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DISPERSIVE TRANSPORT AND R E A C T I V I T Y  OF CHARGE CARRIERS 

I N  DISORDERED SOLIDS 

YURI A. BERLIN 
N.N.Semenov I n s t i t u t e  o f  Chemical Physics, The Rusian Academy 
o f  Sciences, u l i t s a  Kosygina 4, 117977 MOSCOW, Russia. 

Abstract  The pe rco la t i on  approach t o  t h e  d i f f u s i o n  o f  charge 
c a r r i e r s  i n  disordered systems i s  appl ied t o  the  analys is  o f  
t h e i r  r e a c t i v i t y  i n  the  case, when t h e  react ion r a t e  i s  
con t ro l  l ed  by the  d ispers ive t ranspor t  o f  reactants. Expressions 
f o r  quan t i t i es ,  which govern k i n e t i c s  o f  both bu lk  and geminate 
elementary processes, have been derived. Our t h e o r e t i c a l  r e s u l t s  
are found t o  be i n  agreement w i t h  experimental observations and 
show t h a t  t he  nonregular i ty  o f  t he  d i s p o s i t i o n  o f  t raps  
(so-cal led bond d isorder)  as wel l  as t h e i r  d i s t r i b u t i o n  i n  the  
energy depth (so-cal led s i t e  d isorder)  a f f e c t  k i n e t i c s  o f  
elementary processes mentioned above. 

INTRODUCTION 

The r e a c t i v i t y  o f  charge c a r r i e r s  i n  disordered s o l i d s  are 

usua l l y  t rea ted  on the  bas is  o f  a fo rma l l y  borrowed method*” 

employed i n  descr ib ing the  e lec t ron  t r a n s f e r  i n  l i qu ids ,  where t h e  hop 

frequency f o r  t he  motion o f  reactants i s  bel ieved t o  be t ime 

independent g i v i n g  r i s e  t o  the  ord inary Gaussian mode o f  t h e i r  

t ranspor t .  Since i n  t h e  framework o f  such a method the  d i f f u s i o n  

c o e f f i c i e n t ,  D, i s  usua l l y  considered as the  phenomenological 

parameter, t he  apparent r a t e  constant , ka, f o r  bu l k  react ions can 

e a s i l y  be ca lcu lated by so l v ing  t h e  Smoluchowski-type equation f o r  t h e  

d i s t r i b u t i o n  o f  reac t i ng  species i n  space and i n  time, t. As has been 

shown3-*, f o r  any poss ib le  react ion mechanisms the  Gaussian d i f f u s i o n  

approach y i e l d s  

k a ( t )  = 4nDR[1+R/(nDt)1’Zl. 

Here R i s  t he  react ion radius o f  reactants which depends on the  

”genuine” r a t e  constant, k, on physical  i n t e r a c t i o n  between ac t i ve  
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94 Y.A. BERLIN 

species, on the  sum o f  t h e  r a d i i ,  R,, and on D i f  we are deal ing w i t h  

semiclassical  o r  quantum mechanisms o f  t he  react ion.  

Eq.(l) seems t o  be consistent w i t h  experimental data on t ime 

evolut ion o f  e lec t ron  t r a n s f e r  processes i n  l i q u i d s ,  but  i s  not  

adequate t o  descr ibe the  react ion k i n e t i c s  i n  disordered so l  ids’. 

Numerous observations i nd i ca te  t h a t  i n  the  l a t t e r  case k a ( t )  should 

decrease w i t h  increasing t f o l l o w i n g  the  empir ica l  law 
9 

-1tn k = B t  , a 

where B and a constants (O<nsl). 
The physical  o r i g i n  o f  t he  discrepancy r e s u l t s  from neglect ing 

the non-Gaussian (d ispers ive)  mode o f  t he  d i f f u s i o n  motion o f  

reactants i n  condensed media impl ied i n  the  de r i va t i on  o f  Eq.(l). 

For such a mode the  d ispers ion o f  t h e  s p a t i a l  d i s t r i b u t i o n  of charge 

c a r r i e r s  i s  not propor t ional  t o  t . Because o f  t h i s  f a c t  such a 

motion o f  p a r t i c l e s  through the  disordered medium i s  o f t e n  c a l l e d  

d ispers ive t ranspor t .  

1 0 - 1 2  

12 

The important physical  f ac to rs  which account f o r  t he  anomalous 

d ispers ion o f  c a r r i e r s  d i f f u s i o n  i n  disordered s o l i d s  are the  lack o f  

r e g u l a r i t y  i n  pos i t i ons  o f  t raps  v i s i t e d  by these p a r t i c l e s  i n  the  

course o f  t h e i r  random walks (so c a l l e d  bond d isorder)  and t h e  

d i s t r i b u t i o n  o f  t rapping s i t e s  on t h e i r  energy depth E (so c a l l e d  s i t e  

d i sorde r ) . Here we present some theo re t i ca l  resu l t s ,  which show 

t h a t  these types o f  d isorder can a lso be responsible f o r  unusual 

k i n e t i c  r e g u l a r i t i e s  o f  charge c a r r i e r s  react ions i n  so l i ds .  

