag-Sb-Te, 
Ag-Sb-Se, Ag-Fe-Te, and Ag-Fe-Se alloys. These were (1)  furnace cool-anneal, 
(2)  quench-anneal, ( 3 )  Bridgman, and (4)  a combination of zone levelling and zone r e -  
fining. 
homogeneous specimens of semiconducting compounds and alloys. 
cussed in the F i r s t  and Third Quarterly Progress  Reports. 

These methods have been used extensively at Battelle to prepare single-phase, 
The methods a r e  dis - 

Evaluation. Preliminary evaluation of each ingot was made by metallographic 
examination of polished and etched surfaces and by measurement  of approximate values 
of Seebeck coefficient (S) and resist ivity ( p )  at various points along the ingot by thermo- 
electr ic  hot-probe and four-probe resist ivity measurements*.  More detailed measure-  
ments were  made on specimens that had interesting propert ies  and adequate homogeneity. 

Ag-Sb-Se System, Single-phase Ag-Sb-Se ingots were prepared by the furnace 
cool-anneal method under the conditions shown in the Second Quarterly P rogres s  Report. 
Electr ical  properties and degree of homogeneity as functions of composition a r e  l isted in  
Table 1. 

It was determined that  a single-phase region in  this system extends f rom at least  
Ag24.5Sb25.5Se50 to  Ag25.4Sb24.6Se50. Since only a small portion of the phase diagram 
has been examined, this region may be la rger  than noted and there  m a y  be other single- 
phase regions. 

As seen in Table 1 ,  those specimens having a selenium content in excess of that of 
a pseudobinary composition (E > 0 )  had the higher values of o0. In general ,  the values 
a r e  low, although some improvement was attained by varying the composition f r o m  the 
Ag25Sb25Se50 composition. The highest o0 (85 ohm- l - cm- l )  was obtained on a speci-  
men of nominal composition Agl.oiSb0.99Se2 (Ag25.25Sb24.75Se50; E = to. 25). It ap- 
pears  that alloys with composition in the neighborhood of AgSbSe2 have little promise 
for  use in  thermoelectric cooling. 

Ag-Sb-Te System. 

As with Ag-Sb-Se alloys, the methods of preparation used were:  

Study of Ag-Sb-Te alloys was concerned with the effects of 
composition and method of preparation on the homogeneity and thermoelectric proper-  
t ies .  quench-anneal, 
furnace cool-anneal, Bridgman, and zone levelling-zone refining. Preparat ive condi- 
tions for the ingots a r e  shown in the Second and Third Quarterly P rogres s  Reports; 
composition and electrical  data a r e  shown in Table 2. 

*These are rapid techniques for obtaining approximate values of Seebeck coefficient and resistivity a t  several points on a speci- 
men. The hot-probe method is based upon the deflection of a calibrated galvanometer connected between two probes - one 
heated, the other at room temperature - placed in contact with the specimen. The  sign and magnitude of the deflection indi- 
cate the conductivity type and the approximate value of the Seebeck coefficient. T h e  four-probe technique employs four  
closely spaced point probes i n  a row, which are placed in contact with the specimen. Current is passed between the two end 
probes, and the potential drop between the inner pair is measured. The resistivity can be calculated from the values of the 
current and potential drop and the probe spacing. 
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Microscopic examination of polished and etched surfaces* revealed that single- 
phase mater ia l s  were prepared only by the zone levelling-zone refining method. 
prepared by the other methods contained two minor phases - one phase revealed by 
polishing the surface,  the other by etching. 
had the appearance of a cellular-like structure (Figure l g ,  Second Quarterly Progress  
Report) with the minor phase making up the cell  walls. 
out by chemical etching, was scat tered throughout the specimens. 
identified as a Widmanstatten precipitate of Sb2Teg on the (111) planes of the fcc 
st ructur e(9 ). 

Those 

The minor phase on the polished surface 

The other minor phase, brought 
This phase has been 

In the specimens prepared by all methods other than zone levelling-zone refining, 
the two minor phases were intermingled. However, by zone refining it was possible to 
separate  these phases and prepare single-phase mater ia ls .  
polishing was concentrated in the end of the ingot las t  to f reeze ,  whereas that revealed 
by etching was concentrated in the end f i r s t  to f reeze.  
mater ia l  appeared to be single phase. 
has not been determined, it has been established that it includes the composition 
Ag20a7Sb27.5Te51 8 (Ingot 21561-92, Sample 22 in  Table 2). 

The phase revealed by 

In an intermediate region, the 
Although the extent of this single-phase region 

In general ,  specimens f rom the zone levelled-zone refined ingots (the more  

The effects of in- 
nearly single-phase specimens) had much higher values of o0 than did specimens f rom 
ingots prepared by other methods (two minor phases present).  
homogeneity on the thermoelectric properties of selected specimens were  fur ther  evi- 
denced in  a s e r i e s  of e lectr ical  measurements as functions of temperature .  
Figures  2, 3,  and 4, a highly polyphase specimen (Specimen 9)  had the lowest Seebeck 
coefficient (p-type), the highest resist ivity,  and the largest  Hall coefficient (n-type). 
Specimens which were more  nearly single phase had la rger  (positive) Seebeck- 
coefficient values, lower resist ivit ies,  and smal le r  (negative) Hall-coefficient values 
(Sample 5 ' ) .  

phase specimen (Sample 21, Table 2 )  were  both positive. 
by chemical analysis = Ag20.7Sb27.5Te51.8) was prepared by zone levelling-zone 
refining an ingot with a nominal composition of Ag21.3Sb26.8Te51.9 (Ingot 21561-92). 

As seen in 

(The ne ative Hall coefficient is believed to be associated with the presence 
of the minor phases ( 57 . ) Seebeck-coefficient and Hall-coefficient values of a single- 

This specimen (composition 

F r o m  the resul ts  obtained, the Ag-Sb-Te system shows promise for thermoelectric- 
cooling applications over a wide temperature  range. 
and '5, values exhibit an increasing trend with temperature  over the range in  which 
measurements  have been made. 
750 ohm-l-cm-l  have been obtained at 300" and 400°K, respectively (Specimen 5 ' ) .  

The thermal  conductivity is low, 

o0 values greater  than 500 ohm-l -cm-l  and 

AgFeSe2 and AgFeTe2 Systems. All AgFeTe2 and AgFeSe2 ingots prepared were 

Those prepared by furnace cool-anneal polyphase (Second Quarterly P rogres s  Report). 
and quench-anneal contained two phases of approximately equal concentration, as well as 
a minor third phase. 
phase predominated at one end of the ingot and the second predominated at the other. 
The first half of a AgFeTe2 ingot (21561-37) a lso contained a t r ace  ( less  than 5 percent) 
of a third phase. 
of this ingot showed the composition to be Agq 7FeTe4 3 This can be rewrit ten in the 
f o r m  (Ag4.7Te2.3)(FeTe2) or ,  approximately, ' (2 .  3AgiTe) (FeTez) ,  suggesting that the 
phases present  may have been predominantly Ag2Te and FeTe2. 

In ingots prepared by zone levelling-zone refining, one major  

Chemical analysis of a specimen f rom near  the tail ( las t  to  f reeze)  end 

The melting point of the 

*Thirty-second etch in 45H20:55HN03 followed by rinse in deionized water. 

B A T T E L L E  M E M O R I A L  I N S T I T U T E  
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Legend 
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FIGURE 2. RESISTIVITY VERSUS RECIPROCAL TEMPERATURE FOR 
AgxSbyTez ALLOYS 
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specimen, as determined by thermal  analysis, was lower than those of the above binary 
compounds, but the difference could conceivably be due to eutectic formation. 
doubtful if t e rnary  compounds exist in these two systems. 

It appears 

o0 values f rom four-probe and hot-probe data were low (<150 ohm-l-cm-') .  In 
view of these low values and the polyphase character  of the ingots, further work on these 
systems for thermoelectric-cooling applications does not appear warranted. 

Quaternarv Svstem 

Ag-Sb-Se-Te Alloys. Several  ingots in the Ag-Sb-Se-Te quaternary system, as 
l isted in Table 3, were made. 
alloys obtained by mixing Ag21.3sb26.8Te51.9 and Ag25.25Sb24.75Se50 in  varying pro- 
portions. These two ternary compositions were chosen because they had been prepared 
as  single-phase or  nearly single-phase mater ia ls  and had about the best  thermoelectric 
propert ies  measured thus far in  each system. The alloys were prepared by the furnace 
c o ol - anne a1 method. 

These compositions may be considered as pseudobinary 

TABLE 3, COMPOSITION OF AgxSbyTe,Sew ALLOYS 

Nominal Composition, atomic percent 
Ingot Ag Sb Te Se 

21 561 -93 23. 28 25.78 25.95 25. 0 
22086-16 22. 3 26.3 38. 9 12.5 

-1 9 25. 0 25. 0 25. 0 25. 0 
-20 20.0 28. 0 26. 0 26. 0 

Pre l iminary  examination of polished specimens revealed no minor phases in  
Ingot 22086-20 and only about 1 to 3 percent of a minor phase in the other ingots. 
ever ,  examination of chemically etched specimens (55 percent "03 for 30 seconds) r e -  
vealed that all were  polyphase. A specimen f rom Ingot 22086-20 contained about 
5 percent of a phase similar to  that seen in polished, unetched specimens of quenched 
AgSbTe2. 
phase. 

How- 

A specimen f rom Ingot 22086-19 contained about 10 percent of a similar 
A specimen f rom Ingot 22086-16 was polyphase and dendritic. 

oo values based on four-probe and hot-probe data were low - ranging f rom 3 to 
75 ohm-1-cm-1, with the most nearly single-phase specimen (22086-20) having the high- 
e s t  o0 value. The low values may result ,  a t  least  partially, f rom the polyphase charac-  
t e r  of the specimens.  

Fu r the r  study of this system will be required in order  to evaluate it for 
thermoelectric-cooling applications. 

B A T T E L L E  M E M O R I A L  I N S T I T U T E  
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Bismuth -Antimony Alloys 

J 

A study was conducted on the optimization of Bi-Sb alloys for  low-temperature 
thermoelectric-cooling applications. 
p-type alloys, and ( 2 )  measuring Seebeck-coefficient and resist ivity values on single- 
c rys ta l  specimens as functions of temperature  and crys ta l  orientation. 

Emphasis was placed on (1) preparation of n-  and 

Initial (and most  extensive) study was made on the alloys containing approximately 
14 percent antimony. 
has  about the maximum energy gap (0.024 ev)  in  the Bi-Sb alloy sys tem(l0) .  All other 
variables being equal, the alloy with the largest  band gap would have the highest figure 
of mer i t ,  since the contribution of ambipolar diffusion to  the thermal  conductivity as 
well as partial  cancellation of the Seebeck coefficient by minority c a r r i e r s  would be 
minimized. 

