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INTRODUCTION 

The maximum e f f i c i e n c y (n) f o r t h e c o n v e r s i o n of h e a t t o e l e c t r i c a l 
energy using a t h e r m o e l e c t r i c couple wi th a hot junc t ion a t tempera ture Ti 
and a cold j u n c t i o n a t t empera tu re TQ i s given by [ 1 ] 

e l e c t r i c a l energy d e l i v e r e d t o e x t e r n a l c i r c u i t 
^ ~ energy consumed from heat source 

where 

/ t -T . 

M = 

M-1 

T J / \ M + T Q / T ^ 

[l+Z^(Tj + T Q ) / 2 ] 

(1) 

(2) 

1^ i s a mater ia ls parameter called the figure of merit of the thermocouple. 
I t i s a funct ion of the Seebeck c o e f f i c i e n t s , a^pi2, the e l e c t r i c a l r e s i s 
t i v i t i e s , Pi^2» ^"'^ ^^^ t o t a l thermal c o n d u c t i v i t i e s , ^\f2.t °^ ^^^ ^"° 
respective legs of the thermocouple: 

Z = 
c 

_ (a . -a )' 

[(p^ K, )^+(P2 K^^hY (3) 

The thermodynamic efficiency of an ideal revers ib le engine, the f i r s t factor 
of Eq. (1), i s reduced by the i r r e v e r s i b l e l o s s e s of heat conduction and 
Joule hea t ing in the thermocouple , accounted for in the second f a c t o r . 
Obviously, i n c r e a s i n g the hot j u n c t i o n t empera tu re , T-), and the f igure of 
m e r i t , Z^, both i n c r e a s e the convers ion e f f i c i e n c y . For the purpose of 
comparing individual mater ia l s , i t i s convenient to define a figure of merit 
for a single mater ia l : 

Z = a a 
PK 

(4) mtBi 
where a i s the e l e c t r i c a l c o n d u c t i v i t y . The dimensions of Z are d e g " . 

•Thermoelectrics are generally characterized by the value of the dimension-
less parameter ZT, since the efficiency i s a function of (T-]-ĵ  Te>)?. 

Semiconductors, as d i s t i n c t from metals or insula tors , have the highest 
Z values. Therefore they are used for thermoelectr ic energy conversion. As 
i l l u s t r a t e d in Fig . 1, me ta l s are e x c e l l e n t conductors but t h e i r Seebeck 

.coeff icients are too low. Insula tors can have high Seebeck coefficients but 
-are too e l e c t r i c a l l y r e s i s t i v e . A good compromise can be made by choosing 
highly-doped semiconductors with ot and a va lues i n t e r m e d i a t e between ^t-he-
propert ies of insu la tors and metals. 

In the search for r e f r a c t o r y semiconductors for h igh- t empera tu re ' 
t h e r m o e l e c t r i c d e v i c e s , m a t e r i a l s with both i t i n e r a n t and hopping-type • 
-charge t ransport are under study. With i t i ne r a n t motion the charge ca r r i e r s ' 
•are g e n e r a l l y viewed as q u a s i - f r e e p a r t i c l e s which undergo occas iona l ' 

yi 
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s c a t t e r i n g even t s . These c a r r i e r s a re associated with mobi l i t ies greater 
than or comparable to 1 cm^/V-sec. In the hopping-type semicoadiictors, the 
charge c a r r i e r s are localized at atomic s i t e s [2 ] , The equilibrium positions 
of the surrounding atoms are displaced to posi t ions that are consistent with 
the presence of the l o c a l i z e d c a r r i e r . That i s , the c a r r i e r s form s m a l l -
po la rons . Sraa l l -po la rons move between s i t e s v ia multi-phonon a s s i s t e d 
hopping. The r e s u l t i n g m o b i l i t i e s tend to r i s e with t empera ture to a 

;maximura which i s t y p i c a l l y comparable t o 1 cm^/V-sec. Both c l a s s e s of 
^semiconductor have y ie lded promising cand ida t e s for h igh- tempera tu re 
j t h e r m o e l e c t r i c d e v i c e s . We s h a l l rev iew the d i s t i n g u i s h i n g f e a t u r e s of 
^promising mater ia ls of both c l a s ses : I t ineran t motion in rare-ear th chalco-
genides and small-polaron hopping in boron-rich borides. 

LOGn 

LOG n 

INSULATORS METALS 

Fig . 1. Typical V a r i a t i o n of Thermoelec t r i c 
Properties with Charge-Carrier Conentration. 

