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We offer a survey of existing literature dealing with the problem of 
asymmetric heat conduction of semiconductor rectifiers, and we 
present the experimental results achieved by the authors of this article. 

The t r a n s f e r  of heat in sol ids occurs  in two ways:  
by means  of free e lec t rons ,  as well  as by means  of 
longitudinal  and t r a n s v e r s e  waves of e las t ic  osc i l l a -  
t ions within the c rys ta l  la t t ice  [1]. 

The concent ra t ion  of f ree  e lec t rons  in semicon-  
ductors  is smal l .  Consequently,  only a smal l  f rac t ion  
of the heat can be t r ansmi t t ed  by the e lec t rons ,  with 
the g rea t e r  port ion of the heat being t r ansmi t t ed  by 
e las t ic  waves.  

Resea r che r s  have repeatedly dealt  with the p rob-  
lem of the role played by f ree  e lec t rons  in the phenom- 
enon of heat t r a n s f e r  in sol ids ,  pa r t i cu l a r ly  with 
regard  to semiconduc tors .  Cuprous oxide has been 
the subject  of pa r t i cu la r ly  in tens ive  invest igat ion.  In 
re fe rence  [2] Vogt used theore t ica l  ca lcula t ions  to 
draw the conclusion that the e lec t ron  port ion of the 
heat conduction in cuprous oxide is v i r tua l ly  undetect-  
able. Despite this conclusion,  Amirkhanov [3] again 
took up this problem,  proceeding f rom the theore t ica l  
s ta tements  of Davydov and Shmushkevich [4] to the 
effect that the p resence  of "comparable  ~ amounts of 
e lec t rons  and holes may have a s ignif icant  effect on 
the heat conduction of a semiconductor .  However,  
the extensive studies ca r r i ed  out by Amirkhanov only 
served to conf i rm Vogt's conclusion.  The problem 
of the role  played by f ree  e l ec t rons  in heat t r a n s f e r  
is c losely re la ted to the s i m i l a r  theore t ica l  scient i f ic  
problem of the unipolar  heat conduction of a rec t i f i e r .  
The actual poss ib i l i ty  of this phenomenon is based on 
the fact that the b a r r i e r  l ayer  of the r ec t i f i e r  (the 
p-n  junction} r e p r e s e n t s  a potent ial  b a r r i e r  across  the 
path of charge motion.  

Since the magni tudes  of the e lec t r i ca l  r e s i s t ance  of 
the p-n  junct ion are funct ions of the d i rec t ion  of motion 
for  the charges  fo rming  the e lec t r i ca l  cu r r en t ,  there  
mus t  exist  an opt imum di rec t ion  for  heat t r a n s f e r  as 
well ,  s ince the charges  possess  kinetic energy while 
in motion,  and this energy can be seen in the phenom- 
enon of heat t r ans f e r .  This means  that the the rmal  
conductivi ty of the r ec t i f i e r  mus t  vary  for  different  
d i rec t ions  of the heat flow. Consequently,  heat f lows-- 
ident ical  in magnitude but different  in d i rec t ion- -wi l l  
set up d iverse  t empe ra tu r e  gradients  in a rec t i f i e r .  

It is the poss ib i l i ty  of such a s y m m e t r y  in heat 
t r a n s f e r  through a r ec t i f i e r  that had been pointed out 
by Ioffe. At this suggest ion,  the Leningrad Phys ico-  
technical  Inst i tute  undertook ap ro jec t  [5] whose pur -  
pose was to check the role of f ree e lec t rons  in the 
phenomenon of heat conduction, us ing a copper-oxide 
r ec t i f i e r  in the r e sea rch .  It was assumed that the 

t he rma l  conduct ivi t ies  of the r ec t i f i e r  should be dif-  
f e ren t  for  the var ious  d i rec t ions  of the heat flow, 
and that only the r e s i s t ance  of the b a r r i e r  l ayer  could 
resu l t  in an a symmet r i c  coefficient of the rmal  con- 
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Fig.  1. Block and e lect rolyt ic  d iagrams  
of ins ta l la t ion  m e a s u r i n g  the rmal  e l ec t ro -  
motive force  of plate r ec t i f i e r s :  1 ) me t a l  
hea te rs ;  2) sample  under  study; 3) t he r -  
mocouples;  4) vacuum flask; 5) tumble r ;  
6, 7) switches;  G is the ga lvanometer ;  
HRDCP is ~he high-ohmic de potent iom- 

e ter .  