This composition was chosen because i t  has been reported that it 

Preparation. The alloy specimens l isted in Table 4 were studied. They were  p re -  
pared by zone levelling a t  a crystallization ra te  of 3. 2 c m  per  hour, using r f  induction 
heating and coupling directly to  the melt .  A quartz  boat of semicircular  c r o s s  section, 
coated with carbon’: to  reduce s t ray  nucleation at  the melt-container interface,  was used 
as the container. 

TABLE 4. COMPOSITION O F  BISMUTH-ANTIMONY ALLOYS 

Nominal Composition(a), atomic percent 
Ingot Bi Sb Sn Te  

- -  - -  21590-1 86 14 
-5 82. 8 13. 8 3 . 4  - -  
-1 5 88 12 

-1 8 84. 2 14. 0 - -  
- 27 84. 1 14.0 1 . 9  
-31 84. 9 14. 2 - -  
-45 85. 5 14. 3 - -  
-47 85. 5 14. 2 0 .2  - -  
-49 85. 6 14. 3 0. 08 
- 56 85. 6 14. 3 - -  0.073 

-61 88 12 (0.08 mol  yo CuBr)  
-62 85.68 14. 28 - -  0.037 
- 64 92. 0 8. 0 
-67 86. 3 11.7 2. 0 
-68 87. 21 11.78 0.95 

- -  - -  
- -  - -  -16(b) 95 5 

1. 8 

0 .9  
0 . 2  

- -  

- -  

- -  -58 84. 9 14. 1 1 . 0  

- -  - -  
- -  
- -  

- -  0.038 -69 88.06 11. 90 
-73 85.68 14. 28 0. 04 - -  

(a) All  compositions given in the discussion of Bi-Sb alloys are nominal. with the exception of that 
for Specimen 21590-1 (undoped B 85.4Sbl4.6) which was determined by chemical analysis. 

(b) This ingot was prepared previously on another project. 

*Carbon-coated quartz boats were prepared by pyrolysis of acetone a t  % 750°C in an argon atmosphere. 

E A T T E L L E  M E M O R I A L  I N S T I T U T E  
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The preparation procedure was as outlined in the First Quarterly P rogres s  Re- 
port. 
was given f rom 6 to 30 zone-levelling passes. 
plane (plane perpendicular to the c-axis)  was controlled by seeding, in order  to obtain 
specimens with the desired dimensions (16-20 mm by 4-5 by 4-5 mm) fo r  electrical  
measurements .  
with respect  to the longitudinal axis of the ingot and rotated about the vertical  axis. 

Each ingot, weighing approximately 375 g and measuring about 25 c m  by 2 . 2  cm,  
The orientation of the principal cleavage 

Without seeding, the cleavage plane was generally oriented at 45" -60" 

The preferred direction of growth at this crystall ization ra te  appears to  be with 
the cleavage plane approximately ver t ical  and at an angle of about 75" with respect to 
the longitudinal axis. 
Second Quarterly P rogres s  Report. 
plane r a re ly  shifted. 
cleavage plane was a problem. 

Ingots grown with this orientation a r e  shown in Figure 5 (b and c ) ,  

Ingots with other orientations were grown, but shifting of the 
By using seeds with this orientation, the cleavage 

Electr ical  Measurements.  The Seebeck coefficient and resist ivity were measured 
on single-crystal  specimens as functions of temperature  f r o m  about 80°K to about 300°K. 
Measurements of resist ivity and Seebeck coefficient were made along the c-axis (perpen- 
dicular to the principal cleavage plane) on all specimens. In order  to determine the ef- 
fects of doping on the degree of anisotropy of the thermoelectric propert ies ,  measure-  
ments a lso were  made perpendicular to the c-axis (parallel  to the principal cleavage 
plane) on a few specimens. All e lectr ical  data presented in the following figures were 
obtained by measurement along the c-axis except where noted otherwise. 

Electr ical  contact was made to the specimens with In-Bi eutectic solder.  The 
solder was applied with a soldering pencil at as low a temperature  as possible to p re -  
vent attack of the specimens by the solder.  

The data obtained on the undoped (n-type) Bi-Sb alloys a r e  shown in Figures  5 and 6 
and in  Table 5. 
antimony), the specimen containing 8 percent antimony had the highest value of S2/p over 
most  of the temperature  range covered. The alloys containing 5 and 14.6 atomic percent 
antimony had the lowest S2/p  values. The value of S2/p  for all alloys increased with de- 
creasing temperature .  
creasing temperature .  
increased f rom 0.93 x 10-3/0K at 300°K to  3.8 x 10'3/"K at 80°K (+able <). 
behavior has been noted at Battelle and elsewhere in alloys containing 5 and 12 percent 
antimony. 
the figure of mer i t  decreases  two- to threefold f r o m  room temperature  to  80°K. 

Of the four compositions studied (5, 8, 12, and 14. 6 atomic percent 

Likewise, the figure of mer i t  of these alloys increases  with de- 
The figure of mer i t  of n-type, undoped Big5 4Sb14 6 specimen 

Similar 

The opposite t rend with temperature is observed in B i ~ T e 3  alloys, for  which 

TABLE 5. THERMOELECTRIC PROPERTIES OF Big5.4Sb14.6 ALLOY 

Seebeck Thermal  Figure 
T emp, C oef f icient , Re s is t ivit y , Conductivity , of Merit,  

wat t /cm-"K 0 K-1 Specimen " K  p V / " K  ohm-cm 

20195-1 300 76. 8 1 . 7 0  10-4 3 .74  x 10-2 0.93 10-3 

80 121.2 1 . 6 4 ~  10-4 2. 37 x 10-2 3.8 x 

B A T T E L L E  M E M O R I A L  I N S T I T U T E  
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FIGURE 5. SEEBECK COEFFICIENT AND RESISTIVITY VERSUS RECIPROCAL 
TEMPERATURE FOR n-TYPE, UNDOPED Bi-Sb ALLOYS 
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FOR n-TYPE, UNDOPED Bi-Sb ALLOYS 
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A number of Bi86sb14 and BiggSbl~,  alloys were doped with varying concentrations 
of tellurium, which behaves as  a donor (n-type dopant) in the Bi-Sb alloy system. 
tellurium concentration was varied f r o m  0. 037 to 1. 8 atomic percent in the Bi86sb14 
alloy. F o r  comparison, the Bi88Sbl2 alloy was doped with 0. 038 atomic percent 
tellurium. 

The 

Most of the n-type tellurium-doped specimens,  especially those containing more  
than 0. 07 atomic percent tellurium, had very low Seebeck coefficient and S 2 / p  values 
(Figures  7 and 8)  compared to those of the n-type, undoped alloys with the same nominal 
composition. 
p-type doping increases  the values of S and S 2 / p ,  indicates that the optimum electron 
concentration is lower than that in intrinsic mater ia l .  

This observation, combined with the fact (discussed below) that light 

Tin was used as a p-type dopant in Bi-Sb alloys. Although tin behaves a s  an ac-  
ceptor, a cer ta in  minimum concentration is required to make p-type conduction domi- 
nant at a given temperature.  
49B, and 73 on Figure 9) .  
nantly by holes (S > 0 )  at low temperatures  but by electrons (S < 0) at  higher tempera-  
tures .  The "crossover temperature" (S = 0 )  i s  dependent on tin concentration. 
crossover  behavior may be seen in Seebeck-coefficient Curves 27, 47, and 58 on 
Figure 9. Values of S 2 / p  for these specimens are shown in Figure 10. 

Below this concentration, the alloys a r e  n-type (Curves 49, 
Also, in a lightly doped mater ia l  conduction may be predomi- 

The 

A preliminary study was made of the anisotropy of the Seebeck coefficient and r e -  
sistivity in  doped Bi-Sb alloys. 
Seebeck coefficient is higher and the resist ivity is lower along the c-axis ra ther  than 
perpendicular to it. 
havior was observed in the Bi86Sb14 alloy containing 0. 2 atomic percent t in on both the 
n-type and p-type sides of the crossover  point. However, in the more  heavily doped 
alloy (1. 9 atomic percent t in),  the Seebeck coefficient was higher and resist ivity was 
lower perpendicular to the c-axis (Figure 12). 
Seebeck coefficient and resist ivity were 62 p V / " K  and 3 .5  ohm-cm perpendicular to the 
c-axis ( S 2 / p  = 1.1  x 
the c-axis ( S 2 / p  = 0.4 x 
obtained thus far in  p-type Bi-Sb alloys, a r e  still an  order  of magnitude too low. 
pears  improbable that p-type Bi-Sb alloys will be useful for  thermoelectr ic  cooling. 
However, the n-type, tin-doped alloys show promise for use as thermoelectr ic  mater ia l s  
at temperatures  up to the vicinity of 300°K. F r o m  the data presented in Figure 10, it 
m a y  be seen that the alloys containing nominally 0. 04 and 0. 08 atomic percent tin have 
higher S 2 / p  values at 300°K than the n-type, undoped Bi86Sbl4 alloy. 
Bi85.7Sb14.3Sn0.04 alloy had an S 2 / p  value of 4 .8  x 10-5 watt per  cm-"K2 compared to 

about 3. 8 x 
Z = 0. 93 x 10-3/"K - Table 5). 
doped mater ia l ,  i t s  thermal  conductivity is expected to be lower than that of the undoped 
alloys. 

In n-type, undoped BiggSb12 alloy (Figure l l ) ,  the 

This resul ts  in higher S 2 / p  values along the c-axis. A s imi la r  be- 

F o r  example, at 200"K, the values of 

watt/cm-OK2) compared to 44 pV/"K and 5 .5  ohm-cm along 
These S 2 / p  values, although the highest watt/cm-"K2).  

It ap- 

At 300"K, the 

watt per cm-OK2 for the undoped Bigg.4Sb14.6 alloy (for which 
Fur thermore ,  in view of the higher resist ivity of the 

A significant improvement in S 2 / p  values of n-type Bi88Sbl2 apparently was at- 

tained by doping with 0.08 mol percent CuBr (F igure  13). 
specimen prepared, values of 6 .1  x 
at 300 and 8 0 " K ,  respectively. 
project for  any Bi-Sb alloy specimen. 
undoped Bi88Sbl2 specimen were 4 . 5  x 
The thermal  conductivity of the CuBr -doped specimen has not been measured;  assuming 

For  the single CuBr-doped 
and 18 x 10-5, wat t /cm-"K2 were measured  

These values a r e  the highest measured to date on this 
Fo r  comparison, the S 2 / p  values for an n-type, 

and 10. 2 x 10-5 wat t /cm-"K at 300 and 90°K.  

