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The analytic dependence of the position of the Fermi level on the temperature and on 
the composition of a semiconductor in the case of low trap density has been found in the 
form of approximate formulas. With the aid of these expressions an investigation is made of 
the dependence on the above factors of the lifetime of nonequilibrium charge carriers in a 
semiconductor for small deviations from thermodynamic equilibrium which permits one to 
improve the formula for the determination of the binding energy of electrons and of holes in 
the traps. 

l. INTRODUCTION 

THE lifetime Tof the nonequilibrium charge car-

riers is one of the fundamental electrophysical 
characteristics of a semiconductor. For a low 
density of recombination centers (traps) and for 
small deviations from thermodynamic equilibrium, T 

is expressed by the formula of Shockley and Read 1 

't = 'tpo (no + nl)/(no +Po) (l) 

+ 'tno (Po + PI)/(Po +no)· 

Here n0=N 2exp{ -(Eu-F)fkT}, pf' 1exp {-i..F-El)/kT} 
are the electron and hole densities in thermodynamic 
equilibrium; 

p1 = N 1 exp {- (E t- E l)jkT} (2) 

are quantities which have the dimensions of 
density and which are numerically equal to the 
equilibrium electron and hole densities when the 
Fermi level F coincides with the energy levels 
of the traps; 

(3) 

where N t is the density of traps, A e and A h 

are respectively the probabilities of capture by the 
trap of an electron and of a hole. 

The dependence of the lifetime, and also of 
other electrophysical characteristics (conducti­
vity, Hall coefficient) on the temperature and on 
the composition of the semiconductor is expressed 

not only explicitly through T, E u, E l , E t, A e , A h• 

etc .,but also implicitly through the Fermi level F. 
Consequently it is first of all necessary to deter­
mine the law for the variation with temperature 
of the position of the Fermi level in semiconductors 
of different compositions. We shall take a definite 
composition of the semiconductor to mean that we 
are given the properties of the basic material, and 
also the densities and the characteristics of all 
the impurities and structural defects which it 
contains. In contrast to Refs. 2-5*, where the 
problem of the Fermi level is investigated by 
special graphical methods which require the con­
struction for each new composition of its own 
family of curves, the present article gives an anal­
ytic solution of the problem and presents the result 
in the form of sufficiently simple approximate ex­
pressions useful for calculations in specific cases. 

2. CALCULATION OF THE POSITION OF THE 

FERMI LEVEL 

The position of the Fermi level under condi­
tions of thermodynamic equilibrium is obtained from 
the normalization condition 

"' 
~ N (E) f (E) dE = N 0 , 

-00 

f (E)= [e<E-F)fkr + lr\ (4) 

where N (E) is the level density , and N is the 
total electron density at a given point olthe semi­
conductor. 

Assuming that in the forbidden band there exist 
in the general case local levels of S different 
types with binding energies equal respectively to 
E. ( i= 1,2,3, ... , S) for which N (E) =N. 8 (E-E; ), 

I I • 

*The formulas for F, obtained in Refs. 5-8, refer to a 
very special case which is realized, as is shown below, 
only within a very small range of temperatures. 
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we obtain from (4) 

~ N (E) f(E) dE 
l 

s 
+ ~ N (E) f(E)dE + ~Ni f (Ei) = N 0 , (5) 

2 1 

where the integrals l and 2 are taken respectively 
over the lower and the upper bands. In terms of 
densities, Eq. (5) takes the form: 

s 
n+N1o-P+ ~nl=No, (6) 

i=l 

where N 10 is the total number of levels in the 

lower band. 
If of the S types of local levels S are of the 

l 
donor type (i.e., they are occupied by electrons 
in the electrically neutral condition), then 

co co 

s, 

No=Nlo+ ~ Ni-pjq, (7) 
i=l 

where N i is the density of donor levels of the i th 

type, and p is the electric charge density at the 
given point. Substituting (7) into (6) and restricting 
ourselves to the electrically neutral case we obtain 
the equation 

