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Decay processes are considered for non-equilibrium carriers generated uniformly throughout 
the volume of a semiconductor. The decay law is found for the concentration of non-equilibrium 
carriers in a semiconductor containing a small concentration of recombination centers (traps), 
for arbitrary departures from thermal equilibrium. Approximate expressions for this law are 
obtained for various ranges of variation of the concentration of the non-equilibrium carriers. 
These expressions correspond to various kinetic patterns of recombination. It is shown that 
alongside such well known patterns as the monomolecular and the bimolecular, there is also a 
type of recombination at a steady rate corresponding to a lifetime proportional to the concentra
tion of the non-equilibrium carriers. This occurs at low temperatures in semiconductors in 
which the recombination cross-section for the minority carriers is much larger than that for 
the majority carriers. 

A paper by Adirovich and the writer1 examined the problem of the existence of characteristic times of 
stationary and nonstationary electronic processes in semiconductors. In this connection a law was ob
tained for the decay of non-equilibrium carriers in the case of low generation level and arbitrary concen
tration of traps (recombination centers). 

When the concentration of traps is sufficiently large, the characteristic times turn out to be different 
from the characteristic times of the stationary processes, as found by Shockley and Read.2 In the present 
paper a study is made of the kinetics of the nonstationary process of decay of non-equilibrium carriers 
for the case of small concentration of traps and arbitrary level of generation, and the laws of the process 
under these conditions are found. 

1. STATEMENT AND SOLUTION OF THE PROBLEM 

During the process of decay the kinetics of the electronic processes, for uniform generation, are de
scribed by the equations* 

dnjdt =- Aenp1 + Ben 1, n 1 + Pt = Nt>. dpjdt =- A1 pn 1 + B1p1 , p- n- n 1 =Na-Nd-~. ( 1) 

The separation of the concentrations into equilibrium and non-equilibrium parts (n = n0 + n', and so on) 
leads to the following way of writing this system: 

p' == n' + n~, p~ =- n~, (2) 

and linearization of the system with respect to the excess concentrations is possible only in the special 
case of small levels of generation. We shall carry out the calculation of the decay law in the general non
linear case by the method used by Adirovich to obtain the decay law for crystalline phosphors.3 

We assume that the concentrations of electrons and holes localized in the traps (recombination centers) 
are small in comparison with the corresponding concentrations in the zones. In this case 

n'::::::::::. p', 

dn' 1 dt = dp' 1 dt. 

*In the present paper we adopt the notation of Refs. 1 and 2. 

123 

( 3) 

(4) 



124 G. M. GOUREAU 

Equating the expressions for dn'/dt and dp'/dt from the system (2) and replacing p' by n', we arrive 
at the following expression for the concentration of non-equilibrium electrons localized in the traps 

' (AePto-Ahnto)n' 
nt = Ah (n0 + n1) + Ah (p0 + p1) + (Ae + Ah) n' 

Introducing the lifetimes T 0, T po• T no• 2 

n0 + n, + Po + P1 
"o = 't 0 n0 -+ p 0 ":po no+ Po 

we put the relation ( !5) in the form: 

1 
'tno = AeNt ; 

1 
'tpo= AhiVt' 

n't = ('=poP,o- 'tnonto) n' I [(no+ Po) "o + ('tpo +"no) n']. 

(5) 

(6) 

( 7) 
I 

Substituting nt from Eq. ( 7) into the first equation of the system (2 ), we get the differential equation 

dn' (no +Po) n' + (n')2 

-dt = (n0 +Pol'~"o+n'('~"po+'~"no)' 

and integration of this under the initial condition n' = D.n at t = 0 gives the desired decay law 

( I ' n' ( 1 +(no+ Po) In' )l-•o!<•po+•no> 
exp - )=-

'po+'~"noJ b.n i+(no+Po)lb.n 
( 8) 

Let us now determine the physical conditions corresponding to the assumptions ( 3) and ( 4 ), on which the 
decay law ( 8) is based. Since p' = n' + nf:, the assumption ( 3) and ( 4) are equivalent to the inequalities 

n~, ~ n', 1 dn~ 1 dt I~ 1 dn' 1 dt I· 

From expression ( 5) it follows that 

I n' I I AePto- Ahnto I AePto + Ahnto Nt 
t = . < < --;----,-----i----,-----;-

7 I A. (no+ nl) + Ah (Po+ P1l + n' (Ah + Ae) A.,(no + nl) + Ah (Po+ P1l a (no+ nl +Po+ Pl) 

where a is the smaller of the ratios Tpo/Tno and Tno/Tpo [see Eq. (6 )]. 
An analogous estimate can also be obtained for the ratio of derivatives I dntfdt Ill dn'/dt I. Conse

quently, at small coneentrations of traps1 Nt « a (no + n1 + Po + p1 ), Eq. ( 8) gives the decay law for the 
concentration of non-equilibrium carriers at arbitrary levels of generation. 