B A T T E L L E  M E M O R I A L  I N S T I T U T E  
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the same values as those for  undoped Big5.4Sb14.6 (Table 5) gives Z values of 
1 .6  x l o h 3  and 7.5 x 10'3/0K at 300 and 80°K, respectively. 

Homogeneity. A high degree of inhomogeneity in a mater ia l  generally leads to a 
lower figure of mer i t  than if the mater ia l  is homogeneous. 
for  an inhomogeneous material resul ts  f rom an increase in the thermal  conductivity and 
a decrease  in the Seebeck coefficient by the circulating-current effect, as discussed 
ear l ie r  in this report .  
can be improved by improving the degree of homogeneity. 

The lower figure of merit 

Thus, it is to be expected that the f igure of mer i t  of a material 

In severa l  alloy systems - including the Bi-Sb system - it has been observed that 
single c rys ta l s  exhibit a cellular-like structure.  In a se r i e s  of decanting and etching 
studies along with electron-microprobe analyses conducted on the Biq5Sb5 alloy at 
Battelle, it was determined that this cellular-like s t ructure  represents  a high degree 
of inhomogeneity. 
crystallizing interface into the melt, is richer in  antimony than the ce l l  walls. 

The center of the cells,  tr iangular pyramids extending f rom the 

During this contract  period, preliminary metallographic examinations were made 

Examinations were conducted on the cleavage plane (plane per  - 
of severa l  Big6Sb14 alloy specimens, doped and undoped, to determine the degree of in- 
homogeneity present*. 
pendicular to the tr igonal axis). 

Each of the specimens was found to  contain randomly oriented cells.  F r o m  the 
s t ruc tures  on the etched surfaces, as seen in  Figure 14, some of the cel ls  appeared to 

a. Cells Perpendicular to b. Cells Not Perpendicular to  
Cleavage Plane, 150 X Cleavage Plane, 150 X 

FIGURE 14. CELLULAR GROWTH IN Big6 Sb14 ALLOYS 

'The alloy specimens were examined by an  electrolytic etching technique ("I 'l). Single-crystal cleaved specimens were 
mounted in  Kold-Weld potting compound and mechanically polished. The polished specimens were then electrolytically 
etched, using a mixture of 20 parts methyl alcohol, 5 parts HzS04, 5 parts HCl, and 2 parts ethylene glycol as the electrolyte. 
T h e  etched surface was then electrolytically stained, using a 5 percent aqueous chromic acid solution as the electrolyte. Plati- 
num was used as the electrodes. Contact was made to the specimens with the platinum anode. 
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be oriented perpendicular to the cleavage plane (two triangular s t ruc tures  in the lower 
half of Figure 14a), whereas other cells within the same  specimen appeared to be o r i -  
ented at some other angle ( c ros s  hatch in Figure 14b). This cellular-l ike s t ructure  
represents  a degree of inhomogeneity which may have a detrimental  effect on the electr i -  
cal properties of the alloys. 
the degree of crystal  perfection m a y  resul t  in fur ther  improvement in  the thermoelectric 
propert ies  . 

Thus, improving the homogeneity of the alloys as well as 

The o r et  i c a1 Inv e s t i  e a t  i on 

Introduction 

The pr imary  objective of the theoretical-investigation phase of this r e sea rch  pro-  
g r a m  is to  establish useful c r i t e r i a  f o r  the selection o r  development of improved 
thermoelectric mater ia ls .  

The quantitative rating of a given mater ia l  for thermoelectric applications is the 
value of i ts  dimensionless figure of mer i t  ZT, where Z E S2 a / K  i s  the figure of mer i t  
as ordinarily defined and T, S, CY, and K a r e  the absolute temperature ,  Seebeck coeffi- 
cient, e lectr ical  conductivity, and thermal  conductivity, respectively. The various per -  
formance indices of thermoelectr ic  power generators  and heat purnps are usually func- 
tions of ZT rather  than of Z alone. 

The value of ZT for  a given mater ia l  i s  a function of i ts  alloy composition, im- 
purity doping, temperature,  current  direction with respect  to crystallographic axes for 
noncubic crystals ,  magnetic field intensity and direction, state of mechanical s t r e s s ,  
and degree of compositional homogeneity. It would be almost meaningless for  the pur -  
pose of rating mater ia ls  to measu re  the value of Z of only a single specimen of a mate-  
rial under a particular set  of values of these variables.  
even one of the best  thermoelectr ic  mater ia l s  could have S 55 0 and hence ZT 0. A 
vanishingly small  value of the Seebeck coefficient could correspond to either greatly 
overdoping with an acceptor impurity, great ly  overdoping with a donor impurity, o r  by 
doping to the neighborhood of the c rossover  point between negative and positive Seebeck 
coefficient, which i s  not necessar i ly  the same  point a s  that for  compensated ma te r i a l  as 
determined by a Hall coefficient measurement .  
thermoelectric mer i t  of a given mater ia l  would be to ascer ta in  the maximum value of 
ZT attainable by optimizing this mater ia l  with respect  to  all var iables  of interest  over 
their  feasible ranges of variation. 

F o r  example, a specimen of 

The only meaningful way to ra te  the 

Since ZT i s  a dimensionless quantity, i t s  maximum value when optimized with re-  
spect to all the variables of interest  would have to be a function of cer ta in  dimensionless 
combinations of measures  of the various intrinsic propert ies  of the mater ia l ,  These 
combinations a r e  te rmed the "basic mater ia l  parameters" .  
parameters  have been identified, measurements  on a given mater ia l  to  determine i ts  
thermoelectric quality should be devised fo r  the purpose of determining the value of a 
sufficient number of them to permit  at least  an upper limit to the maximum value of ZT 
for  that mater ia l  to be estimated. If this upper l imit  i s  high enough to  be of interest ,  
fur ther  measurements would be in order  to  determine the value of the maximum ZT 
m o r e  precisely.  
would thus be the attainment of more  favorable values o r  m o r e  favorable combinations of 
values of these basic mater ia l  parameters .  

Once these basic  ma te r i a l  

The c r i t e r i a  fo r  finding o r  making improved thermoelectr ic  mater ia l s  
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Each scientific discipline purporting to account for some aspect of solid-state be-  
havior can  be characterized by its own set of basic mater ia l  parameters ,  compounded 
f rom the various constants that appear in  the analytical models assumed for that disci-  
pline. Conceivably, dimensionless mater ia l  parameters  could also be formulated f rom 
interdisciplinary approaches, based on combinations of disciplines. 
of basic mater ia l  parameters  would be that se t  which consists of the smallest  number of 
independent parameters  with which the maximum attainable value of ZT for a mater ia l  
could be correlated in the most  direct  and simplest  manner.  
preferably,  but not necessarily,  be  capable of being determined by analytical methods. 
A fairly good empirical  correlation of the maximum ZT with a single parameter ,  o r  at 
most two parameters ,  would probably be  of g rea te r  value for use as a selection cr i ter ion 
than an analytically obtained correlation with severa l  parameters  that may not be com- 
pletely independent of one another and that may exhibit counteracting effects on the max- 
imum attainable value of ZT. 

The most  useful se t  

This correlation should 

The Electron- Energy -Band Model 

The scientific discipline based on the electron-energy-band model of the electr ical  
and thermoelectr ic  behaviors of semiconductors has permitted the identification of 
severa l  basic  mater ia l  parameters  whose functional relationship to the maximum value 
of ZT  have been ascertained by numerical  analyses performed with the aid of a digital 
computer. This functional relationship is the only one known at present.  
clues for  finding more  useful material-selection c r i t e r i a  based on other disciplines, if 
such exist. 
text of this report .  

It may furnish 

These possibilities will be  discussed in appropriate places throughout the 

Optimizations of ZT with respect  t o  magnetic field intensity, mechanical s t r e s s ,  
The maximum value and compositional homogeneity a r e  not considered in this report. 

of ZT can occur at a zero,  intermediate, o r  strong magnetic field depending upon the 
band s t ructure ,  magnetic field and current  orientations, Fe rmi  energy, and other 
factors(12).  Application of uniaxial o r  tr iaxial  s t r e s s  can have profound effects on the 
various band-structure and t ransport  parameters ,  in particular on the energy differ - 
ences between the various band edges and on otherwise equivalent extrema of the same 
energy band(13). Changes in  ZT resulting from s t r e s s  application may be favorable o r  
unfavorable, depending upon circumstances to be discussed la te r  in this report .  Com- 
positional inhomogeneities a r e  usually undesirable because of the deleterious effects of 
the resulting circulating currents .  The beneficial gradients o r  s tep changes in  composi- 
tion that may be incorporated along the legs of thermocouples a r e  related to the fact that 
the optimum composition is a function of temperature.  

Although special  cases  might exist for  which definite advantages might be obtained 
by applying a magnetic field o r  s t r e s s ,  ordinary applications of interest  would c o r r e -  
spond to the absence of a magnetic field o r  s t ress .  Thus, the optimizations of ZT with 
respect  to the other parameters  discussed in this report  a r e  assumed to be f o r  s t r e s s -  
f ree ,  compositionally homogeneous mater ia l  in ze ro  magnetic field. Work in the future 
might be undertaken to delineate more  closely the circumstances and mater ia l  proper-  
t i e s  for  which the increase in  ZT obtainable by application of a magnetic field o r  s t r e s s  
might outweigh the disadvantages involved. 

Single-Band Conduction. Electrical  conduction in a single energy band, either a 
single conduction band for n-type mater ia ls  o r  a single valence band for  p-type mater ia ls ,  
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is the approximation that is usually made in the l i terature  for  studying the relationship 
between the thermoelectric figure of mer i t  and the mater ia l  variables.  
mation is a good one fo r  many mater ia l s  of practical  interest  since the optimum doping 
i s  usually such as to bring the F e r m i  energy within about *l kT f r o m  the band edge. 
However, for  temperatures  such that the energy gap between conduction and valence 

of the two bands(', 2), intrinsic conduction effects become sufficiently great  to invalidate 
the single -band approximation. 