S S, 

n+~n~-p=~N;, (8) 

which determines F. 
For non-degenerate semiconductors defined by the 

conditions 

the distribution of electrons in the upper band and 
the distribution of holes in the lower band corre­
spond to Boltzmann statistics 

n = ~ N (E) f (E) dE ~ ~ N (E) exp {- (E- F)jkT} dE 
Eu Fu 

= N 2 exp {- (E u- F)jkT}, 
E l Ez 

P = ~ N (E) f (E) dE~ ~ N (E) e-<F-E)/kT dE = N1e-<F-Ezllkr. 
(lO) 

-oo -co 

Here E l and E u are respectively the top of the 

lower band and the bottom of the upper band 
(Fig. l ); 

El 

N1 = ~ N (E) exp {- (Ez- E)jkT} dE 
-co 

co 

N2 =~ N(E)exp{-(E-Eu)jkT}dE 

Fu 

(ll) 

are the reduced values of the level densities in 
the bands; me and mh are the effective masses 

of the electron and of the hole. 
Selecting for the zero of energies the position of 

the Fermi level in a pure semiconductor (see Fig. l) 

which is determined by the condition n=p ( all N. 
= 0) and introducing the notation 1 

'? = (F- F 0 )jkT0·; r::z = (Ez- Fo)fkT0 ; 

Su= (Eu-Fo)kTo; 
s;= (£ 1 - F0 )/kT0 ; rxu= e"u 9; 1Yz = e"l'9; 

rx· -/;19· y- e(/l/9· v·- N·/N · (;..1 = TjT0 ,· L ~ . , - ' L - L 0' J 

;c = (N2jN1)'1• = (melmh)'l•; 

No= V N1 (To) N 2 (T0 ); (13) 
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FIG. l. Energy diagram of a semiconductor. · 

where T0 = 300° K we shall bring Eq. (8) to the 

following form: 

In the general case this equation is of orderS+ 2 
with respect to y. We note , however, that 

cxi {~I 
y .~I 

for (Ei- F)fkT :Jp I, 

for (F- Ei)/kT <g; 1. 
(16) 

Consequently, if the difference in the binding 
energies of the electrons on local levels of different 
types is much larger than kT, then (15) represents 
an equation of order not higher than the third. 

The quantity y introduced in place of the Fermi 
level has a simple physical meaning 

y = e(F-F,)JkT (17) 

= (N2/NI}'I•exp {(2F- Eu- Ez)f2kT} = V njp. 

For a semiconductor whose energy diagram is 
given in Fig. 1 equation (15) may be written as 
follows: 

(18) 

The number of electrons in traps is assumed to be 
negligibly small because of the low density of 
traps. 

In the following we shall restrict ourselves to an 
investigation of semiconductors with a small acti­
vation energy for both donors and acceptors. A 
typical example of such semiconductors is germani­
um8 : 

!Eu-Edl-0.04ev, j£3 -Ezl---0.04ev, 

(19) 

for which all the following calculations have been 
carried out. 

Let us consider the n-type of germanium 
v d - v a > 0. Since the position of the Fermi 

level in pure germanium has been chosen as the 
zero of energy, the Fermi level in the case under 
investigation is positive at all temperatures 

( <p ::.0) and tends to zero for e > > 1. 
Let us first of all show that in n-type germanium 

one may take ex. a I y < < 1 at all experimental 

temperatures, i. e., one may neglect the density of 
holes on acceptor levels. The ratio ex. a I y is 

determined by 

a.a/Y = exp {(Ea- cp)/8} < exp {Ea/8} (20) 

= (melmh)"1• exp {[Ea - 1/ 2 (Eu + £ 1 )]jkT}. 

The distance of acceptor levels from the middle 
of the band is "' 0.3 ev; consequently cx.a I Y 

is certainly less than 0.01 up to temperatures 
T = 500° C. 