Rare Earth Chalcogenides: Structure 

One c lass of refractory mater ia ls receiving considerable a t tent ion for 
high temperature thermoelectr ic energy conversion i s the ra re-ear th chalco
gen ides . Ra re -ea r th cha lcogen ides g e n e r a l l y form the fo l lowing binary 
compounds: RX, R3X4 - R2X3, RX2» where R r e p r e s e n t s the r a r e - e a r t h and X 
the chalcogenide atoms S, Se, or Te. The RX compounds c rys t a l l i ze in a fee 
.NaCl s t r u c t u r e , the ^y^n - R2^3 ^°^^ s o l i d s o l u t i o n s in a bcc (Th3P4) 
t e t r a g o n a l or or thorhombic s t r u c t u r e , and the RX2 compounds usua l ly are 
,found in e i t he r cubic or te t ragonal s t ruc ture [3 ] . 

Only compounds in the homogenous range RoX^ - R2X3 have been extensive
ly invest igated for high-temperature thermoelectr ic applicat ions. There are 
often two and sometimes t h r e e polymorphic mod i f i ca t ions of the so l id 

_solutions _R3Xi,':^*.B^^:-^iUXl.'a^l(iWiitemperature « 900 - 1000°C) orthorhombic 
a-phase ; ( i i ) an i n t e r m e d i a t e t e m p e r a t u r e (900 to 1300°C) t e t r a g o n a l 6 -
phase; and ( i i i ) a high temperature (> 1300°C) cubic (ThoPî ) m e t a s t a b l e y -
phase. I t i s not clear whether these polymorphic forms occur over the whole 

^compositional range from R2X3 to R3X1J. Furthermore, with the exception of 
,La2S2 i t i s not yet resolved whether 3-phase R2X3 i s t ru ly a polymorph or i s 
^representative of. a ternary compound involving oxygen [4 3. 



In the .cubic Th3Pi, s t r u c t u r e i t i s convenient to des igna te the un i t 
ce l l as 4(R3_jjVjjXij) where V i s a ra re -ear th vacancy. For R2X3 .compounds I /3 
of the 12 r a r e - e a r t h s i t e s a re vacan t , i . e . , x = 1/3. ~ 
compounds t h e r e a re no vacant s i t e s , i . e . . 

For t h e RnX^ 
0. Each R7_»V„Xu u n i t 3-x''x'^4 

p r o v i d e s ( 1 -3x ) e l e c t r o n s f o r c o n d u c t i o n . Hence R2X3 (X = 1/3) i s an 
i n s u l a t o r and R-^^n (X = 0) i s a m e t a l . 

Degenerate semiconductors for t h e r m o e l e c t r i c a p p l i c a t i o n s are produced 
from ho t -p res sed jx>wders or s i n g l e c r y s t a l s of R^.^Xij compounds wi th varying 
degrees of excess r a r e - e a r t h a toms. These s t o i c h o i m e t r i e s have been found 
to y i e ld degenera te wide band-gap semiconduc tors , wi th e l e c t r i c a l conduc
t i v i t i e s of -10^ ohm"^ c m ~ \ c a r r i e r c o n c e n t r a t i o n s g rea t e r than -10^*^ cm~3 
and charge c a r r i e r m o b i l i t i e s of -1 t o 10 cm^/vol t sec . 

Thermal Conduct iv i ty 

L a t t i c e t h e r m a l c o n d u c t i v i t i e s (Kph) of t h e R3_j(Xn compounds a r e 
g e n e r a l l y l o w , in t h e r a n g e 0.005 t o 0.01 w a t t / c m - d e g . L53 This r e s u l t s 
from t h r e e f a c t o r s . F i r s t , t h e Debye t e m p e r a t u r e s , 6 jj, a r e anomalously low 
f r a c t i o n s of t h e me l t i ng t e m p e r a t u r e s , Qp -200-400 K, with Kph^e^ . Second
l y , t h e s e a re compl ica ted c r y s t a l s t r u c t u r e s wi th a f a i r l y l a r g e number of 
a t o m s (28) per u n i t c e l l . S i n c e t h e r e a r e 3 a c o u s t i c modes per u n i t c e l l 
t h e number of o p t i c modes , i s N =3(28)-3. E x a m i n a t i o n of t h e d i s p e r s i o n 
c u r v e s , OJ versus k, shows t h a t t h e s e o p t i c modes of v i b r a t i o n have very low 
propogat ion v e l o c i t i e s . Therefore , the ma jo r i t y of phonons a re o p t i c a l and 
have low v e l o c i t i e s . Th i rd ly , t h e r a r e - e a r t h ion vacancies produce d i s o r d e r 
which, i n h i b i t s the rmal t r a n s p o r t . 