This approxi- 

I bands drops below about 4 to 8 kT, depending upon the values of the mater ia l  parameters  

As discussed in the F i r s t  Quarterly P rogres s  Report, Z(max)T, the value of ZT as 
optimized with respect to impurity doping only, is a function of only two basic mater ia l  
parameters ,  r and P ,  for single-band conduction. The quantity r i s  the exponent in the 
assumed power-law relationship between the mean f r ee  path of the charge c a r r i e r  and 
its energy, with r = 0 for predominantly acoustic-mode lattice vibration scattering, r = 1 
for predominantly optical-mode lattice vibration scattering, and r = 2 for scattering p re -  

composed of a dimensionless combination of a number of physical constants as follows: 
, dominantly by ionized impurity centers .  The quantity P is the basic mater ia l  parameter ,  

where 

Go = N 2 ( 2 n  md kT/h2)3/2 e p c  

and 
N 

ir: 1 

In Equation ( l ) ,  k / e  is the ratio of Boltzmann's constant to the charge on the electron 
and KL is the lattice component of the thermal  conductivity in the cur ren t  direction. In 
Equation ( Z ) ,  N is the number of equivalent extrema of the energy band in  question, md 
is the density-of-states m a s s  in the neighborhood of each equivalent valley, and h is 
Planck's constant. In Equation (3),  the low-carrier-concentration value of the charge- 
c a r r i e r  mobility, pc, is expressed as a function of the "partial  mobilities", p1, p2, and 
p3 associated with conduction along the principal-axes directions of the energy ellipsoid 
fo r  charge c a r r i e r s  in  the neighborhood of each extremum(14), where X l i ,  X2i, and X g i  
a r e  the direction cosines of the three respective principal axes for the i- th extremum 
with respect to the current  direction. 

The theory that leads to the above resul ts  is given by Chasmar and Stratton(15). 
Briefly summarized, expressions for S, 0, and K a r e  first formulated in  t e r m s  of the 
physical constants pertinent to the assumed parabolic relationship between energy and 
wave-number vector and the value of the reduced F e r m i  energy, q, as measured f r o m  
the band edge. When these a r e  combined to fo rm ZT = S2,T/K, it is seen that ZT is a 
function only of r ,  P ,  and q. 
numerically, results in Z(max)T as a function of r and p. This functional relationship 
is represented in the fo rm of Z(max)T versus  P exp r fo r  r = -1, 0, 1, and 2 in Fig-  
u r e  15 to show that in  the neighborhood of Z(max)T = 1, which corresponds to about the 
best  thermoelectric mater ia ls  presently available, Z(max)T is a function only of the 
single parameter  /3 exp r to a good approximation, 

Optimization with respect  to q, which is accomplished 

B A T T E L L E  M E M O R I A L  I N S T I T U T E  



29 

k 

B A T T E L L E  M E M O R I A L  I N S T I T U T E  



30 

The parameter /3 exp r contains the two factors  a. exp r and KL. The value of 
a. exp r is readily obtainable f r o m  measurements  of the electrical  conductivity and the 
Seebeck coefficient on the same specimen of the mater ia l  of essentially single-band ex- 
t r insic  conductivity, as previously explained in  this report .  If the thermal  conductivity 
is a lso measured,  KL can be obtained by subtracting the electronic contribution, which 
is related to the electrical  conductivity by the Wiedeman-Franz-Lorenz law. Conse- 
quently, the value of p exp r fo r  a given mater ia l ,  and hence the value of Z(max)T for  
that mater ia l ,  can be determined f rom measurements  of the very same  quantities, S ,  0, 
and K that enter that enter into the definition of the magnitude of Z for  a specimen of that 
mater ia l .  
quantities S and K/uT a r e  given in Reference (16). 

Curves for estimating the value of Z(max)T f r o m  measured values of the 

Two-Band Conduction. As pointed out in  the Second Quarterly P rogres s  Report, 
the single-band model is inadequate for obtaining the value of (ZT)max, the value of ZT 
as optimized with respect to both impurity doping and temperature .  
model is needed, since i t  is the thermally activated minority c a r r i e r s  that limit the 
value of Z(max)T by their  adverse effects on the Seebeck coefficient and on the thermal  
conductivity as the temperature  is increased. It eventually becomes impossible to com- 
pensate for these effects by increasing the impurity doping to suppress  the minority 
c a r r i e r s  since ca r r i e r  concentration degeneracy also affects the Seebeck coefficient ad- 
versely.  
(ZT)max as the temperature is increased despite the usually rapid increase in the value 
of ,8 exp r with increasing temperature .  

At least  a two-band 

Consequently, the value of Z(max)T goes through the maximum value of 

The ZT theory for the two-band model i s  given in Reference (2) .  This theory is 

The value of Z(max)T for  the two- 
summarized in  the Second Quarterly P rogres s  Report, as well as the analytical pro-  
cedure for the numerical computation of Z(max)T. 
band model is a function of four basic mater ia l  parameters ,  r, p, y, and qG, i f  it is 
assumed that the same value of r applies to charge-car r ie r  scattering in both bands. 
The quantity /3 is  defined as in Equation ( l ) ,  using the value of oo pertinent to the 
majori ty-carr ier  band, the conduction band for  n-type mater ia l  o r  the valence-band fo r  
p-type mater ia l .  
its reciprocal f o r  p-type material .  
for  semiconductors and negative for  semimetals .  

The parameter  y Z (Pe/Ph)'12 = (aoe/aoh)1'2 for n-type material and 
The quantity qG is the reduced band gap, positive 

I 

~ 

Figure 16 shows Z(max)T as a function of /3 for  r = 0 and Figure 17 shows the 
analogous function for r = 1 ,  both with qG and y 2  as parameters .  
in both figures marked "qG = mor y = 00" a r e  the same as  the single-band curves of 
Figure 15 for  r = 0 and r = 1, respectively. 
predicted by the single-band model is replaced in  the two-band model with a rapid 
leveling off" to constant asymptotic values of Z(max)T that a r e  functions of qG and y as /3 
increases  indefinitely. These asymptotic Z(max)T values a r e  plotted in Figure 12 of the 
Second Quarterly Progress  Report as functions of r, qG, and y. 

The uppermost curves  

The monotonic increase  of Z(max)T with /3 I 
I 

It is evident f rom Figures  16 and 17 that the grea te r  the value of the mater ia l  
parameter  p, the greater  must be the actual magnitude of e i ther  qC o r  y for either of 
them to be effectively infinite; that is, fo r  the single-band Z(max)T value to be approxi- 
mated. This is  one of the reasons why it is increasingly difficult to  find thermoelectr ic  
mater ia l s  with higher Z(max)T values;  they must  have higher values of both /3 and q~ 
o r  y. 
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With the aid of Figures  16 and 17 it is possible to  a s s e s s  more  expeditiously the 
effectiveness of various measures  taken t o  attempt to  improve the ZT value of a given 
material .  
m a y  se rve  to increase /3 but to  decrease q G  and y. Use of the curves in these figures 
would then indicate if there  would be any net gain or  loss  in the value of Z(max)T with 
increasing alloy composition. 
alloy composition, i f  any, would be  optimum. 
ing optimum doping could then be made with the optimum alloy composition, assuming 
that the predicted Z(max)T value is high enough t o  justify fur ther  experimentation. 

F o r  example, alloying with a n  increasing percentage of a miscible compound 

If there  is an initial net gain, it  could be  determined what 
Determination of the feasibility of obtain- 

The solid lines of Figure 18 are contour curves of constant values of Z(max)T on a 
grid of /3 exp r versus  qG t 2 . 8 9 L - y  for  r = 0, as obtained by cross-plotting the informa- 
tion on Figure 16. As shown in the Second Quarterly P rogres s  Report, the asymmetry 
in theo, values of the two bands is approximately equivalent to an increase  in band gap 
by 2. 89&y ( 2 . 3 1 L - y  for  r = 1 )  over a wide range of values of the various parameters .  
The (ZT)max considerations a r e  facilitated by this replot. 
ca se  of r = 1 is not given in  this report .  
P rogres s  Report. ) 

(The analogous replot for  the 
It is given in Figure 14 of the Second Quarterly 

The broken-line curves on Figure 18 represent the loci of the points (qG, ,B t 
2. 8 9 h - y )  for  various hypothetical mater ia ls  as the temperature  is changed and the dop- 
ing adjusted to optimum at each temperature.  
sumed that 7 = 1 and is independent of T, that md is independent of T, that pc var ies  as  
T-3/2, and that KL var ies  as T-'. 
Equations (1) and (2).  
of the temperature  dependence of the energy gap. 

Fo r  these broken-line curves it is as- 

Consequently, /3 var ies  as T2, in accordance with 
It is a l so  assumed that qG va r i e s  as T - l ,  corresponding t o  neglect 

The value of (ZT)max for  any given mater ia l  corresponds to the point where the 
broken-line curve for  that mater ia l  becomes tangent to one of the curves of Z(max)T = 
constant. Thus, a hypothetical mater ia l  with, say,  room-temperature values of 
/3 = 0.16, 'y = 1 , qG = 16 and Z(max)T = 0.50 (Point A on Figure 18) would be predicted 
to have a value of (ZT)max of slightly over 1.40 at /3 = 0.90  and qG = 6.7 ,  at a tempera-  
t u re  of T = 300(2.45) = 7 3 0 ° K  (Point B on Figure 18). It is assumed, of course,  that no 
phase changes occur in the mater ia l  when raising the temperature  f rom that correspond- 
ing to  Point A to that corresponding to Point B. It i s  also emphasized that the Z(max)T 
values corresponding to both Points A and B a re  the ZT values at optimum doping and 
not necessar i ly  the actual ZT values of the same specimen of the material at these r e -  
spective temperatures ,  since the optimum concentration of impurity doping at Point B 
m a y  not necessar i ly  be  the same as that of Point A. These curves enable us to  predict  
the potentialities of a given mater ia l  at any temperature,  subject to the limitations of 
phase stability and ability to  obtain the proper dopant concentration at that temperature.  

Consider the third broken-line curve from the left, the one that passes  through 
the point qG t 2. 8 9 L - y  = 10, /3 = 0. 01 at the bottom of the figure. 
tangent to the Z(max)T = 0.35 solid curve over the range f r o m  about qG = 1.5,  ,B = 0.4  to  
about q~ = 0. 5, /3 = 3 . 6 .  This represents a 3 to 1 range in T. 
broken-line curve  on which Points A and B l i e  is tangent to the Z(max)T = 1 .4  curve 
f r o m  about qG = 6.0  to about qG = 7. 2, which is only about a 1. 2 to  1 range in T. 
seen that the higher the value of (ZT)max, the smal le r  is  the temperature  range over 
which Z(max)T = (ZT)max. This observation is of evident technical importance in the 
design of thermocouple legs with the possibly improved mater ia ls  of the future, since 
the better the mater ia l  the m o r e  restr ic ted i s  the temperature  range over which it could 

This curve is closely 

On the other hand the 

It is 
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operate at (ZT)max. 
Z(max)T = (ZT),,, becomes more  restr ic ted for the better mater ia l s  may be another 
reason why i t  is s o  difficult to find improved mater ia l s .  