We shall denote by the term low temperature 
region that range of temperatures within which 
one can neglect the density of holes in the valence 
band in comparison with the density of electrons 
in the conduction band. We shall determine the 
upper limit E) I of the temperatures in this 

region from the condition pin =0.01, i.e., y=lO 
[ see (17) ] • 

In the low temperature region Eq. (18) takes 
on the following form: 

(21) 

Its solution is 

y = ( oru/2x8"1•) {[(va + x831za./a.u)2 (22) 

+ 4x (ord/a.u) 8"1• (vd- v3 )]'1•- (va + x8'1.oord/cx)}. 
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The low temperature region o :S. 8 < 8 1 may be 

divided into three temperature intervals in which 
different approximate expressions for y are possible. 

Near absolute zero where one may neglect in 
(21) the density of free electrons v= x.8 3 / 2 y I a. u, 

(23) 

The boundary of this temperature interval e 1 IS 

determined from the equation 

a•J, 
u1 exp {- (eu- ed)/81} 

Let us now assume in Eq. (21) 

if 

if 

(24) 

(25) 

occurring values of the binding energy of the electron 
on traps. Consequently there exists a finite tempera­
ture interval in the low temperature region in which 
expression (22) for y can be approximated by the 
expression (26). A more exact form for y in this 
interval is given by the following: 

(29) 

At temperatures 8 1 < 8 < 8 2 the general 

formula (22) should be used. 
We now proceed to investigate the high tempera­

ture region, i.e., the region e :::_ Eli . In doing so 

we must take into account in Eq. (18) the density of 
holes in the valence band. 

'I' 
6 

5 ;; 
I~ ~ v 'f Low temperature 

/ul-- region -r---

1 
2 
3 

which corresponds to assuming a low degree of 3 
occupancy of donor levels. In such a case, 

V( 51..-!-.... I 
[/ 

Turning to Eq. (18) and demanding that the 
error introduced by the approximation into the free 
electron density should not exceed 1% we obtain 
the formula 

which determines the lower boundary of the tempera-' 
tures in the interval under consideration. 

Now substituting y= 10 into expression (26) we 
determine ei - the common upper limit of the whole 

low temperature region: 

v d has been neglected in the denominator because 

already at 8= 0.4 N 0 x. e3 12 a.d 1 a..u >> 1017cm,- 3 

and from (28) it follows that 8 1 ""' l. Consequently 
at the usual impurity densities 8 1 does not de-

pend on a..d , i.e., on the magnitude of the binding 

energy of the electron on impurity levels. 
We see that 8 2_ < 8 I in all cases for actually 

,~1 -r-.~j '-----

8 5 

2 

j f 'Y y y 
0 2 J 4 5 5 1 8 g tO '/e 

FIG. 2. Dependence of the position of the Fermi 
15 -3 N 

level on the temperature. 1-Nd =7.5xHJ em , a 

= 7.5xl0 10 cm-3 ; 2-Nd =7.5xl014 cm-3, Na= 7.5 

x 10 13 cm-3 ; 3- Nd = 7.5xl0 15cm-3 , N a= 6.75 xl0 15cm-3 

. As a consequence of the fact that 8 I > 8 2 , 

Eq. (18) can he written as follows: 

Its solution has the following form: 

(31) 

where we have taken into account that for e > e . - I, 

xB 312 a..d I a..u >> vd • For 8=8I Eq. (31) is 

the same as (26). 
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In the high temperature region we shall pick out 
two temperatures: 8 3 , which corresponds to the 

impurity conductivity being equal to the intrinsic 
conductivity [ V-=2 (v d - j/ ) J ' and 8 which 

a 4 ' 
corresponds to the intrinsic conductivity 
[II= 100 ( j/ d - j/ a) J ; 83 and 8 4 are determined 

by the formulas: 

e~o:/IXu = 2 (vd - Va)2, 

up' 
0 

-! 

-2 

-J 

-4 

!\ 
~ej 

4 

8~ 

2 
-~-... • 

I 2 I""-

These temperatures characterize the transition 
from the impurity to the intrinsic conductivity. 

Figures 2 and 3 show the result of the calculation 
of the position of the Fermi level and of the density 
v according to the above formulas. The boundaries 
of the temperature intervals are shown there also. 