E l e c t r o n i c Transpor t 

Ra re -ea r th cha lcogenides behave as h igh ly -degene ra t e n- type semiconduc
t o r s ove r mos t of t h e c o m p o s i t i o n r a n g e R3XH t o R2X3« However, t h e l a r g e 
v a l u e s of e f f e c t i v e mass and the smal l va lues of the m o b i l i t y suggest t h a t 
t h e conduction band i s somewhat narrow. 

For i t i n e r a n t motion a m a t e r i a l ' s f i g u r e of mer i t i s e s s e n t i a l l y d e t e r -
a s imple combinat ion of i t s t r a n s p o r t pa ramete r s . Namely, Zam*-̂  y mined by a 

/< , where m* and P a r e , r e s p e c t i v e l y , t h e c a r r i e r ' s e f f e c t i v e mass and 
m o b i l i t y and < i s t h e m a t e r i a l ' s t h e r m a l c o n d u c t i v i t y [ 6 ] . S ince t h e 
the rmal c o n d u c t i v i t i e s of t h e R3_xXn m a t e r i a l s a r e c lose to one another i t 
i s o n l y t h e n u m e r a t o r of t h i s e x p r e s s i o n fo r Z which v a r i e s much be tween 
m a t e r i a l s . The v a l u e s of m* and V f o r v a r i o u s RoXn compounds have been 
t a b u l a t e d [7 3. In Table I t h e s e va lues and t h e m'^'^^y-product are l i s t e d . 

.TABLE I . P r o p e r t i e s of Rare Earth Chalcogenides (R3Xj^) a t Room-Temperature 

Compound Mobi l i ty , V (cm^/v-s) E f f e c t i v e Mass, m* m»3/2. 

La3Si, 
Ce3S4 
Nd3Sj, 
Pr3Se4 
La2Tei| 
Ce3Te4 
Pr^Ten 
Nd3Te4 

3.5 
3.1 
3.2 
2.6 
11.5 
4.2 
6.2 
5.0 

3.6 
2.8 
2.7 
2.6 
1.8 
2.1 
1.6 
2.0 

23.9 
14.5 
14.2 
10.9 
27.8 
12.8 
12.5 
14.1 

It is seen that La3_^Teij has the greatest potential for high Z values. [ 



This i s supported by the work of Golikova and Rudnik [83 who claim t h a t 
LaoTey has the h ighes t Z of the R3_xX4 compounds: 0.91 x^l^'^deg"*" a t 
1150 K. Zhuze e t a l . [7 3, quote a Z of 0.53 x 10"3 a t 1400 K. From Luguev 
and Smirnov's data [103 on higher conductivity LaoTe^ (-3000 ohm"'cm"^ at 
300 K) i t appears t h a t Z -2.5 x 10~^deg~' a t -700 K. This and other 
thermoelectr ic data on r a re -ea r th chalcogenides [73- [133is i l l u s t r a t e d by 
the p l o t of ZT versus T in Fig . 2. 
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FIG. 2 . ZT Values for Rare-Ear th Chalcogenides . 

BORON-RICH BORIDES: SMALL-POLARON HOPPING 

In the d i s c u s s i o n so far we have cons idered m a t e r i a l s which conduct by 
the i t i n e r a n t motion of charge c a r r i e r s . However, in o ther m a t e r i a l s , e l e c 
t r o n i c conduction i s by the phonon a s s i s t e d hopping of charge c a r r i e r s fro 
s i t e to s i t e , i . e . , s m a l l - p o l a r o n hopping. 

m 

The m o b i l i t y a s s o c i a t e d wi th the ( a d i a b a t i c ) hopping of a smal l polaron 
between e q u i v a l e n t s i t e s a t t e m p e r a t u r e s above (or comparable to) the phonon 
t empera tu re i s [143 

e^ 2 
TTF a exp ^ = M ^ L" kTj (5) 

Here v i s the c h a r a c t e r i s t i c v i b r a t i o n a l frequency, a i s the i n t e r s i t e , 
s e p a r a t i o n , and E^ i s the hopping a c t i v a t i o n energy. The Seebeck c o e f f i - . 

