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The change with t ime  of the voltage drop ac ro s s  a se lenium rec t i f i e r  pass ing  a constant  c u r -  
rent  is studied. Fo r  high cur ren t  densi t ies  a t he rma l  re laxat ion  mechan i sm is a s sumed  and 
the the rmophys iea l  s ta te  is fo rmula ted  fo r  this case .  

It is well  known [1] that if a constant cur ren t  is pa s sed  through a se lenium rec t i f i e r ,  the voltage drop 
ac ro s s  the r ec t i f i e r  v a r i e s  with t ime  (it ncreepsn) .  For  cu r r en t s  of 8-100 #A, the voltage i nc rea se s  with 
t ime (positive c r eep ) ;  for  cu r ren t s  of 150-250 #A, in addition to the voltage r i s e  there  appea r s  a pa r t i a l  fall  
in voltage with t ime; and at cu r ren t s  of 0.5-1 mA only a voltage drop with t ime occurs  in the t e m p e r a t u r e  
range  studied (negative c reep) .  In all  these  ca se s ,  af ter  a long per iod of cur ren t  flow (20 min), connection of 
the spec imen  to a po ten t iometer  revea led  the p r e sence  of an emf  of the same  po la r i ty  as the potential  ini t ia l -  
ly applied.  Connection of the spec imen  to a ga lvanometer  with low internal  r e s i s t ance  in the external  c i r -  
cuit produced a cur ren t  flow opposite in di rect ion to the inducing cu r ren t .  This indicated the p re sence  of 
injection of charge  c a r r i e r s  f r o m  the e lec t rodes  into the spec imen ,  which is the cause of the posi t ive  c reep  
effect .  The cause of negative voltage c reep ,  and consequently,  degradat ion of r ec t i f i e r  action, may be the 
heating of the spec imen  during the t ime of cur ren t  flow. 

This study will analyze the r e v e r s e  port ion of the v o l t - a m p e r e  cha rac t e r i s t i c  of s e r i e s  G se lenium 
r e c t i f i e r s  in a s tat ic  mode,  record ing  the curves  being taken by means  of a CI-19 osc i l loscope  2 sec (un- 
formed)  and 20 min (formed) a f te r  connection of the voltage source .  The a r ea  of the spec imens  studied was 
2.54 cm z. The spec imens  were  studied for  ambient  t e m p e r a t u r e s  in the range 0-52~ All changes in c h a r -  
a c t e r i s t i c s  w e r e  r e v e r s i b l e .  The re la t ionship  between r e v e r s e  cur ren t  and applied voltage for  cu r r en t s  of 
8-50 ~A, measu red  2 sec (dashed lines) and 20 min (solid lines) a f te r  connecting the voltage source  is shown 
in semi loga r i thmic  coordinates  in Fig.  1. F r o m  Fig.  1 it is evident that if the s t ra ight  por t ions  of the var ious  
cu r ren t  curves  a re  extended to their  in tersec t ion ,  then the c u r r e n t - v o l t a g e  dependence can be wr i t t en  in the 
f o r m  

] = Jinv exp [2.3B (T) (VV--V-V~nv)]. (1) 

where  Jinv and Vinv a r e  the values  of cur ren t  and voltage at the point of in tersec t ion ,  and B{T) is the tangent 
of the angle of inclination of the s t ra ight  l ines at var ious  t e m p e r a t u r e s .  If, for  the r e spec t ive  fami l i es  
(formed and unformed) of l ines ,  we calculate  B (T) for  the ambient  t e m p e r a t u r e  values  studied and define the 
function B = f (1/T) ,  we obtain a l inear  re la t ionship ,  and the magnitude of the tangent of the angle of incl ina-  
t ion as a function of inverse  t e m p e r a t u r e  can be wr i t t en  as 

A 
B (T) = - -  - -  b, (2) 

T 

where  A and b a re  constants .  

The change in tangent value af ter  long pas sage  of cur ren t  apparent ly  occurs  as a resu l t  of r ed i s t r i bu -  
tion of the vol tage drop in the spec imen  due to injection of e lec t rons  f r o m  the cathode. 