For a p-type semiconductor all the results ob­
tained above also hold, only N d and N a should 

he interchanged. 2u should he replaced by -2z , 
-21 by 2u , f by -[, 2a by - 2d, 2d by- 2a, 
and x by 11 x. 

: 
I 
i 
I 

I 

+, 
-J ~ J ~ 

~- f--- f---+--r 1 2 ..... i""'--- )'.,[---.. 
-fj 

-7 

-8 

~ f'.- e, r--.. t- 3 .. 
'['._ ..... 

r-... i-K 
........ I ~ 

....... 
-9 

-!0 300 !50 t!J[J 7S flO 50 43 JlJ JJ ~ o 21,2 2])3.1 21.1. zo " 11 T"i 

I 2 J 4 J 5 7 8 9 f[J II f2 !3 f4 IS til t1J 

FIG. 3. Temperature dependence of the density of 
15 -3 1015 -3 charge carriers. 1- N ct=7 .5xl0 em , N a =6. 75x em ; 

2-Nd= 7.5xl0 14cm- 3, N a= 7.5xl013 em -3 ; 3- N d 
=7.5 X I0 15cm- 3, N =6.75xl0 10cm-3• 

a 

In concluding this section we note that the 
direct use of the formula for extrinsic semiconduc­
tors 5 , 8, l o, 1 l 

a= A exp {- (Eu- Ed)/2kT} (33) 

as applied to germanium may lead to quite incorrect 
values of the ionization levels of the impurities 

E u - Ed in the interpretation of experimental 

data. Formula (33) follows from (21) if the term 
ll a is neglected, and if y I u. d > > 1, which leads 

to. 

y = Vvalx~r' 1•exp {(su + ed)/28}; 

9 = 8 In y = 1/2 (sd + eu)· (34) 

Conditions under which these neglections will 
hold with an accuracy too% for concentrations 

(35) 

show that (33) may hold only in the case of very 
strongly extrinsic germanium: v d lv a >> 104 I o~ 
i.e., at least for vd -v 103 v 

a • 

Moreover, it follovs from (35) that in this case also, 
the approximation (34), which leads to (33), holds 
only within a very limited temperature interval. 
For n d = 7.5x10 15 cm-3 , N a= 7.5 x 1012 cm- 3 

and o = 10% the region in which (33) is applicable 
is limited to the interval 34 ° K '.::_ T < 48 ° K. 

3. LIFETIME 

Introducing dimensionless quantities (13) and 
adopting as the unit of time "Po ( 7* = TITpo ), we 

can reduce formula (l) to the following form: 
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where 

• (1+r:ttly)(1+yfr:t.tV) 
't: = 1 + y 2 

i= "no; l'ft=exp{st/8}. 
"po 

(36) 

The system of equations (36) and (18) represents 
a parametric expression of the dependence of the 
lifetime on the temperature and on the composit.ion 
of a semiconductor. In the low temperature regwn 
( 0 < 0 ) in place of (18) one should use (22), 