—oient-associiated with the hopping of a small-polaron i s [153[153 i 

I 

J 
. = i {ln[l<l^]. «} 

(6) 

,-where c i s the fract ion of s i t e s which are occupied by a carrierjA i* a fov^iW. 



• 

The f i r s t term i s j u s t t he entropy per charge assoc ia ted with the 
ca r r i e r concentration c. The second term ar ises from the heafe- -transported 
with a car r ie r as i t hops between inequivalent s i t e s [113 [123. For hopping 
between equ iva len t s i t e s i t v a n i s h e s . With a t empera ture independent 
c a r r i e r c o n c e n t r a t i o n , as in mixed valence semiconductors , the Seebeck 
coefficient and the e l e c t r i c a l conductivity can both increase with tempera
ture for hopping between inequivalent s i t e s . Consequently, Z can increase 
s i g n i f i c a n t l y with t e m p e r a t u r e . In f a c t , Z i s of ten cons iderab ly l a rge r 
than the upper l i m i t s e t by Heikes and Ure [173 from c o n s i d e r a t i o n s of 
hopping solely between equivalent s i t e s . 

The boron-rich borides are mater ia ls in which the charge careers form 
small polarons [123. We wi l l consider below the performance of some boron-
r ich borides as high temperature thermoelectric mater ia ls . 

'Boron and Borides Structures 

Boron forms r e f r a c t o r y compounds with a l a r g e number of e lements . 
,Several of these compounds have been i n v e s t i g a t e d for h igh- tempera ture 
thermoelectr ic conversion. Elemental boron i s also highly refractory (m.p. 
-2500^0. Boron i s generally accepted to have at l eas t three and possibly 
four a l lo t ropic forms [183: a-rhombohedral (R3in, a = 5.075 X, a = 58°06'); 
e-rhombohedral (R3rj a = 10.145 A a = 65°17'); a - or I - tetragonal (P42m a 
= 8.75 A, c = 5.06 A) which may not correspond to an allotrop^ic form of pi^re 
boron and 3 - or I I - or I I I - t e t r a g o n a l i?'^•^22, a = 10.12 A, c = 14.14 A). 
Boron also occurs in the amorphous form. Many boron-rich borides are s t ruc
t u r a l analogs of one of these four boron c ry s t a l l i ne modifications. These 
s t r u c t u r e s are c h a r a c t e r i z e d by ar rangements of boron icosahedra bound 
e i ther to one another or to i so la ted atoms by directed bonds. 

Four borides have been the object of intense invest igat ion for thermoe
l e c t r i c appl icat ions , i .e. , 3-boron (105 atoms/unit c e l l ) , BiijSi ( i sos t ruc-
tu ra l with 6-boron and with 105 atoms/unit c e l l ) , B̂ Ĉ (an analog of a-boron 
with 15 atoms/unit ce l l ) and a-i^i|'Bi2 (same space group as 3 or I I tetragonal 
boron with from 187 to 208 atoms/unit c e l l ) . ZT-data [193-[233 for these 
mater ia ls i s shown in Fig. 3. 
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FIG. 3 . ZT Values for Boron and Boron-Rich Borides 
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Thermal Conductivity 

The low va lues for the high t empera tu re thermal conduc t iv i ty of boron 
and bo ron - r i ch bo r ides has been a t t r i b u t e d to t h e complexi ty of the c r y s t a l 
s t r u c t u r e [243 [253 . In 3 - b o r o n , f o r e x a m p l e , w i t h 105 a t o m s / u n i t c e l l 
t h e r e are 3 a c o u s t i c branches and 312 o p t i c a l branches . As the tempera ture 
i s inc reased the r e l a t i v e c o n t r i b u t i o n of the high frequency ( o p t i c a l ) modes 
to the the rmal c o n d u c t i v i t y i n c r e a s e s and can exceed t h e c o n t r i b u t i o n by the 
a c o u s t i c modes. The group v e l o c i t y of o p t i c a l v i b r a t i o n i s much lower than 
the sound v e l o c i t y so t h a t t h e i r c o n t r i b u t i o n to the thermal conduc t iv i t y i s 
low. Because of t h e s t r u c t u r a l c o m p l e x i t y of boron and i t s a n a l o g u e s , 
g r o u p s of a t o m s in e q u i v a l e n t p o s i t i o n s a r e w i d e l y s e p a r a t e d . For an 
o p t i c a l wave to propogate a d e f i n i t e phase r e l a t i o n must e x i s t between these 
l i k e groups of atoms. P e r t u r b a t i o n s a r i s i n g from o ther groups of atoms in 
t h e p a t h o f p r o p o g a t i o n c a u s e a breakdown of phase r e l a t i o n s h i p s i . e . , 
independent l o c a l v i b r a t i o n s occur . Thus, t h e n a t u r e of phonon propagation 
in b o r o n - r i c h b o r i d e s c l o s e l y a p p r o a c h e s t h a t in amorphous s o l i d s w i t h 
cor responding ly low v a l u e s . 