In s e r i e s  G se lenium r e c t i f i e r s  there  is no region of inverse  cur ren t  sa tura t ion .  The r ea son  for  the 
absence  of a sa tura t ion  cu r ren t  in these  r ec t i f i e r s  is that the ionization energy  of the alloy a toms changes 
under  the influence of the e lec t r i c  field within the spec imen .  
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F i g . 1 .  Cur ren t  densi ty  j, m A / c m  2, 
against  ~'V,V 1/2, for  different  t e m p e r a -  
t u re s  (dashed l ines ,  2 sec ,  solid l ines ,  
20 min,  a f t e r  applying vol tage) :  1-1 ')  
0~ 2-2 v) 20~ 3-3 ' )  36.5~ 4-4 ' )  52~ 

o ~ 2 3 ~ J'~ 

Fig.  2. Ionization energy  of al loy 
a toms AE against  vol tage applied 
to s ample ,  V 1/2. Dashed l ine,  2 
sec ,  solid l ine,  20 rain af ter  ap -  
plying vol tage .  

Since a se lenium rec t i f i e r  is a S e - C d S e  he tero junc-  
tion (an inhomogeneous c rys ta l l ine  s y s t e m  consis t ing of an 
Se ma t r i x  with inclusions of CdSe, Bi2Se3, e tc . )  the alloy 
a tom ionization energy  as calculated f r o m  the inverse  c u r -  
rent  v o l t - a m p e r e  cha r ac t e r i s t i c s  is the effect ive value for  
the ent i re  sy s t em,  and is dependent on the ionization energy  
and interact ion of the individual reg ions .  

As shown by capaci tance  m e a s u r e m e n t s  [3], the th ick-  
ness  of the p - n  junction in se lenium r e c t i f i e r s  is approx i -  
mate ly  10 -5 c m .  In the r e v e r s e  d i rec t ion the r e s i s t a n c e  of 
the r ec t i f i e r  is de te rmined  mainly by the r e s i s t a n c e  of this 
junction. T h e r e f o r e ,  the applied voltage is a lmos t  comple te ly  
a c r o s s  the p - n  junction. In view of the smal l  junction th ick-  
ness  for  low applied vol tages  a s t rong e lec t r i c  field of the 
o rder  of 104-105 V / c m  ex is t s .  

In the case  of se lenium r e c t i f i e r s  the theory of t he rma l  
ionization of alloy a toms in the s t rong e l ec t r i c  field can be 
employed.  It is a s sumed  that the action of the field i nc rea se s  
the concentra t ion of charge  c a r r i e r s ,  r a t h e r  than their  mobi l i ty  
[2, 3]. 

The ionization energy  value changes f r o m  0.78 eV for  ~V = 0 to 0 for  ~V = 2.9 for  an unformed spec imen  
(dashed line) and f rom 0.8 eV for  J V= 0 to 0 for  ~V = 4.98 V I/2 for  a formed spec imen  (solid line). I t  is 
evident  f rom Fig. 2 that  the magnitude of the ionization ene rgy  d e c r e a s e s  l inear ly  with inc rease  in applied 
voltage,  which is c h a r a c t e r i s t i c  for  high fields.  Af ter  a long per iod of cu r ren t  flow (formation) the ion- 
ization ene rgy  i n c r e a s e s  due to the counteract ion of the field by the injected charge  c a r r i e r s .  Con-  
sequently,  the cu r r en t  in the spec imens  studied is conditioned by field ionization of al loy a toms in the Se 
-CdSe  he tero janct ion  layer .  Emiss ion  of charge  c a r r i e r s  f rom the e lec t rode  leads to a redis t r ibut ion  of 
voltage in the sample ,  which causes  a change in the e lec t r i c  field at the S e - C d S e  heterojunct ion and a 
change in the ionization ene rgy  of the al loy a toms .  F o r  cu r ren t s  of 100 ~A and more ,  taken at 2 sec,  log j 
is l inear ly  dependent on voltage (Fig. 3). Such a re la t ionship  is probably  conditioned by the fact  that,  at  
these  vol tages ,  the p - n  junction is comple te ly  fi l led by capaci tance  charge .  If we extend the s t ra igh t  p o r -  
t ions of these  curves  to the i r  in tersec t ion ,  the re la t ionship  between cu r ren t  densi ty  in the sample  and 
voltage will be of the fo rm 

] ---- ]inv exp [2,3 B(T)  (V--  Vinv) ]. (3) 

In this case  it has been es tabl i shed that the ionization ene rgy  d e c r e a s e s  l inear ly  with inc rease  in applied 
vol tage .  