The fact  that the cr i t ical  temperature  range over which 

Figure 18 could be used to  predict the temperature  behavior of Z(max)T and to 
find the value of (ZT)max fo r  any r ea l  mater ia l ,  the loci of whose values of /3 and 

t 2,89 b y  might not necessarily run parallel  to the family of broken lines on 
Figure 18 as the temperature is changed. 
rea l  mater ia l  it is necessary to know how pCe and Pce/Pch vary with temperature ,  the 
former  for use in determining the temperature  variation of ooe and the la t te r  for de te r -  
mining the temperature variation of y. The variations of mde and mde/mdh with tern- 
perature  at the optimum doping level would likewise be needed for the same purposes,  if 
one o r  both energy bands a r e  nonparabolic. 
tu re  must be known to obtain the cor rec t  temperature  variation of qG. 

qG 
In order  to t race  the locus of points of any 

The variation of energy gap with tempera-  

Multiband Conduction. 
tivation of additional energy bands with increase in temperature  could not be taken into 
account with the two-band model. In addition, a multiband model for the Z(max)T and 
(ZT)max analyses would be of particular interest  for alloys of elements o r  compounds 
whose corresponding pr imary bands a r e  different. Well-known examples a r e  silicon, 
whose pr imary conduction band consists of s ix  valleys on the (100) axes,  and germanium, 
whose pr imary  conduction band consists of four valleys on the (1 11 ) axes.  The (000)  and 
(1 1 1  ) secondary conduction bands of silicon l ie about 1. 5 ev above the pr imary  band 
edge,(17) and hence can clearly be neglected for  all physical processes  involving thermal  
activation of charge c a r r i e r s  (1. 0 kT 0 .026  ev at  T = 300°K).  The (000)  and (100) 
minima for germanium lie only about 0. 18 ev above the primary conduction band, how- 
ever.  As silicon atoms a r e  substituted into the germanium latt ice,  the (000),  ( l l l ) ,  and 
(100) conduction band minima all move up in  energy level relative to the (000)  valence 
band maximum, but at decreasing ra tes  in the order  listed(18). 
silicon the (111) and (100) minima a r e  at the same energy level(19). 
duction bands must be taken into account in analyzing the thermoelectric behaviors of 
Si-Ge alloys with compositions in the neighborhood of this crossover  point. 
as will be discussed la ter ,  since the pr imary  valence band of pure bismuth differs f r o m  
that of pure antimony, a crossover  point is to be expected for  some Bi-Sb alloy com- 
position. In the neighborhood of this c rossover  point, a three-band model would be ap- 
propriate because of the small  energy difference between the conduction and valence 
band edges. 

In the (ZT)max analysis discussed above, the possible ac- 

At about 14 percent 
Hence, both con- 

Likewise, 

The general theory of ZTfor  multiband conduction and its application to  two special  
cases  of three-band conduction a r e  outlined in  the Third Quarterly P rogres s  Report. One 
special case  of three-band conduction consists of a single conduction band and a double 
valence band, with ooh representing the sum of the oo values for the two valence bands. 
AS fo r  the two-band model, 7 = (ooe/aoh)1/2 and qG i s  the energy gap between the 
conduction-band minimum and the pr imary  (upper lying) valence-band maximum. 771 2 is 
the reduced energy difference between the two valence bands and the individual oo values 
of the pr imary  and secondary valence bands a r e  designated by gooh and (l-E)ooh, r e -  
spectively. 
band but single valence band, with q12 now being the reduced energy difference between 
the pr imary,  coOe, and the secondary, (1 -c)oOe, conduction bands. 
value of Z(max)T fo r  n-type mater ia l  i s  a function of the six parameters  r ,  q ~ ,  7 ,  Pe, 
312, and E.  
thereby also covered by appropriate redefinition of y as (uoh/aoe)l/'. 

Another special case  of the three-band model consis ts  of a double conduction 

In both cases  the 

It is c lear  that the two additional Cases of Z(max)T fo r  p-type mater ia l s  a r e  
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Values of Z(max)T for  both three-band models were determined with the aid of a 
digital computer program for  all combinations of the various parameter  values as 
follows : 

r = O ,  I 

q G  = -2, 0, 2, 4, 6, 8 

y2 = 1/2,  1, 2, 4 

Pe = 8, 2, 1 /2 ,  1 /8 ,  1/32 

~ = 1 . 0 ,  0 .8 ,  0.6,  0 .4 ,  0 . 2  . 
The values of the optimum F e r m i  energies at which ZT = Z(max)T were also computed. 

Figure 19 shows some representative results of the computations of Z(max)T for 
n-type mater ia l ,  assuming a single conduction band and a double valence band. The 
short  horizontal lines represent  the values of Z(max)T for the two-band case,  which 
corresponds either to q12 = 0 o r  to  6 = 1. 0. 
l ines show the variations of Z(max)T with E and q12. * 

The "fans" of curves above these horizontal 

Z(max)T for  n-type mater ia l  always increases with increase in q12 since removal 
The benefits of in- of the secondary valence band by any amount can only be beneficial. 

creasing q12 a r e  relatively grea te r  for  smaller E (the higher o0 valence band being r e -  
moved) and for grea te r  Pe. 
parameters  not shown in Figure 19 show the same patterns of behavior as those that a r e  
shown in  the figure. 
similar to  those shown for  mater ia ls  with somewhat increased (for y > 1)  o r  with some- 

given in the Second Quarterly P rogres s  Report, a quantity proportional t o h y  may be  
added to the actual reduced band gap to  obtain the approximately equivalent reduced band 
gap. 

The computed values of Z(max)T f o r  the combinations of 

2 The patterns of behavior for  the cases  of y .f: 1, not shown, a r e  
2 

what decreased (for y 2 < 1)  band gaps. In accordance with the approximate relationships 

Figure 20 shows some representative Z(max)T computations for n-type mater ia l ,  
The Z(max)T variations assuming a double conduction band and a single valence band. 

a r e  more  complex in this case.  
q l  2, r i s e s  to  a maximum and then decreases ,  and eventually approaches asymptotically 
a value lower than that for  q12 = 0. 
wider range of q12 values for  the smaller  band-gap-materials and for  the smal le r  values 
of E.. 

The value of Z(max)T at first increases  with increasing 

This behavior is more  pronounced and covers  a 

The explanation of this behavior is  given below. 

Increasing the value of -q12 corresponds to increasing the energy gap between the 
secondary conduction band and the valence band. Since the value of Z(max)T for small- 
band-gap mater ia l s  is cri t ically limited by the value of the band gap, increasing the gap 
between even one of the conduction bands and the valence band serves  to improve 
Z(max)T. 
the secondary conduction band, (1-c)ooe, forms a grea te r  percentage of the total ooe 

*The absence of "fans" of curves on some horizontal lines indicates either that Z(max)T is too insensitive to 6 or 7lI2 to be able 

The degree of this improvement is understandably grea te r  if the oo-value of 

to plot resolved individual curves on the ordinate scale used. or that there would be a confusing overlap with fans already plotted. 
The latter would occur for the horizontal lines that are too closely spaced. 
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value for both conduction bands, corresponding to a smaller  value of E. 
c rease  of Z(max)T with increasing 7712 i s  thus seen to be fo r  the same reason as that fo r  
the former  case  of the single conduction band and double valence band. 
case  the F e r m i  level is chosen to obtain optimum doping for the single conduction band. 
In this case,  however, the F e r m i  level must be chosen fo r  the optimum compromise in 
the c a r r i e r  concentrations of the two conduction bands. The optimum F e r m i  level at 
first r i s e s  with increasing q12 as would be required to take best  advantage of the in- 
c reased  band separation by suitably populating the uppermost band with electrons. 
ever ,  as q12 is st i l l  further increased, it becomes increasingly difficult to  compromise 
between the desirability of suitably populating the secondary band and the undesirability 
of obtaining too high a c a r r i e r  concentration in the pr imary band. Eventually this com- 
promise becomes impossible and the best  ZT value must  correspond to optimum c a r r i e r  
concentration for the pr imary band alone. 
asymptotic value mentioned above) is that for a two-band mater ia l  with the original value 

It can be seen f rom the above discussion 
why the smaller  values of E should correspond to the higher maxima but to the lower 
asymptotic values of Z(r iax)T a s  q12 is increased. F o r  many of the curves shown in 
Figure 20, the asymptotic values of Z(max)T a r e  not yet approached for  the cases  of 
E: = 0.6,  0.4,  and 0 .2 ,  even for q12 = 5. 

The initial in.- 

In the former  

How- 

I 

This la t ter  limiting Z(max)T value (the 

of y 2 (for q12= 0 )  reduced to  cy2 (for * a). 

The results of sample computations of S and ZT a s  functions of the F e r m i  energy 
for a limited number of values of the parameters  of the three-band model a r e  reported 
in detail in  the Third Quarterly P rogres s  Report. These resul ts  indicate the absence of 
any significant qualitative differences in  the forms of these functions between the three-  
band and the two-band models. 
quently, a double maximum in ZT is also predicted by the three-band model. 
differences a s  do exist in the detailed shapes of the curves and in the positions of their  
maxima between the two- and the three-band cases  represent  essentially perturbations 
of the basic two-band behavior. 
rules  for establishing approximately equivalent two-band models of reasonable accuracy 
for  multiband cases.  
analyzing the thermoelectric behavior of mater ia ls  with unknown band s t ruc tures  attests 
to this possibility. 
with the three-band model show that rules  can be set  up for formulating approximately 
equivalent two-band models over cer ta in  ranges of values of the three-band parameters  
of interest  but not over all ranges. 
P rogres s  Report. 

The existence of only two extrema in S and, conse- 
Such 

This ra i ses  the possibility of formulating empirical  

The usual degree of success  obtained with two-band models in 

Examination of the resul ts  of the extended Z(max)T computations 

These rules a r e  discussed in the Third Quarterly 

Possible Material-Selection Cr i te r ia  

The relationships outlined above between Z(max)T and the pertinent basic mater ia l  
parameters  of the one-, two-, and three-band models lead to  cer ta in  material-selection 
c r i t e r i a  in te rms  of these parameters .  
both /3 exp r and qc t 2.89 &y would be desired,  as previously mentioned. It would be 
advantageous to be able to t ranslate  these requirements based on the electron-energy 
band model into c r i te r ia  for preselecting mater ia ls  for e lectr ical  measurements  on the 
basis  of chemistry, crystallography, mechanical propert ies ,  o r  other disciplines. An 
example of a general selection cr i ter ion of these la t ter  types is Mooser and Pearson ' s  
rules for which chemical compounds should be semiconductors i n  their  crystall ine 
states.(20) The possibilities of establishing such c r i t e r i a  based on crystall ine anisotropy 
and on the degree of ionicity in the chemical bond a r e  discussed below. 