This discussion shows that at small concentrations of traps the non-equilibrium concentrations of elec
trons and holes in the zones are practically the same: n' = p' + pf F:::~ p', not only for n' » Nt. which is 
trivial (or Pt ::s Nt) , but also at moderate and small levels of generation, and also at any stage of the 
decay process. Therefore the processes in question can be characterized by a single lifetime of a non
equilibrium electron-hole pair,4 given by the expressions: 

n' p' 
" = - dn' 1 dt =- dp' I dt • 

(9) 

The complicated form of the decay law ( 8) is due to the fact that T depends on the level of generation. 
According to the Shockley-Read formula2 To can be larger or smaller than Tpo + Tno· Let us con

sider separately the two cases 

":o Y '=po + "no• 

"o ~"Po+ "no· 

(10) 

(11) 

In the first case one can distinguish three ranges of variation of the concentrations in which the decay 
law is approximated by simpler expressions, corresponding to the monomolecular and bimolecular pat
terns of recombination. In fact, for large generation levels, 

( 12) 

the decay law ( 8) can be written in the form:* 

*By transforming Eq. (8) by means of the limit relation ( 1 +a )1/a ::::! e for a_..., 0 and taking loga
rithms, we get the expression given in the text. 
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or, using Eq. ( 10 ), we get: 

( 13) 

Then for 

_no+Po /lln no+Po 1-<c "po+•no 
n' n' ~- 't'o 

(14) 

the decay law is exponential 

n' :::::. ~nexp {- t I ('=po + '=n0 )}, (15) 

and for 

( 16) 

it is hyperbolic 

I In'= t / (n 0 + p0 ) "o + const. ( 17) 

In virtue of the condition ( 10) both the inequalities ( 14) and ( 16) are compatible with the condition ( 12) of 
a high generation level. The monomolecular law ( 15) corresponds to larger values of the ratio n' (no + Po) 
than the bimolecular law (17 ). 

For small levels of generation 

n' <S: no+ Po ( 18) 

by steps analogous to those in Eq. ( 13 ), Eq. ( 8) takes the form: 

const--~--=ln~+ "Pn+•no (I- •o )-n_'_. 
't'o !J.n -ro \ -r PO + -r nQ no + Po 

( 19) 

Using the relation ( 10 ), we get 

n' n' t --- - ln --= - + const. 
no + Po no + Po •o 

(20) 

But by inequality ( 18) one always has 

n' I n' I In--
no+ Po · llo +Po 

Consequently, at small concentrations of the non-equilibrium carriers the decay law is given by the ex
ponential 

n' ::::;; ce-ti"•. ( 21) 

For the opposite relationship between the lifetimes, given by the inequality ( 11 ), the conditions ( 12) 
and ( 16) are incompatible, and therefore the bimolecular decay law does not appear. In this case the ap
proximating expressions are exponentials: Eq. ( 21) for small values of n' and Eq. ( 15) for large values. 

In the case of exact equality 

'!o :=::~flO+ 'tno (22) 

these two exponentials are the same, and it can be seen from Eq. (8) that the decay law is described by a 
single exponential 

(23) 

throughout its entire course. 
Let us consider in particular the case 

(24) 

In this case, for small values of n', a region of linear decay can be distinguished before the exponential 
region. 
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In fact, referring to Eq. (19) and using condition (24), we get the relation 

n' "t' n' 
___ L 0 In ---+ const =- --c--
n0+Po 1 'po+"no no+Po "pa+•no' 

(25) 

in which it is possible to satisfy the inequality [ cf. Eq. (17 )] 

n' /I, n' ~- '" 
no+Po ! 111 no+Pu ->,po+•no • (26) 

Consequently, in the range of values satisfying the inequalities (18) and (26 ), the decay law in the case 
(24) is of the form: 

n' = const- t (11 0 + Po)/ (-rpo +'no). (27) 

We note that when (24) is satisfied the exponential decay law holds for 

n' /II n' I <g;' To 
no+ Po n no+ Po ~ "po +"no' (28) 

2. DISCUSSION OF RESULTS 

According to Ref. 4* the inequality ( 10) is equivalent to 

(29a) 

if the trapping level and the level of the dominant impurity are located in the same half of the forbidden 
zone, and 

(29b) 

if they are in different halves. 
Similarly, ( 11) is equivalent to either 

(30a) 

or 

(30b) 

We note that n1 and p1 give the amount of thermal ejection of electrons and holes captured in the traps. t 
Consequently, the inequality ( 10) corresponds to a greater value of the thermal ejection, and on the other 
hand when ( 11) is satisfied thermal ejection does not play any important part. 