However ,  a f te r  a 20 min pa s s age  of cu r r en t s  of 0.5 mA and g r e a t e r  through the spec linen, the dependence of 
log j on voltage becom es  quadrat ic  (Fig. 3). Hence,  the quadrat ic  dependence appea r s  upon l o n g - t e r m  cur ren t  p a s -  
sage  and is a t i m e - r e l a t e d  fac to r .  At the moment  the quadrat ic  dependence of log ] on V appea r s ,  there  occurs  an 
anomalous  dependence of the r e v e r s e  cu r ren t  o n t e m p e r a t u r e ,  or  for  constant  cu r ren t ,  an anomalous  v o l t a g e - t e m -  
p e r a t u r e  re la t ionship .  In this case  the voltage a c r o s s  the spec imen  i n c r e a s e s  with i nc rea se  in spec imen  t e m p e r a -  
tu re  (the spec imen  t e m p e r a t u r e  is a s s um ed  to be equal to the ambient  t e m p e r a t u r e ) .  However ,  aside f r o m  the 
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Fig,  3. Cur ren t  density j ,  m A / e m  2, 
v e r s u s  voltage V, V, m eas u red  2 sec 
(dashed lines) and 20 rain (solid 
lines) a f ter  vol tage applicat ion.  T e m -  
p e r a t u r e :  1-1 ')  0~ 2-2 ' )  20~ 3-3 ~) 
36,5~C; 4-4 ' )  52~ 

effects  of injected charge  c a r r i e r s ,  a f t e r  l ong- t e rm cur ren t  pus -  
age heating of the spec imen  also takes place  (Fig. 4). In this case  
it is pr inc ipa l ly  the upper  (p re s su re )  e lec t rode  that is heated.  
Although the spec imen  heating,  as  measu red  by a thermocouple ,  
was no g r e a t e r  than 1.5~ above ambient ,  analys is  of the e x p e r i -  
mental  data and examinat ion of the the rmophys ica l  p rob l em based  
thereon never the less  allow it to be a s sumed  that there  exist  lo -  
cal ized conductive channels in the spec imen ,  which undergo s ignif i -  
cant heating with t ime  at high cur ren t  f lows.  

In actual i ty ,  if one cons iders  that all  the l aye r s  of the s e l e -  
nium rec t i f i e r  a r e  inhomogeneous in composi t ion and include s e c -  
tions that differ  f r o m  each other  by as much as s eve ra l  o rd e r s  in 
thei r  r e s i s t a n c e  [4], it is poss ib le  to a s sume  that cur ren t  flow 
through the spec imen  occurs  mainly  through those segments  with 
low r e s i s t ance  ( local ized conductive channels) .  Then in the vo l t -  
age range where  log j ~ V 2 a s t rong heating of the local ized con-  
ductive channels can take p lace .  The t e m p e r a t u r e  of the channels 
was calculated f r o m  Eq. (3). For  a cur ren t  flow of 1 mA for  a 20 
min per iod,  the following channel t e m p e r a t u r e s  we re  obtained for  
var ious  voltages:  15.4 V, 374 .4~ ;  15.8 V, 365.3~ 16.0 V, 360.3~ 
16.4 V, 349.5~ F r o m  the r e su l t s  obtained it is evident that the 
voltage a c r o s s  the spec imen  falls with an inc rease  in channel t e m -  
pe ra tu re ,  i .e . ,  within the spec imen  the normal  t e m p e r a t u r e  de-  
pendence of vol tage,  and consequently,  cu r ren t ,  ex i s t s .  Hence,  
considera t ion of the mechan i sm of cur ren t  flow through the spec i -  

men  and heating of the local ized conductive channels ca r ry ing  the cur ren t  leads to a no rma l  t e m p e r a t u r e  
dependence for  l a rge  inverse  cu r r en t s  in se lenium r e c t i f i e r s .  

For  a m o r e  accura te  de te rmina t ion  of cur ren t  channel t e m p e r a t u r e ,  the t he rma l  conductivity of the 
r e c t i f i e r s  studied was de te rmined  by a nonsta t ionary  method at the Academy of Sciences of the Be lo russ i an  
SSR, and proved  to be equal to X = 0.3 W / c m  .deg.  

Since upon passage  of a cur ren t  through the spec imen  it is mainly the upper  e lec t rode  that becomes  
heated,  we will a s s um e  that the heat  sources  a r e  located close to the upper  e lec t rode .  Moreove r ,  we will 
a s s u m e  that the heat sources  a r e  si tuated in one plane x = 0, and a r e  in the f o r m  of d i sc re t e ly  placed disks 
of d i ame te r  2R with 6, the th ickness  of the spec imen .  

