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It is found that irradiation of germanium crystals with fast neutrons leads to an increase 
of the rate of volume recombination. The probability of recombination trapping of charge 
carriers by defects which appear as a result of irradiation is estimated. The strong effect of 
neutron irradiation on the lifetime of carriers can be used to record and measure integral 
fluxes of fast neutrons. 

I STRUCTURAL DEFECTS OCCUR in crystals 

• under the influence of fast neutrons. The disturb

ance of the periodic structure changes the mechan
ical, electrical, and optical properties of the crys
tals. The changes of the electrical conductivity of 
germanium and of silicon subjected to the action of 
fast neutrons have been studied by many investiga

tors, in particular Lark-Horowitz 1 and Fan 2, and 
have been utilized in a dosimeter proposed by 

Cassen 3 • 

Structural defects in crystals of semiconductors 

serve as recombination trapping centers for elec
trons and holes. The effective capture cross-sec

tion for holes by defects formed in the bombardment 
of germanium by electrons with energy above 0.5 Mev 
was estimated in our work 4 and came to 0.7. 10- 16 

cm2 , i.e., close to the capture cross-section of 

thermoacceptors, according to the data of Kalish
nikov and Ostroborodova5 • 

The purpose of the present work is to estimate 
the effect of germanium-crystal neutron-produced 
lattice defects on the recombination of electrons 
and holes. 

The number of germanium nuclei displaced owing 

to scattering of fast neutrons by the lattice sites as 
a result can be calculated on the basis of data on the 
transverse cross-sections for the interaction of fast 
neutrons with Ge nuclei 6 • According to Ref. 6, the 

transverse cross-sections for the scattering of 

germanium nuclei by fast neutrons with energy En 
in the range 0.4-3.5 Mev are respectively 

E , Mev 0.4 l.O 1.5 n 2 3.5 14 

T, barns 5.5 5.0 3.5 3.3 3.5 2* 

As a consequence of the fact that the energy 
transferred to a germa~ium nucleus by fast neutron 
can amount to a significant figure (0.054 En), sec
ondary and higher atomic displacements can occur. 
Ref. 7, gives a method of calculating the total num

ber Nd of Ge atoms displaced as a result of primary 
energy transfer. Allowing for the possibility that an 

*The atlas of transverse cross-sections contains no 
data on a forE = 14 Mev. The value 2 x 10-27 cm 2 is 

t n 
obtained by extrapolation. The accuracy of the estimate 
is not lower than ± 50%. 
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incident atom takes up the position of a displaced 
2 -atom , N d is expressed as 

Nd =[Em/ (Em- Ed)] 

X[0.766 + 0.352ln (Em/ 4E.)], 

where Em is the maximum energy which a fast neu
tron transfers to a nucleus; E = E 4mM/(m + M)2 , m n 
where m is the mass of the neutron and M is the 
mass of the germanium neucleus; Ed is the mini-

E , Mev 0.01 0.05 0.1 
n 

mum energy which must be transferred to a Ge atom 
in order to displace it from a lattice site. Accord
ing to data obtained in experiments on bombarding 
germanium with fast electrons, the energy Ed is 
22.5 ev 8 , where only defects which are stable at 
room temperature are taken into account. In the fol
lowing it is assumed that the effect of self recovery 
of defects during the time of irradiation can be dis
regarded. 

For neutrons with energies E from 0.01 to 14 
- n 

Mev, Nd in a germanium crystal comes to 

5 10 

N d 1.46 1.97 2.22 

0.5 1 

2.78 3.03 3.5g 3.83 

14 

3.95 

The range of the germanium atoms in the crystal 
is small. On account of this, groups of vacant lat
tice sites and interstitial atoms situated close to 
one another arise during neutron bombardment along 
with the usual isolated Frenkel defects. 9 ' 

2. We carried out experiments on fast neutron 
bombardment of single crystals of n-type germanium 
with specific resistances of 24 and 35 0 ern. and 
initial bulk lifetimes at room temperature equal to 
650 ±50 and 1400 ± 200 microseconds. Crystals 
were obtained in our laboratory by a drawing tech
nique. Both crystals were irradiated simultaneously. 
They were placed at equal distances (2.0 ± 0.4 ern.) 
from the tritium target which served as the source 
of neutrons. 

The temperature of the crystals during the time of 
the experiment did not exceed room temperature by 
more than l0°C. In one of the specimens studied, 
the lifetime of the charge carriers was measured 
immediately before and after irradiation. A bridge 
method 10 • 11 was used for the measurement. The 
lifetime 'to of the carriers before the beginning of 
irradiation was 1400 ± 200 f1. sec; after irradiation 
it fell to 420 ± 10 f1. sec. 

In the second specimen a p-n junction was ob
tained by fusing on some indium. The measured 
quantity, from which it was possible to judge the 
change in recombination rate, was in this case the 
short-circuit current between the p and n regions, 
flowing upon illumination of the opposite face by a 
light flux of constant intensity (see Fig. 1). The 
results of the measurements are given in the table. 

Dark current, which could have been due to ion
ization in the germanium on account of the y back
ground and of the rearrangement of the electron 
shells of the displaced atoms, was not obse':Ved 

I I 

J 
r 

'I--

FIG. l. 1-lamp, 2-glass ampoule, 3-germanium 
photocell, 4-deuteron beam, 5-germanium crystal, 
6- tritium target, 7- lead. 