- 1 

lg r• 
5 

4 

J 

~~~~ e. x~""' 

I a?. 
r 
l 

~4eV 

"" 

' "' 
4Jr• 
0.75 

!'---0.5 

"' 0.25 

0 

~ 

while in the high temperature region (0 :.. 01 ) 

one should use formula (31). 
Figure 4 shows the result of eliminating y from 

the system of equations (36) and (18) for N 
a 

= 1013 cm- 3, N d = 1014 cm- 3 , xr=1, y =1 and for the 

other parameters determined by (19). The curve I 
shows the dependence of 7* on the temperature in 
the case that the recombination levels are situated 
at the same height as the donors 2u - 2t = 2u -2a 
= 0.04 ev. Curve ll corresponds to 

e 
L.!-v ...... 

['-... f e, 
8 g tO f1 

vl g'l" 
3 

2 

12 I. 

~; 
~ff 

~.~ 
2 

JjJ ~\-' 
~ ............... 

...._"--~ 
0 2 J 4 5 5 1 fo 

FIG. 4. Temperature dependence of the lifetime 
for different positions of the traps. 

~-------------------------------------
2 - 2 = 0.22 ev, while curve Ill corresponds to 

U t I 

2u- 2t = 0.375 ev. In the latter case the trap 

levels are situated in the middle of the forbidden 
band.* 

We have shown separately the behavior of lg T* 

at temperatures close to absolute zero (0 ::. e 1 ). 

In addition to the continuation of the graph for 
2 u - 2t = 0.04 ev (curve 1, left hand scale) we 

have also shown here the graph for the case when the 
trap levels are situated closer to the conduction 
band than the donor levels (curve 2, right hand 
scale, which corresponds to 2u - 2t = 0.02 ev). 

As may be seen from Fig. 4, the lifetime of 
nonequilibrium carriers does not vary monotoni­
cally with temperature. As the temperature is 
increased T* increases at first, then reaches a 

maximum, then decreases. If I ft I > Ed , then 

*We note that xr=l, i.e., the middle of the forbidden 
band coincides with the position of the Fermi level 
in pure germanium. 

T * increases also as 0 -0 (see curve 2 ). An 
exception occurs in the case when the recombina­
tion levels are situated in the middle of the for­
bidden band (more cccurately when tt = 0, i.e., 

when the traps coincide with the position of the Fermi 
level in pure germanium). For such a position of 
the traps T* increases monotonically, and then 
stays at a constant value (see curve Ill ). 

Let us elucidate the physical meaning of the 
results obtained above. The relaxation of the non­
equilibrium electron density is determined by two 
processes : 1) the recombination of excess elec­
trons with equilibrium empty traps, and 2) the recom­
bination of equilibrium electrons with excess 
empty traps. For small deviations from thermody­
namic equilibrium we can neglect the quadratic 
effect--the recombination of excess electrons with 
excess traps. The mathematical formulation of the 
above appears as follows: 
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where A and B are respectively the probabilties e e 
per unit time for the recombination and the thermal 
release of an electron, n and n' are the e_quilibrium 
and excess electron densities, Net and N 'et are 

the equilibrium and excess empty trap densities. 
The second term on the right hand side of (37) con­
tains the expression B N' because the appear-

e et 
ance of the excess density of empty traps N 'et not 
only speeds up the recombination of electrons, hut 
also slows down their ejection from the traps back 
into the conduction band. In a similar way, for 
the hole we have 

- dp'jdt =A o' N. 3 +(A .fJ + Bh.) N' . 
h . ft h ft (38) 

Evidently the excess density offilled traps is 
given by 

N' 3 = -N:,.. 
ft et (39) 

Under the conditions of stationary pair formation 
and of low trap density under which formula (l) 
was obtained, the lifetime of nonequilibrium carriers 
represents essentially the average time for the 
disappearance of an electron-hole pair, and not for 
the disappearance of either one of these two parti­
cles. The act of the recombination ofthe electron­
hole pair is made up of two elementary transitions 
l) of an electron into an empty trap and 2) of a 
hole into an occupied trap. As a result of such a 
process the electron-hole pair disappears, while 
the degree .of occupancy of the traps is not changed. 
The lifetime is determined fundamentally by the 
slower one of the two transitions. However, a 
simple addition of the characteristic times of the 
elementary acts cannot be used, asthis would 
correspond to such conditions under which the re­
combination of one of the particles, for exan1ple a 
hole, would become possible only after the re­
combination of the other particle, for example, an 
electron, had already occurred. 