10,11 

DIFFUSION OF CHARGE CARRIERS AND THEIR REACTION KINETICS 

1 4 , 1 5  Fol lowing our previous analys is  we consider t h e  “ t rap- to- t rap”  

motion o f  c a r r i e r s  i n  disordered media i n  t h e  framework o f  t he  

perco lat ion theoryI3.  Such an approach permits us t o  separate a l l  

t r aps  i n t o  two groups. The f i r s t  group forms the so-called d i f f u s i o n  

c l u s t e r  (DC) responsible f o r  t he  macroscopic t ranspor t  o f  reactants 

and hence f o r  t he  frequency o f  t h e i r  random c o l l i s i o n s .  The second 

group, i . e .  i so la ted  centers ( I C ) ,  p lays t h e  r o l e  o f  t he  sources 

and/or s inks f o r  species moving along DC and therefore makes no 
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DISPERSIVE TRANSPORT AND REACTIVITY OF CHARGE CARRIERS 95 

d i r e c t  con t r i bu t i on  t o  the  d i f f u s i o n  f low. Thus, from a microscopic 

p o i n t  o f  view there are some p r e f e r e n t i a l  t r a j e c t o r i e s  f o r  t he  

d i f f u s i o n  motion o f  charge c a r r i e r s  i n  disordered so l i ds .  The 

existence o f  such t r a j e c t o r i e s  seems t o  be the  p r i n c i p l e  d i s t i n c t i o n  

between d i f f u s i o n  i n  disordered and ordered media since i n  the  l a t t e r  

case the  m o b i l i t y  o f  any p a r t i c l e  i s  always independent o f  t he  path. 

To describe t h e  behavior o f  reactants i n  the  long-time l i m i t  

w i t h i n  the  framework o f  t he  model considered above we introduce t h e  

l o c a l  concentration, n ( r , t ) ,  o f  "mobile" c a r r i e r s  ( t h a t  i s ,  belonging 

t o  DC) around t h e i r  par tner  B and the concentration, N ( t ) ,  o f  charge 

c a r r i e r s  located on I C .  The introduced q u a n t i t i e s  are re la ted  by 

t 

N ( t )  = .f@(t-z)n(z)dz t N o Q ( t ) ,  
0 

( 3 )  

where No i s  t h e  i n i t i a l  concentrat ion o f  species a t  I C ,  44t) and Q ( t )  

denote funct ions descr ib ing t h e  r a t e  o f  charge exchange between I C  and 

DC, ca lcu lated i n  Refs. and . 1 4  15 

1 4 , l S  With a t r i v i a l  mod i f i ca t i on  o f  our previous r e s u l t s  we f i n d  

t h a t  i n  the  present case n ( r , t )  s a t i s f i e s  the  equation 

t 

= 0. ( 4 )  
a 

a t  a t  a t  

Here rc = e2/(€k,T) i s  t h e  Onsager distance, k, i s  the Boltzmann 

constant,T i s  a temperature, e i s  t he  e lec t ron  charge and F i s  the  

d i e l e c t r i c  constant. 

The s o l u t i o n  o f  Eq.(4) with d i f f e r e n t  boundary and i n i t i a l  

condi t ions al lows t o  f i n d  q u a n t i t i e s  which character ize the  k i n e t i c s  

o f  var ious elementary chemical react ions i nvo l v ing  charge c a r r i e r s .  

Typical  examples w i l l  be considered i n  the  next sect ion.  

RESULTS AND DISCUSSION 

Geminate recombination 

I n  t h i s  case the  i n i t i a l  s p a t i a l  d i s t r i b u t i o n  o f  c a r r i e r s  i s  given by 
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96 Y.A.  BERLIN 

where Ntot(0) and no are the  t o t a l  concentrat ion o f  c a r r i e r s  a t  t = O  

and t h e i r  i n i t i a l  concentrat ion a t  DC, respect ively.  Furthermore, 

s ince the  p r o b a b i l i t y  o f  f i n d i n g  reactant a t  long distances from i t s  

par tner  must tend t o  zero, one can w r i t e  

Besides, n ( r , t )  should s a t i s f y  the  fo l l ow ing  cond i t i on  a t  r = Ro  

The boundary value problem (4-7) can be solved by the  Laplace 

transform method. This  makes i t  possible t o  ca l cu la te  t h e  q u a n t i t i e s  

which are o f  physical  i n t e r e s t ,  i n  p a r t i c u l a r  t he  r a t e  o f  geminate 

recombination R ( t )  = 4nRzkn(R0,t) and the  su rv i va l  p r o b a b i l i t y  

( 8 )  