ductivity.  The projec t  did not lead to the anticipated 
r e su l t :  no dif ferences  were  detected in the the rmal  
conductivi t ies  of the b a r r i e r  l ayer .  It is Nelidov's  
[5] conclusion that additional r e sea r ch  is requi red  
into the role of the b a r r i e r  l ayer  in the phenomenon 
of heat t r ans f e r .  

S ta r r  [6] also dealt with this problem in 1936. He 
was able to detect the a symmet r i c  heat conduction 
of a copper-oxide rec t i f i e r  in the course  of an ex- 
pe r imen t .  

Subsequently,  Amirkh~mov [3], invest igat ing the 
the rmal  conductivity of cuprous oxide, addit ionally 
r a i s e s  the question as to the a symme t r y  of heat 
conduction in a copper-oxide rec t i f i e r .  However, 
the author was unable to detect this effect within 
the l imi t s  of accuracy for his ins ta l la t ion ,  employing 
two oppositely d i rec ted  heat flows. 

Final ly ,  in ]951 Horn [7] again re turned  to the 
problem of the heat conduction of a copper-oxide 
rec t i f i e r .  Horn ca r r i ed  out a s e r i e s  of p rec i se  mea -  
su remen t s  and it is his contention that within a 10% 
l imi t  of e r r o r  no a symme t r y  could be detected in the 
heat conduction of a copper-oxide rec t i f i e r .  Ana- 
lyzing S t a r r ' s  exper iments ,  Horn as sumes  the 
reasons  for  the posi t ive resu l t s  achieved by S ta r r  in 
the study of this effect to have been the fact that he 
employed an improper  procedure  to connect the 
thermocouples  used to m e a s u r e  t e m p e r a t u r e .  S ta r r  



184 INZHENERNO-FIZICHESKII ZHURNAL 

used different ia l  thermocouples ,  and since re fe rence  
[6] makes no st ipulat ion with regard  to the e lec t r i ca l  
insula t ion of the thermocouple  junct ions f rom the 
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Fig. 2. Thermal  e lec t romot ive  
force  E T (mV) ve r sus  t e m p e r a -  
tu re  drop AT(~ across  planes 
of copper-oxide (]) and se le -  
n ium (2) r ec t i f i e r s :  a) thermal  
e lec t romot ive  force with s t ra ight  
heat flux; b) the same with 

r e v e r s e  flow. 

rec t i f i e r ,  the resu l t s  of this exper iments  on the mea -  
su rement  of t empera tu re  differences might have been 
affected by the the rmoe lec t r i ca l  p roper t i es  of the 
r ec t i f i e r s .  

A study of the l i t e ra tu re  on r e s e a r c h  in this field 
leads to the conclusion that d i rec t  m e a s u r e m e n t  of the 
the rmal  conductivity of a copper-oxide rec t i f i e r  pro-  
vides no opportunity to de te rmine  a symmet ry  in these 
magni tudes ,  given two oppositely directed heat flows 
and a permanent ly  fixed rec t i f i e r .  