If the characteristic times of the elementary 
transitions of an electron and of a hole are quanti­
ties of different orders of magnitude, then the 
lifetime Tis equal to the larger one of these two 
characteristic times. In the general case the 
value of the lifetime of the electron-hole pair is 
influenced by the fact that the transitions of both 
particles to traps may occur not only one following 
another, but also simultaneously. Instead of a 
singlevalued dependence, a correlation exists 
between the transitions (the transition of the elec­
tron may occur either simultaneously with or after 
the transitionof the hole, etc.). For the stationary 
case, when the rate of recombination is equal to 

the rate of pair formation (illumination or injection) 
this correlation finds its expression in Eqs. (l) 
and (36). 

We now proceed to the examination of individual 
specific cases. We shall restrict ourselves to an 
investigation of n-type germanium. The results 
which we shall obtain can be easily adapted also to 
the case of p-type germanium. 

EXAMPLE l. The traps are situated in the 
upper half of the forbidden band below the donors 
(Fig. 5a). Near absolute zero all 1the ,traps are 
filled, and the lifetime of the hole is equal to T 

pO 
or to unity in dimensionless units. Since the 
Fermi level Cfi"" € d , i.e., since it is close to the 

_<::9nduction band, the trap which becomes vacant after 
the recombination of a hole is filled almost immedi­
ately (in a time smaller than Tp 0 ) by some elec-

trons. The lifetime is determined by the recombi­
nation tin1e of the hole, i.e., T* = l. As the tem­
perature is increased, a partial emptying of the 
traps takes place. The density of filled traps is 
decreased, and consequently the probability of 
recombination' for 1 holes is also decreased. Conse­
quently the lifetime is increased. An increase in 
the temperature leads to an increase in the free 
electron density and for € t > 0 to a considerable 

increase in the number of vacant traps. Therefore 
the characteristic time for an elementary electron 
transition is very small and has no effect on the 
value of T. 

Calculations using formulas (36) and (22) show 
that over a sufficiently wide interval to the right 
of the maximum 

From (40) it follows that 

Under the condition that 

(42) 

·the slope of the curve of the dependence of the 
lifetime on the temperature plotted in terms of l/8, 
In T* is simply equal to the distance of the 
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I Conductio~ Conduction band 1 'I' 
i ______ :::::__i 'i b =---===--=---= d -·---------· i ~ rf~;r---

________ :~ -------'~~ 
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[Valence~ 
a b 

FIG. 5. Energy diagram of n-type germanium for 

it > 0. On the right-hand side of the diagram is shown 
the dependence on the temperature of the Fermi level, 
with the energies of the traps in both cases a and b 
indicated on the vertical axis. 

recombination levels from the bottom of the 
conduction band. This gives the possibility of a 
direct experimental determination of the binding 
energy of the electron on recombination levels. 

It should be noted that such a method of deter­
mining iu -it is by no means always possible . 

Indeed, in (42) one may take e 1 "' 1 (T rv 300 o K ), 

since the temperature range under investigation is 
adjacent to the temperature e l ' beyond which an 

appreciable intrinsic conductivity appears in 
germanium which then leads to a decrease of T* . 

Noting that the unit of energy is kT = 0.026 ev, 
0 

we obtain from (42) 

~<f?e = <lJ u- <lJ t '> 0.04 ev. 
(43) 

Consequently, only in the case when the traps 
are situated in the immediate vicinity of the middle 
of the forbidden band (~ 2 e "' 0.37 ev ) may the 

binding energy of an electron on a trap be determined 
sufficiently accurately from the slope of the curve 
of ln Tplotted against 1/T. In thr general case 
the neglect of the term 3/2 e in (41) may lead 
to a considerable error in the determination of 
~2e . 

Let us now turn to Fig. 4. The slope of the 
curve I to the right of 8 1 is equal to L 19. Going 

over to natural logarithms and to dimensional 
units we find that the slope of the curve corresponds 
to 0.068 and not to 0.04 ev. If one determines the 
electron binding energy from the slope of the 
curve in this case one will make an error of 72%. 

In order to determine the position of the traps from 

the experimental data on the lifetime one should 
construct in the region of the density plateau the 
curve showing the dependence of ln (TT -3/2 ) 