For  example, mater ia ls  with higher values of 
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Crystalline Anisotropy. For  crystals of cubic symmetry,  pc as given by Equa- 
tion (3 )  is reducible to (1/3)(p1 + p2 t p 3 ) ,  regardless  of the current  direction in the 
crystal .  The quantity o0 a s  given by Equation (2) becomes proportional to 
N(rn lm2m3)1/2(~1-1  t mZ-' t m 3 - l )  since the density-of-states mass md = (mlrn2m3fI3 
and each par t ia l  mobility pi = eT/mi(i = 1,2,3) ,  assuming the relaxation t ime T to  be  iso-  
tropic.  It can be readily shown that for  a given value of md, ml- '  t m2-l  t m3-' has  a 
minimum value when ml = m 2  = m3. 
multiplicity of valleys (because of the factor N )  and with a high degree of mass aniso- 
tropy per  valley is favorable f o r  obtaining larger  values of oo, and hence of p. If the 
energy minima do not occur on any of the symmetry axes in  the Brillouin zone, it is 
theoretically possible t o  have N as high as 48 for  a cubic crystal ,  but values of N 
grea te r  than about 8 have not been identified for  any mater ia l .  

Hence, an energy-band s t ructure  with a large 

F o r  crystals  of lower symmetry than cubic, it is always possible, in principle, to  
choose a current  direction in which the mobility as given by Equation ( 3 )  would be a 
maximum, thus obtaining a higher value of md3/2pc than for the case  of cubic symmetry 
fo r  the same values of ml ,  m2, and m3  fo r  each energy ellipsoid. 
of Oo s o  obtained would have to be weighed against the possible loss f rom the reduction 
in  the value of N resulting f rom the reduced degree of symmetry.  
s ider  a c rys ta l  of cubic symmetry with N = 4, corresponding to  conduction-band energy 
minima at the boundaries of the Brillouin zone in the (111) directions. 
along a (111) direction so as to r a i se  the energy level of the minimum in that direction 
would result  in a c rys ta l  of rhombohedral symmetry, with N = 3 in the pr imary conduc- 
tion band. 
be decreased by removal of the single energy minimum, assuming that the values of 
ml ,  m2, m3, and 7 a r e  not appreciably affected by the uniaxial s t ra in .  Since many 
crystall ine forms  a r e  topologically equivalent to  distorted cubic s t ructures ,  considera- 
tions analogous to the strained-cube case  could be applied; that is, everything e l se  being 
equal, the generally reduced value of N permitted by the lower order  of space symmetry 
would tend to decrease Go. 
tions of the cubic c rys ta l  may tend to reduce the energy difference between two different 
energy bands of like c a r r i e r s  o r  increase the energy differences between bands of unlike 
c a r r i e r s ,  thereby tending to increase Z(max)T. 

The gain in  the value 

For  example, con- 

Strain of the cube 

It can be shown that the value of o0 even for the bes t  current  orientation mus t  

For some cases  of multiband conduction, however, distor- 

The factor of pr imary  importance thus seems to  be the degree of anisotropy per  
energy ellipsoid and the number of them, not the degree of overall conduction anisotropy 
of the crystal .  
the silicon-germanium alloys, have cubic symmetry. 
such as Bi2Te3 and the Bi-Sb alloys. 
Ge have the highest known values of o0 for  the conduction band, whereas the highly 
anisotropic pyrolytic graphite crystal  happens to have the highest o0 value for the 
valence band. 
for  any particular type of crystal  structure.  

Some of the bet ter  thermoelectric mater ia ls ,  such as the lead sal ts  and 

It will be seen la te r  that the cubic crystals  Si and 
Others a r e  mildly anisotropic, 

No clear-cut advantage seems to be indicated by the o0 considerations 

The question then a r i s e s  as to  how to choose mater ia ls  whose electronic energy- 

This condi- 
band s t ruc tures  would be more  likely to be characterized by a la rge  multiplicity of 
equivalent extrema with a high degree of m a s s  anisotropy per  extremum. 
tion should preferably b e  character is t ic  of only one of the energy bands, s a y  the con- 
duction band for  n-type mater ia l .  
isotropic mass at the center of the Brillouin zone s o  as to obtain a higher value of 
y = (ooe/ooh)1/2, which would be an important consideration i f  the energy gap is small. 

The other band should have a single extremum of 
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The number of energy extrema in  wave number vector (k) space, their  positions, 
and the values of the effective masses  in  the three  principal directions in  the neighbor; 
hood of each extremum, (h2/4n2)(a2E/akk2)-l, depend upon the details of the E versus  k 
relationship. 
Schrtidinger equation in the three-dimensional periodic electrostatic potential that an 
electron "sees" in the c rys ta l  lattice. 
space-group symmetry as that of the c rys ta l  lattice i tself .  I ts  value as a function of 
position in  space depends partly on the spatial distributions of the valence electrons,  and 
hence on the types of chemical bonding among the various atoms of the crystal ,  and 
partly on the distributions of the nonvalence electrons about the nuclei. The la t ter  is a 
particularly important factor  for  the electron-energy band determination because of the 
la rge  potential gradients in the neighborhoods of these "core" positions, but it has a 
relatively smaller effect on the chemical bond. The absence of any good general  co r re -  
lation between chemical properties and electron-energy-band s t ructure  is thus under- 
standable, although many specific correlations have been found among members  of a set  
of related compounds, such as between the chemical bond energy and the band gap in 
semiconductors of the diamond o r  zinc-blende s t ructure . (21)  Even in this case,  however, 
the correlation is a good one only among members  of the same group, e. g . ,  the 111-V 
compounds, and not across  group lines. 

This relationship is obtained f rom the solution of the one-electron 

This periodic potential has,  of course,  the same 

Ionicity. Suchet, et a1,(22, 23)  have discovered a correlation between cer ta in  
measu res  of the degree of ionicity of the chemical bond and the electron mobility for the 
111-V compounds. 
a r e  questionable. ) However, the quantity ooer for  optical-mode scattering is indepen- 
dent of p,  since p = m-3/2 according to the perturbation theory of optical-mode latt ice- 
vibration scattering(24), which is the case of interest  here .  In fact, for predominantly 
polar optical -mode lattice scattering( 2 ) ,  

(Suchet's indicated correlations for the other groups of compounds 

9 (4) 
Uo 3 (8/3'?T)(kT/h)(cm -1 -c0 -1)-1 

which i s  not directly dependent on any of the band-structure variables.  
g o  and E, a r e  the low- and high-frequency limiting values of the dielectric constant, 
respectively. 

In Equation (4), 

Although of no value a s  a thermoelectric rating c r i te r ion  among a group of mate-  
rials whose charge-carr ier  scattering is predominantly by optical-mode latt ice v ibra-  
tions, the possibility that the value of the mobility alone might se rve  as a rating 
c r i te r ion  among a group of mater ia ls  with mixed optical- and acoustical-mode latt ice 
scattering may be considered, assuming that a higher mobility is a rough indication of a 
lower relative contribution of optical-mode scattering. However, the best  thermo- 
electr ic  mater ia l  among such a group m a y  actually correspond to one with a cer ta in  
finite percentage of optical-mode scattering other than zero.  This is because the in- 
c r ease  in the effective value of r f o r  an admixture of a small amount of optical-mode 
scattering ( r  = 1 )  t o  acoustical-mode scattering ( r  = 0)  would initially more  than com- 
pensate for the decrease of Uo in  the value of the quantity Doer. 
of optical-mode scattering would lower Uo too rapidly, however. 
optical-mode scattering would be optimum remains to be  investigated. 
sults have been obtained f rom an analysis made f o r  an admixture of ionized-impurity 
scattering ( r  = 2 )  and acoustic-mode lattice scattering( ' ,  2 5 ) ,  

Larger  relative amounts 
Jus t  what proportion of 

Analogous r e -  

Fo r  pure acoustic-mode lattice-vibration scattering, the higher the mobility the 
g rea t e r  is  the value of (Joer, since P a m-5/2 fo r  this scattering mode. 

B A T T E L L E  M E M O R I A L  I N S T I T U T E  
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given by( 

Do = (e2h/37T2)C11/mcE12 , (5) 

where mc is the conductivity effective mass ,  C11 is the longitudinal-wave elastic 
modulus, and E1 is the deformation potential. 
pure acoustic-mode scattering could be related to the Suchet ionicity parameters ,  
however. 

It is not evident how the value of p for 

The relationship between the degree of ionicity of the chemical bond and the value 
of the latt ice thermal  conductivity is discussed by M. Rodot(26) and the variation of KL 

The distinct decrease in the value of KL with increasing ionicity is another reason why 
minimum ionicity would not be  expected t o  yield a maximum value of the mater ia l  pa- 
r ame te r  p exp r. 

among members  of s e r i e s  of isoelectronic compounds is discussed by A. V. Ioffe (27). 

F o r  the two-band model, comparison of Figures  16 and 17 indicates a distinct ad- 
vantage of r = 1 over r = 0, not only because Z(max)T depends approximately on the 
combination /3 exp r but a lso because the low values of qG have much l e s s  of a deleteri-  
ous effect on Z(max)T for  r = 1 than fo r  r = 0. Optical-mode latt ice scattering may thus 
be distinctly advantageous for mater ia l s  with small band gaps o r  band overlaps despite 
the accompanying decrease in p f o r  this  scattering mode; this is particularly apropos in  
the region where Z(max)T is insensitive to the value of p. The relationship between 
Z(max)T and p,  y, and r ) ~  becomes insensitive to the value of r only in the upper right- 
hand region of these curves,  corresponding to the as-yet-unobtained large values of 
Z (max)T. 

The general  conclusion f rom the above ionicity considerations is that although a 
very high degree of ionicity of the chemical bond, such as is character is t ic  of the 
strongly polar compounds, is definitely deleterious to thermoelectric behavior, maxi- 
mum values of Z(max)T and (ZT)max a r e  expected to  be obtained with mater ia ls  with 
some optimum amount of ionicity in  their  chemical bonds. The degree of ionicity by 
itself for mater ia l s  of moderate polarity should thus be a poor indicator of their  thermo- 
el  e c t  r ic  quality. 