E l e c t r o n i c Transpor t 

Boron and a l l of t h e b o r o n - r i c h b o r i d e s d e s c r i b e d above d i s p l a y a 
common s t r i k i n g and s i g n i f i c a n t f e a t u r e . Namely, t he Seebeck c o e f f i c i e n t s 
and the e l e c t r i c a l c o n d u c t i v i t i e s both r i s e wi th i n c r e a s i n g tempera ture over 
a wide t empe ra tu r e range. This appears only t o be i n t e r p r e t a b l e as due to 
the hopping of charge c a r r i e r s between i n e q u i v a l e n t s i t e s . This conclusion 
i s s u p p o r t e d by e x p e r i m e n t s showing t h a t t h e H a l l m o b i l i t y in measured 
bor ides i s low ( 1 1 cm^/V-sec) and i n c r e a s e s as the t empera ture i n c r e a s e s . 
The sp in d e n s i t i e s obta ined from E.S.R. and magnetic s u s c e p t i b i l i t y measure
men t s i n bo ron c a r b i d e s [263 [ 2 7 3 , a l s o i n d i c a t e c a r r i e r d e n s i t i e s whose 
magnitudes a re c o n s i s t e n t wi th t h e low m o b i l i t i e s a s soc i a t ed with hopping 
m o t i o n . The v a l u e s of t h e hopp ing a c t i v a t i o n e n e r g i e s ( e .g . , 0.15 eV in 
BjjC) g e n e r a l l y i n d i c a t e t h a t t h e hopp ing i s m u l t i p h o n o n , i . e . , t h a t due to 
smal l po l a rons . The inequ iva lence of t h e s i t e s involved in the hopping in 
t h e b o r i d e s i s r e a d i l y u n d e r s t a n d a b l e in t e r m s of t h e s t r u c t u r e s of t h e s e 
b o r i d e s . That i s , s i t e s in the icosahedra and those in the i n t e r i c o s a h e d r a l 
l i nkages have d i f f e r e n t c o o r d i n a t i o n s . 

CONCLUSIONS 

The e x c e l l e n t t h e o r e t i c a l work c a r r i e d out two decades ago adequately 
explained the t r a n s p o r t behavior and e f f e c t i v e l y guided t h e development of 
t h e r m o e l e c t r i c m a t e r i a l s of h i g h c o n v e r s i o n e f f i c i e n c i e s of convent ional 
s e m i c o n d u c t o r s ( e . g . , SiGe a l l o y s ) . The more s i g n i f i c a n t c o n t r i b u t i o n s 
involved the e s t i m a t i o n of optimum doping c o n c e n t r a t i o n s , t he r educ t ion of 
t h e r m a l c o n d u c t i v i t y by s o l i d s o l u t i o n dop ing and t h e d e v e l o p m e n t of a 
v a r i e t y of m a t e r i a l s w i t h ZT -1 i n t h e t e m p e r a t u r e r a n g e 300 K t o 1200 K. ^ 
I t was a l s o shown t h a t ZT -1 i s no t a t h e o r e t i c a l l i m i t a t i o n a l t h o u g h , ' 

- e x p e r i m e n t a l l y , va lues in excess of one were not achieved. 

In t h e r e c e n t years work has cont inued wi th emphasis on higher tempera-
i t u r e e n e r g y c o n v e r s i o n . A number o f p r o m i s i n g m a t e r i a l s have been 
•discovered in which i t appears , that ZT > 1 i s r e a l i z a b l e . These m a t e r i a l s 
can be d i v i d e d - i f l t o t w o - a l i a s s e s : - - ( t ) - t ^ e ^ ' r a r e - e a r t h cha lcogen ides , which 
behave as i t i n e r a n t h i g h l y - d e g e n e r a t e n- type semiconductors a t room-tempera
t u r e , and ( i i ) t h e bo ron - r i ch b o r i d e s , which e x h i b i t p- type sma l l -po l a ron i c 
hopping c o n d u c t i v i t y . 
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