With the condition that the sur face  t e m p e r a t u r e  of the spec imen  is de te rmined  by 

W 
Ts=  Ta+ r (4) 

where  T a is the ambient  t empe ra tu r e ;  W is the power diss ipated in the specimen;  a is the h e a t - t r a n s f e r  co-  
efficient with r e spec t  to the surrounding medium; and F is the su r face  a r e a  of the specimen;  if we r eg a rd  
our spec imen  as an infinite l amina  (this assumpt ion  is valid when we consider  the spec imen  thickness  
= 0.1 cm and that i ts  d i ame te r  2r -- 1.8 cm is a lmos t  one order  g r e a t e r  than the thickness)  with cyl indr ical  
s y m m e t r y ,  then in cyl indr ical  coordinates  in the s ta t ionary  s ta te  the t he rma l  conductivity equation will have 
the fo rm [5] 

I O ( O T )  02T 
r + - -  =0, (5) 

r Or ~ Ox ~ 

where  r is the radia l  coordinate .  On the sur face  x = 0 the heat flow density is de te rmined  

2, OT 
- ~ x  ~=o= q(r), ( 6 )  

where  Q(r) is a function cha rac te r i z ing  the change in heat  flow at the sur face  x = 0. Moreove r  

T I~=~ = Ts' (7) 

We introduce a new var iab le  
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Fig .4 .  Kinetics of the t e m p e r a t u r e ,  ~ 
as the cu r ren t  is switched on and 
switched off (solid l ine,  upper  p r e s -  
su re  e lec t rode;  dashed l ine,  subs t ra te ) .  
1) 8-16 uA; 2) 100/~A; 3) 150/~A; 4) 
250 #A; 5) 0.5 mA; 6) 0.75 mA; 7) 1 mA. 
t, rain, 

T' = T - -  T s, (8) 

whereupon the boundary conditions a s sume  the f o r m  

_ ~ OT'ax ~=0 = Q (r). (9)  

We apply Hanke1's in tegral  t r ans fo rma t ion  to Eq. (5) and the 
boundary conditions of Eq. (9) over  the va r i ab le  r ,  and then, 
going f r o m  that r ep re sen t a t i on  to the original ,  we de te rmine  the 
t e m p e r a t u r e  at a point r = 0, [J0(P, 0) = 1], 

I i AT = T (0, O) - -  r s = ~ -  q (p) th (p, 5) dp, 

0 (10)  
ao 

(p) = ~Q (r) Jo (P, r) rdr. q 
0 

To obtain a numer ica l  r e su l t  it is n e c e s s a r y  to know the f o r m  of the heat  flow function Q (r). Since we have 
a hot disk,  heat  l ibera t ion  will  drop quickly but smoothly ,  and so for  this case  a Gauss ian  dis tr ibut ion of 
heat  flow will be sui table 

Q (r) = Ooe- , (11) 

where  Q0 is thehea t  flow at r = 0; and R is the radius  of the a r e a  through which the l a rge s t  por t ion  of the 
heat  flow p a s s e s  (the radius  of a conductive channel).  

Using Hankel ' s  in tegral  t r ans fo rma t ion  we obtain 

f R 2 [pR~2 q(p) =Qo r)er= eo__ e- V) 
�9 2 
0 

Substituting this value q (p) in Eq. (10) we obtain 

i (n \2 , ATo=T(0,  0 ) - - T  s -  Q~ e - (~)z thzdz ,  (r=0).  
2)~5 

0 

(12) 

(13) 

The integral  of Eq~ (13) cannot be  obtained in finite f o r m .  However ,  its value may  be es t ima ted .  

/n es t imat ing  the value we will cons ider  two ca se s .  �9 

1) (R/6) >> 1 (in our case  this would be mean ing less ,  s ince we a s s u m e  that the contact  spot is s m a l l e r  
than the spec imen  dimensions) ;  

2) ~ (al~) << I, 

IT(0, 0) - -  Ts] ~ 0.63 QoR (14) 

The heat  f l o w  densi ty  Q0 is r e la ted  to the power  d iss ipa ted  in the spec imen  W by 

W = mnR~Qo, 

where m is the number of channels, through which the electric current flows; and R is the channel radius. 
Knowing the experimentally measured channel temperature, the number of channels and their mean effective 
area can be determined from considerations of thermal balance. 
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