Material  Studies 

The values of the basic mater ia l  parameters  were computed and tabulated for all 
of the elementary and binary-compound semiconductors and semimetals  for which the 
necessary information on the various constants involved could be found in  the l i terature .  
These tabulations a r e  given in Tables 6 through 14 of the Second Quarterly P rogres s  Re- 
port  and in  Tables  5 and 6 of the Third Quarterly P rogres s  Report, The tabulations fo r  
the various elemental  semiconductors and for the 111-V compounds a r e  reproduced in 
this report  f o r  convenience in discussion. 

These tabulations apparently substantiate the observations on the proposed 
mater ia l -select ion c r i t e r i a  discussed above. 
any significant correlations that might exist between the basic  mater ia l  parameters  of 
the energy-band model and those of other models. 

They should also aid in the search  for  
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The two-band model of electronic conduction was assumed fo r  the purpose of mak- 
ing these compilations. The rules that were followed for  calculating the parameters  of 
the equivalent two-band models for  those mater ia ls  whose electron-energy-band s t ruc-  
t u re s  a r e  known to consist of a grea te r  multiplicity of allowed energy bands a r e  dis-  
cussed in the Second Quarterly Progress  Report. The ranges of validity of these rules  
a r e  discussed in the Third Quarterly Progress  Report. 

The information needed for computing the values of the basic parameters  of the 
two-band model a r e  the numbers of equivalent energy extrema of the conduction and of 
the valence band, the effective masses  and mobilities of the charge c a r r i e r s  in  these 
valleys, the lattice component of the thermal  conductivity, the value of the forbidden 
energy gap between the conduction and valence bands, and the scattering parameters  fo r  
the charge ca r r i e r s .  
the only common temperature  at which such data would be available for a wide variety 
of mater ia ls .  
t e r s  a r e  computed and tabulated. 
t e r e s t  would usually be in comparing the thermoelectric potentialities of mater ia l s  at 
their  optimum temperatures ,  whatever these might be, ra ther  than at a single, fixed 
temperature.  
temperature  dependences of the charge-car r ie r  mobilities a r e  also tabulated, whenever 
available. 
a second-order effect on the variation of r ) ~  with temperature  for  most  mater ia l s  over 
the usual ranges of temperature  of interest .  
of nonparabolicity of the band s t ructure  on the variation of effective mass and mobility 
with temperature and c a r r i e r  concentration and the activation of additional energy bands 
with increasing temperature,  may lead to  grea te r  e r r o r s  in  the estimate of (ZT),, 
than neglect of the temperature  dependence of the energy gap. 

It is understandable that room temperature  ( T  = 300°K)  would be 

Consequently, only the room-temperature values of the various parame- 
As pointed out previously, however, the pr imary  in- 

To a id  i n  using Figure 18 to  es t imate  (ZT)max for each mater ia l ,  the 

The temperature  dependences of the energy gaps a r e  ignored as having only 

Other neglected factors,  such as the effects 

All entries in  the tables a r e  in the commonly employed physical units of 
cm2/volt  s ec  f o r  p ,  ohm-l-cm-'  for  o0, watts /cm"C for K, and electron volts for EG. 
All other quantities a r e  dimensionless, including the effective masses ,  which a r e  ex- 
pressed  in the conventional manner in  t e rms  of their  ratios to  the f r ee  electron mass .  
The quantity N denotes the number of equivalent band ex t rema and ml ,  m2, and m 3  a r e  
the three principal effective masses  for each extremum. F o r  cubic crystals  with ex- 
t r e m a  on the (100) or (111) axes,  for  which symmetry dictates the equality of the two 
t ransverse  masses ,  the designations miland mll  a r e  employed. The listing of a single 
m a s s  value does not necessar i ly  imply that the energy band in  question has  only a single 
extremum at the center of the Brillouin zone; only a total density-of-states mass value 
may be known f o r  that particular mater ia l .  The prefix n before the name of a compound 
designates that the constants pertinent to the conduction band a r e  l isted on that row. The 
prefix p re fers  to the valence band, with subscr ipts ,  a ,  h, and so, designating light-hole, 
heavy-hole, and split-off bands, respectively. 
units, Do = 4 . 0 0  Nmd3/2 p ,  and p = 2. 23 x 

At T = 300°K and in t e r m s  of the above 
oo/KL. 

Elemental Semiconductors. Table 6 l i s t s  the data and resul ts  of the computations 
for the elemental semiconductors of cubic symmetry (Group Iv), with the data fo r  the 
best  known semiconductors, silicon and germanium, forming the only complete set of 
information in this table. The data fo r  the elemental  semiconductors o r  semimetals  of 
noncubic symmetry a r e  given in Table 7 for  pyrolytic graphite and tellurium, Table 8 
for  bismuth and antimony, and Table 9 for  a Bi-Sb alloy. 
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TABLE 8. BASIC MATERIAL PARAMETERS FOR BISMUTH AND ANTIMONY 

Bismuth Antimony 
Pa rame te r  n P Reference n P1 Ph Reference 

3 
0. 0062 
1. 30 
0. 0175 

6" 

0. 038 

32,000 
800 

19,000 

19,000 
2,890 

0. 0087 
0. 74 
2. 6 

16,600 
2,520 

0. 0170 
0. 33 
1. 3 

-0.10 
-3. 8 

0 

1 
0. 057 
0. 057 
0. 77 

0. 050 

7700 
7700 
2100 

2100 
42 0 

0. 11 

7700 
1540 

0. 20 

0 

3 
(46) 0. 068 

0. 92 
0. 050 

36' 

0. 164 

(14) 1500 
4000 
1200 

2200 
1450 

(47) 

0. 65 

2500 
1640 

(47) 

0. 68 

-0. 19 
-7. 3 

(47) 

3 
0. 093 
1. 14 
0. 088 

4" 
27" 
0. 29 

3600 
1400 
3300 

2900 
3400 

3000 
3500 

B A T T E L L E  M E M O R I A L  I N S T I T U T E  
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I 

TABLE 9. BASIC MATERIAL PARAMETERS 
FOR Bi95Sb5 

~ ~~ ~- ~ ~ ~ 

B i 9 5 Sb 5 - -- 
Reference Pa rame te r  n P 

N 3 
ml 0.0025 

m2 0. 75 
m3 0. 0044 
@ 3" 
Nmd3I2 0.0086 

1-11 
p2 
1-13 

YII 

EG 
TG 
r 

0. 023 (77'K) 

1 (52) 
0. 10 
0. 10 
0. 50 

0. 017 

(53) 

0. 027 (77°K) (53) 

0 
0 
0 

(53) 
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The values of Go for  electrons a r e  about the same for  germanium and silicon and 
represent  by far the largest  known values of oo for  any semiconductors. The values of 
o0 for the electrons of gray tin, bismuth, and graphite ( for  conduction in  the plane pe r -  
pendicular to the c-axis) a r e  about the same and represent  the second highest a. values 
for electrons for  any semiconductors. 
high-conductivity plane is almost the same as that for the electrons in silicon o r  
g e rm anium. 

The cro value for the holes in  graphite in  the 

I The characterist ic (@, q G  t 2. 8 9 k y )  points for  n-Ge and n-Si at room tempera-  
tu re  a r e  plotted on Figure 18. 
for  n-Ge and n-Si at T = 300°K because of the high values of KL, despite the high values 
of o0. From the positions of these character is t ic  points about midway between broken- 
line curves,  it can be estimated how the values of Z(max)T for  both n-Ge and n-Si would 
increase with temperature,  both reaching (ZT)max values of about 1 .0  somewhere near 
the i r  respective melting points, 
and silicon decrease more  rapidly than T- lS5 ,  the locus of the character is t ic  points for  
n-Ge and n-Si as the temperature  is  ra ised may well pass  near  o r  below the plotted 
points on Figure 18 for n- and p-Bi2Te3 at T = 300°K. 

The values of p,  and consequently of Z(max)T, a r e  low 

Actually, since the electron mobilities of germanium 

It i s  more  instructive to consider one of the Ge-Si alloys for which high- 
temperature  thermoelectric data a r e  available. The room- tempe r ature char act  e r i s t ic  
point for  the n-Ge30Si70 alloy i s  also shown on Figure 18. 
was computed from the information on the Seebeck coefficient, electrical  conductivity, 
and thermal  conductivity given in Reference (54). Despite the appreciably lower value 
of 1200 ohm-l-cm-'  for  o0 for  this alloy, /3 is grea te r  than for either 100 percent sili- 
con o r  germanium because of the much lower value of KL for  the alloy. 

t 2.89 & y  for the alloy was chosen by using l inear interpolation on the energy gap 
and on the value of y between silicon and germanium. 

The /3-value for this point 

The value of 

qG 

The characterist ic point for T = 1100°K for the same Ge30Si70 alloy is plotted on 
It is seen that /3 increases  at roughly Figure 18, a l s o  based on data in  Reference (54). 

the same rate  with temperature  as  is represented by the broken lines (@ a: T2). 
seen that (ZT)max for this alloy would be just slightly over 1.40, at q~ corresponding to 
a temperature  of about 1700"K, somewhat above the melting point. 
reported in Reference ( 5 4 )  up to 1300°K. The actually measured  value of ZT for this 
alloy at 11 00" K is given in Reference ( 5 4 )  as 1. 0, whereas the character is t ic  point in 
Figure 17 indicates a Z(max)T value of about 1. 1. 
men in question was almost but not quite optimally do ed for  11 00" K. 
c a r r i e r  concentration for this specimen was 1. 5 x 10f0/cm3; heavy doping is required 
because of the high values of md and T involved. 

It i s  a lso 

Measurements a r e  

This shows that the particular speci-  
The extrinsic 

, It is instructive to plot on the same figure the character is t ic  point for  the 
n(Bi2Te3)90(Bi2Se3)10 alloy at T = 300"K, computed f rom the data on this mater ia l  in  
Reference (3). 
lower value o f q G  t 2 . 8 9 R h y  than for  n-Ge30Si70 at  T = 1100°K. 