The exponential decay law corresponds to a monomolecular kinetics of recombination, i.e., to constant 
lifetime (T independent of n' ). This is realized for small levels of generation [T = T0, Eq. (21)] and 
for very large levels [ T = Tpo + Tno• Eq. ( 5 )]. In the former case the equilibrium degree of filling of the 
traps is conserved; in the latter case the limiting degree of filling of the traps by electrons and holes is 
determined by the non-equilibrium carriers themselves and depends only on the effective capture cross
sections.tt 

( 1 + atiY )( 1 + y I aty) 1 *From Eq. (6.2) of Ref. 4 we get for an electron semiconductor » + y, 
1 + y-2 which gives the relation 

[ exp ( E t1,; F ) - y J [ 1 -- exp (- E t k~ F ) ] ::> 0, 

which leads to the relations (29a) and (29b ). In the treatment of a hole semiconductor one must replace 
F by - F and y by 1/y ( y = Ah/ Ae ) . 

tindeed, the constants Be and Bh for thermal ejection of electrons and holes are determined by the 
system of equations ( 1) and the conditions of thermodynamic equilibrium: 

Be = AenoPtolnto = Aen1 and Bh = AhPontoiPto = AhPt. 

ttOf course, small values of n' can be obtained not only for small generation levels, but also in the 
late stages of decay for large 6.n. Therefore it is more correct to speak of small and large disturbances 
of thermal equilibrium .. 
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The equality To== Tpo + Tno (to which the exponential law ( 23) corresponds over the whole range of 
variation of the concentration of the non-equilibrium carriers) holds in two cases: 

(a) If the equilibrium filling of the traps coincides with the limiting value corresponding to large gen
eration levels, i.e., for 

ntol Pto = ntool Ptoo = 't1 ol'tno = Ael A1u 

nto = rlt, = 'troAl t I (-rpo +"no), Pto = Ptoo = "noNt I ('tpo + "no)• 

(b) If the equalities 

(31) 

(32) 

( 32a) 

hold. In case a the filling of the traps does not depend on n', and therefore the process of recombination 
occurs by the monomolecular pattern. Case b occurs for location of the trap levels and those of the dom
inant impurity in different halves of the forbidden zone. Then for small generation levels4 the recombina
tion is determined not by the equilibrium degree of filling (Pto• nto) but by the existence of a "thermal 
barrier." The equalities ( 32a) also lead at low generation levels to the relations 

( 33a) 

if the lifetime is determined by the recombination of non-equilibrium empty traps with equilibrium elec
trons (electron semiconductor), and 

(33b) 

if the lifetime is determined by the recombination of non-equilibrium filled traps with equilibrium holes 
(hole semiconductor). 

Thus if at small generation levels the ratio of the thermal ejection and recombination of the carriers 
captured by the traps, expressed by the relations ( 33a) and ( 33b), turns out equal to the limiting degree of 
filling at large generation levels, then also there is monomolecular recombination during the entire course 
of the process of decay of the non-equilibrium carriers. 

According to Eqs. (29a ), ( 29b ), and ( 12) the bimolecular recombination described by the hyperbola 
( 17) occurs for appreciable values of the thermal ejection and for large concentrations of non-equilibrium 
carriers. The existence of the thermal ejection brings it about that even at large generation levels the 
filling of the traps is still far from its limiting value given by Eq. ( 31 ). 

In fact, usingEqs. (7), (10), and (12), we get: 

(34a) 

(34b) 

But, unlike the case of small disturbance of thermodynamic equilibrium, for which one can assume that 
the filling of the traps is still that characteristic of equilibrium, we have here 

(35a) 

if (29a) holds, and 

(35b) 

for the case of ( 29b). 
Consequently in this case the recombination given by the system of equations ( 2) is determined by 

terms that are quadratic in the non-equilibrium concentrations. Indeed, according to Ref. 4, if the life
time is determined by the recombination of the minority carriers, then, using Eqs. ( 3 ), ( 12 ), and ( 35a ), 
we get: 

(36a) 

In this case the traps are emptied by thermal ejection, and everything is determined by the recombination 
of the non-equilibrium holes (p' » n0 +Po) with non-equilibrium filled traps (nt » nto ). But if the de
termining role is played by the recombination of the majority carriers, then, taking into account the re
lations ( 3 ), ( 12 ), ( 29b ), and ( 35b ), we get: 
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(36b) 

Here, owing to the location of the trap levels and the dominant impurity levels in different halves of the 
forbidden zone, the traps are filled up, and everything is determined by the recombination of non-equi
librium electrons (n' » n0 + Po) with non-equilibrium empty traps (Pt » Pto ). Thus we indeed arrive 
at Eqs. (36a) and (36b), which give the hyperbola (17). 