on 1/T . 
As may be seen from (40), at temperatures to the 

right of e l ( e < e l ), the following exact 

equality holds: 

d ln(-r*/8':.) dIn (-r;r'l•) 
d (1/l-)) = - (su- st). lor d (1/T) 

=-(<lJu-<lJt)/k. (44) 

The corresponding curve is shown dotted in Fig. 4. 
Its slope in dimensional units is equal to 0.04 ev, 
which exactly corresponds to the position of the 
traps. 

The considerations outlined above have not been 
taken into account by Hall. 12 If one introduces 
the necessary correction for e 3 /2 ' then the 

position of the traps determined from Hall's 
experimental data turns out to be equal to 0.22 
and not to 0.18 ev, which corresponds to an 
error of 20% committed by Hall. 

At temperatures higher than 8 I , the density of 

thermally generated(equilibrium) holes first appears 
and rapidly increases .. If for E) < E) I the lifetime 

was determined largely by the process of the recom­
bination of excess holes with the equilibrium 
filled traps 

- dp' jdt = A/;.p' ~t3 (45) 

[ see (38) ] ' then for e > e l the process of the 
recombination of equilibrium holes with excess 
filled traps also begins to play an essential 
role. As long as the lifetime was determined by 
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the first term in (38), it increased wihh increasing 
temperature, because the probability of recombi­
nation correspondingly decreased due to a decrease 
of N ft In the region of high temperatures, in which 

the second term of Eq. (38) predominates, Tde­
creases with temperature, because the probability 
of recombination increases with increasing p • This 
explains the non-monotonic character and the maxi­
mum of the curves giving the temperature depen­
dence ofT*. 

The above investigation shows that for f t > 0 

the lifetime of the electron-hole pair is fundamentally' 
determined by the time of a transition to a trap of 
that one of the components of the pair which belongs 
to the minority current carriers in germanium of a 
given conductivity type. An increase in Thy several 
orders of magnitude in comparison with Tp O * at 

intermediate temperatures is determined by the fact 
that in this temperature range the degree of occu­
pancy of traps is small, i.e., the probability of 
capture of a hole is small. For El --+O,N ft --N t , 

and for El ..... ex.; Nft --. l/2 Nt , as a result of which 

Tbecomes of the order of T ( or T ) 
p 0 nO • 

If t:t "" 0, then inn-type germanium (y > l) we 
have for all e 

(46) 

The occupancy of trars remains quite high at any 
temperature and therefore T* is small (see curve 
Ill, Fig. 4 ). Moreover, in the region of intrinsic 
conductivity (y "' l ) N ft "" l/2 N t • Therefore 

for ( t "" 0 the dependence of In T* on 1/ e' instead 

of having a maximum and a falling off at high tem­
peratures, ac_quires a plateau. 

EXAMPLE 2 . The traps are situated above 
the donors (Fig. 5h). The temperature dependence 
of T* differs from the one discussed above only for 
e < Ell 'where a decrease of temperature is ac-

companied by an increase of T* ( see curve 2 in 
Fig. 4 ). The reason for this is the following. 

If f t > f d , then for E)"" 0 all the traps are 

vacant, since cp--+t: d as El --+0. Therefore the proba­

bility of hole capture at E), 0 is equal to zero and 
correspondingly To= m. In this case as the tempera­
ture is raised the degree to which the traps are 
filled at first increases, and only then hegins to 
decrease, while for t:t < Ed N ft decreases begin-

ning with El ""0. For t:t > t:d, in the temperature 

range up to El 1 , N ft increases with increasing 

temperature and consequently Tdecreases. 
For t:t = t:d the degree to which the traps are 

filled remains practically constant up to rv e l ' 

as a result of which 

-;;* = "'hhpo ='~/('~a- '~a) = const. (47) 

The ratio (v d - v a) / v d is equal to the degree 

to which the donors are filled, and consequently 
to the degree to which the traps are filled which 
have the same energy as the donors. 

EXAMPLE 3. The traps are situated in the 
lower half of the forbidden hand (Fig. 6 ). The 
character of the temperature dependence is quali­
tatively the same as for t: t > 0. An analysis 

of the formulas shows that for y = l ,Tdepends only 

on I t:t I 

Conduction band Conduction band 

(d 

-------- f =0 -------

______ (t 

------------
.----------,€ a 

[~ 

____________ ( -+ f ta 

------ tl(d L I( a f tb 
Vale:: band j 

b 

FIG. 6. Energy diagram for n-type germanium for ft < 0. 

*By comparison with ~O in p-type germanium. 