NuiPber of neutrons I Number of defects! Short circuit . 
per cm2 , n X 1011 per cm3 • current I rna. 
__ __::no_ sc 

0 
0.45 
0.95 
1.41 
1.95 

0 
0.15. 1010 

0.34. 1010 
0.50. 1010 
0.69. 1010 

0.87 
0.80. 
0.735 
0,708 
0.649 

Number of neutrons \Number of defects! Short circuit 

percm2,n X10 11 percm3 , current/ ma. n , ~ 

2.40 
3.23 
3,80 
4,37 
5,0 

0.85 . 1010 
1.15. 1010 
1. 35 . 1011 
1,55. 1()10 
L 78. 10lO 

0.615 
0,578 
0.540 
0.510 
0.481 
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with apparatus having a sensitivity of 10- 7 amp. 
The mean intensity of the 14-Mev neutron flux 
amounted to'"" l.10 7.neutrons/sec. per square em. 
of surface of the specimen. Experiments were 
carried out with a set-up used neutron spectro
metry 12 • The additional flux pf the neutrons scat
tered and slowed down by the lead surrounding the 
tritium target was taken into account in the calcu
lation of the total number of defects formed in the 
crystals. 

Owing to the fact that with the comparatively 
small integral neutron fluxes used in our experi
ments, the concentration of carriers <;_ould be con
sidered constant, the initial lifetime -.0 , the life
time after irradiation -., and the concentration of 
formed defects n are connected by a simple 
relation 4 : 

0/-.)-(l/-.o) ~ndvp e. 
Considering that the defects formed trap carriers 

separately, i.e. act on the recombination independ
ently of one another, then taking the thermal speed 
of the holes as v = 1.1 x 10 7 em/ sec, we obtain 
the value of the 6-oss-section for recombination 
trapping e. 

e = (l ± 0.5) X 10- 15 cm2 • 

For an estimate of the change of the recombina
tion rate from the drop of the short circuit current, 
the following considerations were used. Let us ex
amine the scheme shown in Fig. 2, the crystal with 
the fused-on p-n junction having a thickness d. The 

FIG. 2. 1-light, 2- nickel collar, 3- n-type 
germanium, 4-indium. 

generation of surplus carriers by the light proceeds 
in a layer close to the surface, thin in comparison 
with d. Let the total number of holes generated by 
the light in unit time be G. The short circuit cur
rent Isc can be expressed as Isc = qaG, where q is 
the electron charge, and a the effective quantum 
yield or collection coefficient of the carriers 14 . In 
the one-dimensional case 15 , under the condition 
that the reciprocal value of the linear absorption 
coefficient of light l/k » l/ L; l/k » s/D , where 

p 

L is the diffusion length of the holes, s is the rate 
of surface recombination, and P is the diffusion 

p 
coefficient, we have 

2 

a= (1-sL/D )e-diL+(1 +sLID )ediL 
p p 

The formula for a can be reduced to the simple ex
pression ci = Aedl L, where A = const., under the 
following conditions: d/ L ~ 2, L -' 5 x 10- 2cm, and 
and with surface recombination rates such as are 
obtained on etching germanium in hydrogen peroxide. 
For constant G, the ratio of I sc after irradiation to 
the original value I:c = q a 0 G, 

I sc/I~c =a/~. 

Calculating a0 with a reasonable assumption about 
the value of s established by means of a surface 
treatment, on the basis of known data on the origi
nal diffusion length L 0 in the non-irradiated mate
rial, one can determine a, and consequently L and 
-., knowing the measured ratio I to I 0 • With the sc sc 
lower limit of possible values for s equal to 150 
em /sec, eturns out equal to l.05x10- 15 cm 2; for 
s = 600 em/sec. e = l.29x 10- 15 cm 2 • 

The dependence of the reciprocal value of the 
short circuit current on the integral radiation dose 
is presented in Fig. 3, calculated on the basis of 
the last formula and experimental values for L 0 and 

I:c· 

1,5 

1 u~----~!------~,------6~----~8~@~.n/cm2 

FIG. 3. 1-s = 300 em/sec; e = 1.1 X 10- 15 cm 2 ; 0 -ex
perimental points. The ordinate is labeled r 1 (relative 
units) and the abscissa in labeled neutrons/c'in 2 • 

The relation between 1/l and the integral radia
tion dose can be utilized for the determination of 
dosage of fast neutrons starting with neutron fluxes 
of the order of 5x10 6 neutrons/cm 2 sec. Dosime
teric apparatus, based on the change in lifetime of 
carriers in germanium crystals can have a sensitiv-
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ity of Cassen's dosimeter 3 , based on the measure
ment of electric conductivity of crystals. The sharp 
difference in recombination trapping cross-sections 
for the cases of defect formation by fast neutrons 
and {3 -particles found in our experiments is ex
plained, apparently, by the high hole-trapping effi
ciency of an agglomeration of defects. 

On the basis of available data one can not also 
exclude the possibility of local melting of the 
germanium upon displacement of a germanium nu
cleus, to which a neutron transfers an energy of 
several hundred kev, inside the crystal. Rapid 
cooling of a small region 13 can lead to the appear
ance of additional defects of the crystal lattice 
which are not taken into account in the Snyder
Neufeld theory 7 which we used to calculate the 
number of displaced atoms. 

The authors express their sincere thanks to B.M. 
Vul for valuable comments, and also to F. L. 
Shapiro for discussion of a series of questions and 
for affording us the opportunity to work with a fast 
neutron source. 
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