From the relations ( 7 ), ( 12 ), and ( 16) one can obtain the inequality 

a (no+ nl +Po + Pl) I I In no; Po I.:}> n' :::}>flo+ Po, 

where a is the smaller of the ratios Ae/Ah and Ah/Ae. Consequently, the best conditions for the bi
molecular recombination (the widest range of variation of n') correspond to large values of the thermal 
ejection (the quantities n1 and p1 ). In fact, the thermal ejection of carriers back into the zones is the 
main effect hindering the establishment of the limiting degree of filling of the traps. Therefore the greater 
the thermal ejection, the wider the range of variation of n' in which the filling of the traps is still far 
from its limiting value even at large levels of generation. The conditions for the greatest thermal ejection 
are realized at temperatures corresponding to the maximum in the curve of To as function of the recip
rocal temperature 1/T, in semiconductors having narrow trap levels. 

Of particular interest is the region of the linear decay law, corresponding to increase of the lifetime 
with increase of the generation level. The necessary condition for the realization of such a process is the 
inequality (24 ), which can be fulfilled only if Tpo and Tno are quantities of different orders of magnitude, 
namely: for an electron semiconductor, if 

(37a) 

and for a hole semiconductor, if 

"'Cpo ~> 't'no· (37b) 

In this case, at low generation levels, according to Eq. (27 ), a region of variation of n' can be distin
guished in which the rate of recombination is constant. Because of the smallness of the thermal ejection 
of carriers into the zones the limiting degree of filling of the traps is established for small disturbances 
of thermodynamic equilibrium (i.e., Pt and nt are constants). In this case the system (2) (for an 
electron semiconductor) takes the form 

dn' / dt =- Ae(flo + n1) P~ =- Aen0p~, dp' I dt =- AhntoP' + Ah(P0 + p1) p't- Ahp'n~, 

p'~ n', (38) 

Substituting into the first equation of the system ( 38) the value of Pt given by the relations ( 32 ), we get 

( 39) 

which for the case considered of an electron semiconductor (no »Po) indeed gives the linear decay law 
(27 ). Indeed, in this case, because of the smallness of the thermal ejection (no » n1 ) the traps in the 
equilibrium state are almost completely filled with electrons and everything is determined by the recom
bination of non-equilibrium empty traps (Pt » Pto) with equilibrium electrons (n = n0 + n' Rl n0, n' « n0 ). 

But owing to the limited number of traps and the small-
ness of the recombination cross-section for an electron 
in comparison with the corresponding cross-section for 
holes, the traps are at once filled up with non-equilib
rium holes (Pt ::::! Nt) and remain in this state for all 
n' » Nt. Therefore in the range of variation n0 + Po 
» n' » Nt the rate of recombination will be constant, 
as is indeed expressed by Eq. (39 ). 

We note that the lifetime given by such a scheme of 
recombination will be proportional to the concentration 
of non-equilibrium carriers. In fact, by Eqs. (9) and 
(39 ), we have: 
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"=An'. 

The case (24) is realized at low temperatures in semiconductors in which the recombination cross-section 
of the minority carriers is much larger than that of the majority carriers. 

The diagram shows decay curves of non-equilibrium carriers for a semiconductor with the composition 
Nd = 2.5 x 1014 cm-3, Na = 2.5 x 1013 cm-3, E 1 - Et = 0,2 ev, and Ae = Ah, for various temperatures.* 

CONCLUSIONS 

1. The kinetics of the decay of non-equilibrium carriers in semiconductors containing a small concen
tration of traps is complicated. In some ranges of variation of the concentration of non-equilibrium car
riers a dominant part is played by simple recombination schemes, which makes the decay law approxi
mately exponential, hyperbolic, or linear form. 

2. Besides the thoroughly studied monomolecular (T = const) and bimolecular (T = A/n') types of re
combination kinetics, in a semiconductor there can also occur a situation of constant rate of recombination, 
which corresponds to a lifetime proportional to the concentration of non-equilibrium carriers, T =An'. 
Recombination occurs in this way at low temperatures in semiconductors in which the recombination cross
section of the minority carriers is much larger than that of the majority carriers. 

3. Under definite conditions as to the composition and temperature, expressed by the equality To = Tpo 
+ Tno, the decay of the non-equilibrium carriers follows the monomolecular pattern throughout its entire 
course. 

In conclusion the writer expresses his gratitude to Professor E. I. Adirovich for valuable advice and 
his constant interest in this work. 
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*The critical temperature Tcr is determined from the equality Tpo + Tno =To, when the decay law 
throughout its course is the exponential n' = t.ne-t/T 

We have 