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If -Et < Ed (Fig. 6a) then T* increases mono­

tonically in the low temperature region, then goes 
through a maximum, and falls off in the high tem­
perature region. The general form of the function 
T* ( El ) is the same as that shown in Fig. 4 
(curves I and 1/). However, the physical character 
of the processes whi.ch determine the temperature 
dependence of T* is quite different. This may be 
seen already from the fact that the temperature de­
pendence is contained in terms which include as 
a factory , i.e., the lifetime is determined not by 
the process of recombination of holes (minority 
carriers), but by the process of recombination of 
electrons (majority carriers), 

As may be seen from Fig. 6 for Et < 0 the 

occupancy of traps inn -type germanium ( cp > 0 ) 
remains at all actual temperatures close to unity, 
and only for El > El 4 it tends in the limit to 

one-half. Therefore, practically at all temperatures 
the capture of a hole by a trap occurs during a time 
T po • On the other hand, the transition of an elec-

tron into a trap requires a considerably longer time 
than Tno , since the traps are almost entirely oc­
cupied by electrons. 

In accordance with the above, the dominant role 
in Eq. (37) is played by the second term on the 
right-hand side; in other words the rate at which 
the process of disappearance of pairs takes place 
is determined by the recombination of e51uilibrium 
electrons n with excess empty trapsN ~t 

As n increases, the lifetime Tdecreases while 
when N e: is increased T decreased. ' 

The temperature dependence of Tis determined by 
which of these two factors dominates. 

In the temperature interval from 8 2 to 8 1 , 

which corresponds to the saturation of impurity 
conductivity , n "" const, while N' will decrease 

et 

as the temperature increases, because of the thermal 
ejection of electrons from the valence band into 
empty traps. In other words, here the principal role 

is played by the thermal barrier, 13 which oonsists 
of the fact that a hole captured by a trap is ejected 
back into the valence band before an electron from 
the conduction band has time to enter this trap. 
As a result Tin this case increases with tempera­
ture. 

As the temperature goes through El 1 an appreci-

ble density of equilibrium holes appears both in 
the valence hand and in the traps which leads to 

a decrease in Tjust as in the case f. > 0 which 
t 

was considered in detail above. 
The principal difference of the physical pro­

cesses taking Elace in n-type germanium for 
f. t > 0 and f.t < 0 consists of the following. 

For f t > 0 the lifetime is determined primarily 

by the characteristic time of the elementary act of 
the transition of a hole into a trap. At intermediate 
temperatures this may exceed Tpo by a large 

factor as a result of the fact that a large fraction of 
the traps is vacant which makes the recombination 
of the minority carriers more difficult. For ft < 0, 
the lifetime is determined mainly by the character­
istic time of the elementary act of the transition of 
an electron into a trap. At intermediate temperatures 
this may exceed Tno by a large factor because of 

the fact that a thermal barrier is created at the traps: 
the vacant traps are filled by electrons from the 
valence band which makes the recombination of 
conduction electrons (majority carriers) more 
difficult. 

In the general case the lifetime is determined 
primarily by the characteristic time of the elementary 
transitions of the minority carriers when the traps 
are situated in the same half of the forbidden 
band as the levels of the dominant impurity 
( f.t > 0 in n-type germanium; f.t < 0 in p-type 

germanium). The lifetime is determined primarily 
by the characteristic time of the elementary transi­
tions of the majority carriers when the traps are 
situated in the other half of the forbidden band 
( f t < 0 in n-type germanium, f t > 0 in p-type 

germani urn). 
The further are the recombination levels situated 

from the middle of the forbidden band, the greater 
is the role played by the effect of the emptying of 
the traps , or by the thermal harrier , and therefore 
the larger will be the value of the lifetime Tat 
intermediate temperatures in comparison with 
T or T • This can he seen from Fig. 4 where 

po no 

for 2u- 2t = 0.04 ev (curve I ) the value ofT 

approaches"' 5xl04 T pO , for 2u - 2t = 0.22 ev 

T max"' 10 2 po, and for 2t = 0 Tdoes not ex­

ceed 2 T • 
pO 
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