The effect of the rmal  rec t i f ica t ion in a s emicon-  
ductor wafer was discovered in the course  of A m i r -  
khanov's  r e s e a r c h  [8]. This essen t ia l ly  involves the 
fact that a wafer of an ex t r ins ic  semiconduc to r - - in  a 
heat f ie ld- -acqui res  the cha rac te r i s t i c s  of a rec t i f i e r .  
The theoret ica l  poss ib i l i ty  of this effect was confirmed 
by Tolpygo and Ts id i l 'kovski i  [9], as well as by Tauc 
[]0]. The magnitude of this effect is quite insignif icant ;  
its exper imenta l  m e a s u r e m e n t  is ba re ly  poss ib le .  The 
effect of a symmet r i c  heat conduction can be regarded 
as the opposite of t he rma l  rect i f icat ion.  In other 
words,  theore t ica l ly  it is possible  to have a symme t r y  
in the heat conduction of a r ec t i f i e r ,  but because  the 
f rac t ion of the free e lec t rons  in the heat conduction 
is smal l  in compar i son  with the f rac t ion  par t ic ipa t ing  
in the conduction of heat f rom the la t t ice ,  we are un-  
able to measu re  this effect with any of the means  
known to us. 

Since the hypothesized a symmet ry  is a resu l t  of 
the action of the b a r r i e r  l ayer  (of the p-n  junction) 
of the rec t i f i e r  to block the passage of charges ,  we 
decided to measu re  the the rmal  emf of the rec t i f i e r  
to evaluate the a symmet ry .  

We know that if a t empera tu re  gradient  is set up 
in a conductor,  a the rmal  emf will appear at its ends. 
This is a resu l t  of diffusion of the mobile  cu r r en t  
c a r r i e r s  f rom that port ion of the body exhibiting the 
higher t empera tu re  to those regions of the body which 
are cooler;  the change in the d i rec t ion  of the heat 
flow causes  the sign of the the rmal  emf to change. If 
the action of the p -n  junction affects the  diffusion 
c a r r i e r  flow, this should resul t  in var ious  the rmal  
emf ' s  for the different  d i rec t ions  of the heat flow. 

To measure  the thermal  emf ' s  of wafer semicon-  
ductor r ec t i f i e r s ,  we set up an exper imenta l  ins t a l l a -  
t ion (Fig. 1) [12] to produce the t empera tu re  gradient  
along the specimen and to m e a s u r e  it. 

The r e sea rch  was ca r r i ed  out on conventional  
copper-oxide and se len ium rec t i f i e r  disks .  The the r -  
mal  emf ' s  (E T) of the rec t i f i e r s  as a function of the 
t empera tu re  differences AT on the i r  planes for two 
oppositely directed heat flows is shown in Fig.  2. For  
ease of compar i son ,  the forward and r e t u r n  branches  
with the var ious  s igns of the cha rac te r i s t i c  E T =f(AT) 
have been placed on a single graph. As the f igure 
shows, the absolute magni tudes  of the the rmal  emf ' s  
can be regarded as being coincident  w h e n  the d i r ec -  
t ion of the heat flow changes.  

The maximum magnitude of the the rmal  emf ob- 
tained in the rec t i f i e r  s tudies for  the given t e m p e r -  
a ture  dif ferences  does not exceed 3 - 5  mV. At these 
voltages,  the cur ren t -vo l t age  cha rac te r i s t i c  of the 
rec t i f ie r  is symmet r i ca l ;  the a symme t r y  appears  on 
application of a voltage in excess  of ]0 mV. 

Consequently,  all  of the m e a s u r e m e n t s  were ca r r i ed  
out on the symme t r i c a l  por t ion of the cur ren t -vo l tage  
cha rac te r i s t i c  of the rec t i f ie r .  It is obvious that this 
is the reason  for the absence of a s y m m e t r y  i n t h e t h e r -  
mal  emf ' s  at the r ec t i f i e r  output with a change in the 
d i rec t ion  of the heat flow. 

S imi la r  m e a s u r e m e n t s  were ca r r i ed  out for a 
se r ies  of copper-oxide and se len ium rec t i f i e r s .  The 
resu l t s  agree with those descr ibed  above. 