This la t ter  character is t ic  point has  about the same value of /3 but a much 

There is  thus probably nothing particularly unique about the band s t ructure ,  c rys -  
tallography, or  chemical bonding of Bi2Te3 t o  which i t s  good thermoelectric propert ies  
a r e  attributable. 

different structure,  bonding, and crystallography we have a mater ia l  whose thermoelec - 
t r i c  properties a r e  superior to those of the Bi2Teg alloy at the optimum temperatures  
for  both materials,  at two to three t imes the i r  respective Debye temperatures.(55) (Also 

It is a valuable mater ia l  for thermoelectric-cooling applications be-  
l cause its (ZT),,, point occurs near  room temperature .  In n-Ge30Si70 with an entirely 

B A T T E L L E  M E M O R I A L  I N S T I T U T E  
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plotted on Figure 18 is the 82°K characterist ic point for  n(Bi2Te3)90(Bi2Se3)10 to  show 
that i ts  temperature  dependence is "normal". ) 

Both bismuth and antimony have the same rhombohedral c rys ta l  symmetry a s  
Bi2Te3. 
tions for the Group V semimetals is  given by Cohen, Falicov, and G ~ l i n ( ~ ~ ) .  This ac-  
count includes a discussion of the related IV-VI compound semiconductors, PbS, PbSe, 
PbTe, and SnTe, which have the NaCl cubic s t ructure ,  and of the semimetal GeTe which 
has  the same rhombohedral s t ructure  as bismuth and antimony. 
s t ructures  of these mater ia ls  a r e  shown t o  represent only a slight distortion of the NaCl 
structure.  
rhombohedral s t ructure  and a corresponding transition f rom semiconducting to semi- 
metall ic behavior with inc r e  as ing concent ration of germanium(56). 

A detailed account of the c rys ta l  chemistry and of the band-structure computa- 

The rhombohedral 

The (Sn, Ge)Te alloys show a continuous transit ion f rom the cubic to the 

The conduction band of both bismuth and antimony consists of th ree  equivalent 

The binary directions a r e  the directions of the twofold 
ellipsoids. One of the principal axes of each ellipsoid, labelled Axis 1, i s  oriented in 
one of the binary directions. 
axes of rotational symmetry that l ie  in the basal plane. The (2)  and (3)  principal axes 
a r e  tilted somewhat away f r o m  the bisectr ix  and trigonal directions,  respectively, by 
about 6" toward the bisectr ix  direction for the (3)  axis of bismuth and by about 36" in  
the opposite sense for  antimony. 
axis of symmetry (the c-axis) perpendicular to the basal  plane. The three  bisectr ix  
directions l ie  in the basal  plane and are perpendicular to the three respective binary 
axes. 

The trigonal direction is the direction of the threefold 

If p1, 1-12, and p3 a r e  the par t ia l  mobilities corresponding to charge transport  along 
the 1, 2, and 3 axes,  respectively, and @ is the angle of tilt ,  the electron mobility along 
the trigonal axis is given by 

The electron mobility is isotropic in  the basal plane ( I t 0  the c-axis)  and is given by 

It is seen that i f  @ is small, then for  all practical purposes, peII = p3 and 
p e I =  (p1 t p 2 ) / 2 .  
fields,  were  employed to obtain the values of o011 and o O l f o r  electrons in  Table 8, with 
the aid of Equation (2). 

Equations (6) and (7), which apply only in ze ro  o r  weak magnetic 

The valence band of bismuth is a spheroid with its axis of revolution about the 
trigonal axis. 
the constant-energy surfaces  almost spheroidal and tilted about 36" f rom the tr igonal 
axis. Presumably,  as discussed previously f o r  the conduction bands of germanium and 
silicon, both bismuth and antimony have both types of valence bands, the pr imary  
valence bands being those mentioned above. Consequently, for some range of composi- 
tion of the Bi-Sb alloys in  the neighborhood of the crossover  point in the energy levels of 
the two valence bands, the three-band model would be  more  appropriate for  the analysis 
of the thermoelectr ic  behavior of these alloys. Experimental evidence for the existence 
of a second valence band in bismuth is st i l l  inconclusive.(48, 57) There is considerable 
evidence for  the existence of a double valence band in antimony,(48, 58) however; in pa r -  
t icular ,  inconsistencies a r e  obtained in attempting to analyze r oom-t emperatur  e galvano- 
magnetic data f o r  pure and doped antimony on the basis of the two-band m0de1. (~8 ,  51) It 

The valence band of antimony, however, i s  of the three-valley type, with 
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has  a lso not been found possible to account for both the magnetic-field and temperature  
variations of various galvanomagnetic effects in the Bi94.5Sbg.5 alloy by use of the two- 
band model a l0ne (~9) .  

The partial-mobility values l isted for  antimony in Table 8 were obtained by as- 
suming the two-band model, s o  that the values of ooe and Ooh, both parallel  and per -  
pendicular to the c-axis, obtained by combining these mobility values with the l isted 
effective masses ,  may be questionable. 
of these materials,  sizable variations may be found in  the l i terature  among the effective- 
m a s s  values obtained by various methods; see,  for example, Table 1 of Reference (60).  

Even fo r  the case  of bismuth, the best  known 

It may be seen in  Table 8 that the values of both aoe and a0h for both bismuth and 
antimony a r e  unusually high, with the sole exception of aohII = 420 ohm-l-cm-’ for 
bismuth. With the exception o f  Ooh for  bismuth, all values of Doe and Doh a r e  only 
moderately anisotropic. 

F o r  the Bi-Sb alloys, Jain(61) ascertained that the energy gap is  positive f o r  
antimony concentrations between 5 and 40 atomic percent,  reaching a maximum of 
0. 014 ev at about 1 2  percent. 
an  antimony-like valence band s t ructure  when the antimony concentration exceeds 
12 percent(62). Brown and Silverman(“) present  some evidence that the Big5Sbl 
m a y  have a band gap a s  high as 0. 024 ev. 

It appears that there  is a change f rom a bismuth-like to 

alloy 

Despite a considerable amount of effor t  in the las t  few years  in measuring and 
analyzing the various propert ies  of Bi-Sb alloys, there  is l i t t le information available 
in  the l i terature to  permit anywhere near  a complete compilation of the values of the 
various basic mater ia l  parameters  for  the different Bi-Sb alloys, as l isted for  pure 
bismuth in Table 8. Cyclotron-resonance measurements  have been reported fo r  the 
components of the effective-mass tensors  for the electrons and for the holes in 
Big~Sbg;  these a r e  l isted in  Table 9, combined with some information on the latt ice 
thermal  conductivity and the band gap. 

The meager and imprecise  knowledge regarding the basic mater ia l  parameters  of 
the Bi-Sb alloys precludes making any meaningful analysis at present to  determine the 
value of Z(max)T at a given temperature  as a function of alloy composition, o r  of 
(ZT)max, the best value of Z(max)T as a function of temperature ,  for a given alloy. 
The picture will become c l ea re r ,  of course,  as more  data a r e  accumulated. Of pa r -  
t icular value in this respect would be information on the variations of the Seebeck coef- 
ficient, the electrical  conductivity, and the thermal  conductivity of given alloys as the 
impurity doping is varied. 

Fo r  conduction parallel  to the c-axis in bismuth at room temperature ,  we have 
Pe = 0.71, y = 2.6,  and qG The predicted value of Z(max)T for n-type bismuth 
at room temperature (a t  optimum doping) is just  about 0. 50, in accordance with either 
Figure 16 o r  18, assuming the equivalent two-band model to apply at room temperature .  
The value of Z(max)T would approach about 0. 58 a s  Pe +m, i n  accordance with Figure 12 
of the Second Quarterly P rogres s  Report. The main purpose of alloying bismuth and 
antimony for  possible thermoelectric applications near  room temperature ,  unlike the 
purpose of alloying for  most  other mater ia l s ,  i s  thus not to increase Pe but to increase 
the energy gap. 
bismuth, the predicted value of Z(max)T would be about 0.  60. 
Z(max)T that may occur f r o m  increasing P by alloying would be more  noticeable at the 
lower temperatures,  however, where /3 is smal le r  and Z(max)T is more  sensit ive to the 

B A T T E L L E  M E M O R I A L  I N S T I T U T E  
value of p. 

-0. 38. 

Fo r  qG = 0 rather  than -0.38 and fo r  the same values of Pe and y as f o r  
Any improvement in 
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Smith and W ~ l f e ( ~ ~ )  obtained an experimental value of about 1 .3  x 10-3/0K for the 
figure of m e r i t  of pure bismuth along the c-axis at room temperature,  corresponding to 
a ZT value of about 0. 39. Their 5 percent antimony alloy had the highest ZT (= 0. 54) at 
room temperature .  K,  
resulting in  ZT = 0. 10 at this temperature.  However, they obtained Z :: 5. 0 x 10-3/0K 
at 8 0 ° K  for  about the 3 percent to  about the 15 percent alloy, corresponding to ZT 0 .4  
at this temperature .  
doping, the qualitative agreement is to b e  noted between these experimental resul ts  and 
the behaviors predicted in  the previous paragraph. 

Their measured value of Z for Bi at 8 0 ° K  was also 1 .3  x 

Although it is not known how close their  specimens a r e  to  optimum 

The III-V Compound Semiconductors. Table 10 l i s t s  the data and computations of 
p exp r ,  y, and qG for the 111-V compounds. 
computing ooer and Per since, as pointed out by E h r e n r e i ~ h , ( ~ ~ )  the dominant scattering 
mechanism for  electrons in  the 111-V compounds at room temperature  is by the optical- 
mode latt ice vibrations. 
compounds because of the very small values of the electron effective masses .  The value 
r = 1 was chosen arbi t rar i ly  for  the holes as well as for the electrons for all of the 111-V 
compounds. Although various degrees  of mixed scattering would probably give a bet ter  
representation, the Z(max)T theory for  mixed scattering has  not yet been developed. It 
is to be noted that if oo exp r is computed from resist ivity and Seebeck-coefficient data 
on extr insic  III-V compounds, values intermediate between those l is ted in Table 10 for  
o0 and for  o0 exp r a r e  obtained. 

The value of r = 1 has been chosen for  

This occurs  despite the modest degrees of ionicity in  these 

It is noteworthy that although the electron mobilities for the various UI-V com- 
pounds range in value over almost three orders  of magnitude, the values of oo vary over 
a range of only about 2 to  1 (exclusive of the abnormally low value of o0 for  nGaSb). 
Despite the much higher e lectron mobilities of the 111-V compounds (excluding GaP and 
AlSb whose lowest lying conduction band minima consist of three 100 valleys),  the values 
of o0 for  the 111-V compounds a r e  an order  of magnitude lower than those for  silicon and 
germanium. 
ceptions, are spherical ,  with single minima at k = 0. 

The pr imary  conduction bands of the 111-V compounds, with the above ex- 

It is t o  b e  noted that G a A s  has  the highest value of o0 of the n-type 111-V compounds 
at room temperature.  
GaAs, is only a close second in  its oo value. 
qualities of the 111-V compounds among themselves in accordance with mobility is seen  
to be  of no significance. 

InSb, with an order  of magnitude higher mobility than that of 
Hence, even ranking the thermoelectric 
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