$0 

Nt) (47VNtot(0))  J r 2 [ n ( t )  t N ( t ) l d r .  
0 

For example, denoting the  average frequency o f  charge t r a n s f e r  along 

DC by W, and p u t t i n g  U(x) = exp(-rc/x)  t [Drc/(kR') - 11 exp(- rc / rO) ,  

one gets 

Here a i s  t he  d ispers ion parameter spec i f i ed  f o r  d i f f e r e n t  types o f  

d isorder  i n  t a b l e  I i n  terms o f  t ime t appropr iate f o r  t r e a t i n g  the  

given react ion as t h e  e s s e n t i a l l y  non-stationary process. Note t h a t  

f o r  geminate recombination t = r c / D  (see e.g. ) whi le,  f o r  instance, i n  

the  case of homogeneous react ions t=R,/D. 

Thus, t he  su rv i va l  p r o b a b i l i t y  decreases vs.  t ime as a l i n e a r  

func t i on  o f  t . For t-m t h i s  quan t i t y  tends t o  the  nonzero and 

f i n i t e  l i m i t  which coincides w i t h  the  well-known expression f o r  the  

u l t ima te  escape p r o b a b i l i t y 1 6 .  Besides, i t  has been shown t h a t  R ( t )  * 

t-1+af2 . These a n a l y t i c a l  f i nd ings  agree with the  decay law f o r  t h e  

recombination luminescence i n  i r r a d i a t e d  organic glasses (see 

e. g. 1 and w i t h  r e s u l t s  o f  a computer s imulat ion study o f  geminate 

" 

" 2  16 

" 2  

- a / 2  

17,18 

1 9 , ' O  recombination 
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DISPERSIVE TRANSPORT AND REACTIVITY OF CHARGE CARRIERS 97 

TABLE I Expressions f o r  dispersion parameter, a ,  i n  cases 

o f  side-disordered media (SDM) w i t h  exponential (EXP-0) and 

normal (NOR-D) energy d i s t r i b u t i o n s  o f  t raps.  

Type o f  d isorder  a 

SDM w i t h  EXP-D T/To 
1 2 " 2  

SDM with NOR-D 7 (kBT/flE) ln[WRta,/(k,T)l 

BDM with RAN-D ( a / t c l 3  ln ' (wRt) 

Homogeneous recombination and scavenging 

I t  i s  obvious t h a t  a t  t = O  e lect rons involved i n  processes o f  t h i s  type 

may be found a t  any distance from t h e i r  par tners ( a  cat ion,  a hole, a 

neu t ra l  o r  a charged scavenger) w i t h  equal p r o b a b i l i t y .  Therefore 

instead o f  Eq.(5) we have 

I n  addi t ion,  n ( r , t )  must s a t i s f y  the  r a d i a t i o n  boundary cond i t i on  (7) 
and t h e  t o t a l  concentrat ion o f  c a r r i e r s  should tend t o  t h e  constant 

value N t o t  = no + Noas r + m. 

al lows t o  f i n d  ka using t h e  r e l a t i o n  

The s o l u t i o n  o f  Eq.(4) w i t h  these i n i t i a l  and boundary condi t ions 

ka = kn(R,,t)/Nto, 

It can be shown" t h a t  i n  the  long-time Eq . ( l l )  reduces t o  

Eq.(2) w i t h  a given i n  t a b l e  I and B = 4nD,kR,WR / (k  t 4nDoR,) f o r  

homogeneous react ions between charge c a r r i e r s  and neu t ra l s  o r  B = 
4nD,krcW, / { k [  l -exp(-rc/Ro) l  t 4?'cD,rcexp(-rc/Ro)} f o r  processes 

i n v o l v i n g  opposi te ly  charged species. This  means t h a t  parameter B 

depends on t h e  physical  nature o f  reac t i ve  species, on t h e  s p e c i f i c  

mechanism o f  t h e i r  t ranspor t  ( re t rapping o r  hopping) and on t h e  type 

o f  d isorder.  The l a t t e r  physical  f a c t o r  a l so  completely de f i ne  the  

value o f  exponent a (see t a b l e  I). 

- 1+a 

-1+a 
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98 Y.A. BERLIN 

Summing up, we conclude t h a t  i n  the  long-time l i m i t  t he  approach 

proposed adequately describes the evolut ion o f  both geminate and 

homogeneous react ions o f  charge c a r r i e r s  i n  disordered so l i ds .  I t  

expla ins the  polychromatic k i n e t i c s  o f  such processes by the  

d ispers ive mode o f  reactants t ranspor t  which p a r t i a l l y  con t ro l s  the  

r a t e  o f  t he  elementary react ion i n  disordered systems. Moreover, 

r e s u l t s  o f  t he  present study can be appl icable t o  react ions o f  o ther  

a c t i v e  species proceeding by the  quantum mechanism, i n  p a r t i c u l a r  t o  

some physico-chemical processes i n  low-temperature so l  i ds ”  *’. 
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