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The exact  stat ist ical  theory  of the recombinat ion vŸ t raps  has been 
elaborated by  W. SrIOCKLEY and W. T. READ [1]. They  defined the coeffi- 
cients Aik appear ing in the "cap tu re  cur ren ts" ,  near  the equil ibrium by  

Ucn = Ann 6n -+- Anp ~p , 
(1) 

Ucp = Apn dn -4- App Op 

and gave the expressions 

Uc n __ fpt no Cn Fn --  Ft  , 
k T 

(2) 
U c p =  f lpo  Cv Ft  - F v 

k T - -  ' 

i. e. the  relat ion between the "cap tu re  cur ren ts"  and the quasi Fermi-levels 
(in the following we use the nota t ions  of  paper  [1]). On the basis of the above 
equat ions the  t heo ry  of recombina t ion  can be formula ted  in terms of irrevers- 
ible the rmodynamics .  1 For  the examinat ion  of the t ime dependence of the 
recombinat ion we write down the equat ion  of mot ion  of the rmodynamics  in 
the form given by  I. F~NYES [2] and relat ing to homogeneous systems near the  
equilibrium. The equat ion  of conduct ion (with the usual notat ions)  is as follows: 

I = L X ,  (3) 

where X means the general force and is defined by  the equat ion  

X = --  g a (4) 

(a being the column rec tor  formed from the extensive quantities: here from 6n and 6p, 

~~ S (ai, ak) 
gik - -  0 a i 0 a k ' 

the symmetrical matrix formed from the entropy). 

1 N o t e  a d d e d  i n  p r o o f .  From the point of view of fluctuations K. M. VAN VLIET deals 
with a similar problem. Phys. Rey.,  110, 1, 1958. 
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Thus we have on the basis of  the equations (3) and  (4): 

I = - -  L g a  . 

On the other  hand the relation between a and I holds as well (assuming homo- 
geneity) : 

i , e .  

= - - g L X ;  a = - -  Lg  a; i = - -  L g  I .  

Let  us now introduce the following correspondence, i. e. nota t ion:  

Uci = - -  I~i; X n  - -  F n  - -  F t  X p  - -  F l  - -  F v  
T " T ; (Lg)~~~ --- Ai t  ~ , 

while the conduction matr ix  becomes diagonal on the basis of the equation (2) 
and its diagonal elements ate Lnn = fv t  no C ,Jk ,  Lpp = f t  Po Cp/k. Matrices A = 
= L. g and L are then  known. F rom these g can be determined by  simple cal- 
culations and according to expecta t ion  this appears as a symmetrical  matr ix .  
Aecording to the above, the equat ion of motion of the recombinat ion will be 
as follows: 

= - - A X ,  �91 = - -  A a ,  i r  = - -  A I r  �9 

These mat r ix  equations mean for the components a differential equation of  
the second order (e. g. for ai-s): 

a~ ~- T ( A )  ~t~ @ D ( A )  ai = 0 (i  = n ,  p )  , 

where T(A), resp. D ( A )  mean the trace, resp. the de te rminan t  of the matr ix  A. 
Obviously, the forro of the solution is 

al (t) - -  Cix e A~t + Ci2 e ~'t (i = u, p ) ,  (5) 

where 2r and 2t ate the two roots of the characteristic equat ion 

4D ( A )  [ 
- -  T ( A )  [ 1 - -  V 1 - . 4 D ( f l )  ] T ( A )  2 ] - -  T ( A )  [ l  q- ]i/rl - -  T (A)2  - 

~' = 2 ; zt = 2 

The equations (5) and (6) describe the t ime dependence of the recombinat ion 
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1 
and  the quant i t ies  T r --- resp. T t --  

2r 

see tha t  expanded  in a series in 4D (A) 
T (A)2 

1 
2t give the lifetimes. I t  is easy to 

- - w e  get in f irst  approx imat ion  

T,,o I (no 

TI. - -  

1 T ( A )  

2~ D(A)  

( -ii [ ( ~o-l- + . 0 + N ,  ~+ e~ I +T.o r  ~+~ 
P0 ' I 

(7) 

<~0 + ~0, + ~ ii + ~~I -~ t~ + ~o / 

i. e. the s ta t ionary  l ifet ime given in paper  [1]. 
For  the l ifet ime zt we get in a similar approximat ion :  

TE l - -  
1 1 

2,. T(A) 

Tpo TnO -N l 

(8) 

J( ] [( 1 r po 1 + P-~-}-iN t + (n o + n,) + Tno 1 ~- lll~llO JI--1Ni ~-(Po "+" P l )  

which describes a considerably quicker  re laxa t ion  process than  rr and corres- 
ponds to the filling of the t raps.  

Summing up wha t  has been said, on the  basis of the equat ions (1) and (2) 
the irreversible t he rmodynamic  formula t ion  of  the recombina t ion  is given. 
F r o m  the point  of view of irreversible the rmodynamics  the in teres t ing case 
occurs where Onsager 's  cross effect does not  appear  (L-diagonal),  nevertheless,  
because of the mat r ix  g being off-diagonal,  the  cross effect found in paper  [2] 
m a y  appear  (A off-diagonal).  

The non-s ta t ionary  lifetime r r i s  given and it renders in f irst  approx-  
imat ion  the s ta t ionary  l ifet ime given in [1]. We have pointed out  the mechan-  
ism of recombinat ion,  giving the re laxat ion  t ime of the t ime dependence of 
the filling of the t raps .  This re laxat ion  t ime was given first by  D. SANDI- 
FORD [3]. This te rm m a y  possibly p lay  a pa r t  in the t ime dependence of lumi- 
neseent  phenomena .  
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