To de te rmine  the heat conduction of the rec t i f i e r ,  
we added two identical  nickel  units (45 m m  in d iam-  
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Fig. 3. Tempera tu re  dependence 
of the rmal  conductivity coeffi-  
c ient  ~r  for copper-oxide rec t i f i e r  
W/m �9 deg) with heat flux di rec ted  
f rom semiconductor  layer  to back-  
ing mate r i a l  (a) and backward (b). 

e ter  and 6 mm in t h i cknes s ) t o  the ins ta l la t ion  de-  
sc r ibed  above, and different ial  thermocouples  were  
imbedded in these nickel blocks.  The thermocouples  
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were  pa s sed  through mi l l ed  grooves  in the s u r f a c e s  
of the b locks .  The width and depth of the g rooves  
was d e t e r m i n e d  by the th ickness  of the w i r e  used to 
make  the t he rmocoup le s .  The t e s t  r e c t i f i e r  was p~s i -  
t ioned between the n ickel  b locks ;  a thin l a y e r  of g lyc -  
e r i n e  was appl ied  to the su r face  of the r e c t i f i e r .  
This en t i r e  s y s t e m  was  pos i t ioned  in the i n s t a l -  
la t ion  shown in Fig .  1. A heat  flow was gene ra t ed  
and the t e m p e r a t u r e  d i f f e rences  a c r o s s  the n ickel  
b locks  and a c r o s s  the r e c t i f i e r  were  m e a s u r e d .  To 
avoid the influence of t h e r m o e l e c t r i c  effects  on the 
magni tudes  of the m e a s u r e d  t e m p e r a t u r e  d i f f e rences ,  
one of the junct ions  f rom each of the d i f fe ren t i a l  
t he rmocoup le s  was e l e c t r i c a l l y  insu la ted  f rom the 
object  being m e a s u r e d .  The t h e r m a l  conduct ivi ty  
for  the n ickel  was t a k e n  f rom tab les  and found to be 
equal to 58 W/m �9 deg.  The spec i f ic  heat  flows ql 
and q2 through the n ickel  b locks  were  ca lcu la ted .  
Neglec t ing  the l a t e r a l  heat  l o s s e s ,  we found the m a g -  
nitude of the heat  flow through the r e c t i f i e r  to be 
qav ~ (q I + q2)/2.  The t h e r m a l  conduct ivi ty  of the 
r e c t i f i e r  was ca lcu la ted  to be Xr = q a v d r / A T .  The 
m a x i m u m  m e a s u r e m e n t  e r r o r  for  the t e m p e r a t u r e  
d i f f e r ences  found with the po ten t iome te r  did not exceed 
3 . 5 ~ .  The m a x i m u m  m e a s u r e m e n t  e r r o r  for  the 
t h e r m a l  conduct iv i ty  of the c o p p e r - o x i d e  r e c t i f i e r  
did not exceed 11%. 

F i g u r e  3 shows an expe r imen t a l  curve  for  the t h e r -  
mal  conduct ivi ty  of the coppe r -ox ide  r e c t i f i e r  as a 
function of t e m p e r a t u r e  in the case  of two oppos i te ly  
d i r e c t e d  heat  f lows.  In p r o c e s s i n g  the e x p e r i m e n t a l  
da ta ,  we employed  the method of l e a s t  squa re s  [11]. 
The m a x i m u m  devia t ion  in the e x p e r i m e n t a l  points 
f rom the approx imat ing  curve  is l e s s  than 1.5 %. 

As we can see f rom Fig ,  3, within the l i m i t s  of 
m a x i m u m  m e a s u r e m e n t  e r r o r  (11%), no a s y m m e t r y  
in the t h e r m a l  conduct ivi ty  of a c o p p e r - o x i d e  r e c t i f i e r  
was found. 

NOTATION 

E T is the t h e r m a l  e l e c t romo t ive  fo rce  of the r e c t i -  
f i e r ,  mV; AT is the t e m p e r a t u r e  d rop  a c r o s s  the 
r e c t i f i e r ,  ~ q l  and q2 a r e  the spec i f ic  heat  f lows 
through the n ickel  blOcks, W/m2; qav is the spec i f ic  
heat  flux through the r e c t i f i e r ,  W/m2;  d r is  the r e c t i f i e r  
th i ckness ,  m; ~r  is  the t h e r m a l  conduct ivi ty  of the 
r e c t i f i e r ,  W / m  �9 deg. 
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