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ABSTRACT. Experimental results of relative growth of specific electric resistance and of thermo-emf coefficient
in highly phosphorus- and boron-doped silicon-germanium alloys during their irradiation in a reactor were ana-
lyzed and generalized. The mechanism and generalized description of the laws of thermoelectric parameters degra-
dation in reactor-irradiated n- and p-Si  ,Ge, ; alloys are offered. The study is conducted within the bounds of the
model of various damaging irradiation doses and changes in the target composition, and thus within the framework

of various damage abilities and degradation of the alloy parameters. © 2009 Bull. Georg. Natl. Acad. Sci.
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Thermoelectric transducers of thermal reactor radia-
tion into electric power have been used in spacecraft-
borne nuclear power plants (NPP) since the 1960s. Since
then NPPs with thermoelectric generators (TEG) have
been successfully used as efficient power sources in vari-
ous purpose near-Earth and interplanetary satellites and
vehicles. Quite a few works are dedicated to the inves-
tigation of thermoelectric parameters of highly doped
silicon-germanium alloys during their irradiation in
nuclear reactors [1-4].

The necessity to proceed with the studies of electric
and physical parameters changes in the irradiated sili-
con-germanium alloys is caused by the growing needs
of spacecraft power engineering, and is an urgent prob-
lem of radiative study of materials. To present the
grounds and provide proper work of NPP with high
operation life it is necessary to know the degradation
rate of semiconductor and other macroscopic param-

eters of thermoelectric materials during their irradiation
in reactors. Radiative study of materials has not pro-
vided comprehensive solution of the problems associ-
ated with the prediction of the macroscopic features
degradation in the irradiated materials. Neither suffi-
cient experimental data, nor comprehensive theoretical
basis is available, which would provide an opportunity
to predict degradation of parameters in the irradiated
materials. Thus it becomes necessary to conduct long
and expensive full-scale TEG testing in reactors in each
specific case.

To be able to predict, to provide technical grounds
and safe operation of spacecraft NPPs it is expedient to
define the laws and mechanisms of degradation of TEG
semiconductor material properties.

The present work continues the investigation of the
laws and mechanisms of the reactor irradiation effect on
thermoelectric parameters of silicon-germanium alloys
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[4]. Alloys doped with phosphorus and having natural
boron isotope content Nn21020 cm” were studied in the
water-moderated reactor (BBP-M) at the Institute of
Nuclear Researches, National Academy of Sciences of
Ukraine, using mixed neutron energy spectrum. The
alloys Were irradiated with fast neutron ﬂuences of up to
o, =4 10” n.cm™ and flows F=2.3 10 ncm2 and
thermal neutron ﬂuences of up to (D = 6.25110% n.cm™
and flows F=3.74 - 10" n.em™’ in 773-973 K target
temperature range [3].

The threshold value of fast neutron fluences, above
which silicon-germanium alloys show sharp growth of
specific electric resistance, p, Ohm.cm and of thermo-
emf coefficient -0, pV-K' amounts to O~ 6 10" n.em™
® in the alloys of n-type (electron) conduction, and
(szl-lol8 n.cm” in those of the p-type (hole) one.

In silicon-germanium alloys attainment on satura-
tion of the dose dependences of a and p is observed at
fluence ®;~1 10% n em” i 1n materials of n-type conduc-
tion, and (D ~2-10"" n.cm™ for those of the p-type one.

By the end of reactor irradiation specific electric
resistance, p of the alloys of n-type conduction increased,
compared to the initial value, p, p/p ~20-33 times, while
in the alloys of p-type conduction - o/o, ~6-8 times;
thermo-emf coefficients of the alloys of n-type conduc-
tion increased /o ~1.8 — 2 fold, while that of the alloys
of p-type conduction, o/ ~1.4 — 1.7 fold.

Alloys of n-type conduction demonstrate restora-
tion of thermoelectric parameters up to their initial val-
ues during programmed thermal annealing in the reac-
tor, while minor improvement is observed in the alloys
of p-type conduction.

Experimentally observed laws of shifts of specific
electric resistance and thermo-emf coefficient in n-
Si, ,Ge, ; towards larger fluences, compared to p-
Si, ,Ge, 5 [3] are uncondltlonally connected with the
presence of 20 % "B nuchdes 1n the doping impurities.
He and Li atoms, products of '°B nuclide fission possess
large kinetic energy and cause additional (compared to
n-Si, ,Ge, , alloy) damage to the matrix. Consequently,
irradiation fluences being equal the concentration of
defects in the crystalline structure of the material of p-
type conduction will be higher than in that of the n-type
one.

To characterize radiation damage of the alloys [3]
total quantity of irradiating neutrons used per unit tar-
get area during ¢ time, sec, i.e., radiation fluence made
up O=Ft, par.cm’z, where F, par.cm’zsec’1 is a flow of
bombarding neutrons per unit target area per unit time.

To determine the laws and mechanisms of radiation
damage, and thus degradation of macroscopic param-
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eters of solid bodies it is necessary to know not only the
quantity of bombarding neutrons, i.e., fluence, but also
the number of observed displaced atoms (vacancies),
i.e. radiation defects.

Physically radiation dose, equal to the total number
of displacements (vacancies) per atom of irradiated tar-
get, D, dpa is a more valid measure of radiation damage
[5]. It shows how many times each atom has been dis-
placed from the lattice site when irradiated by neutron
fluences, @, par. cm'2 This relative ratio of the displaced
atoms (dp)-N, . m” to the target atomic density,
Ngigeo €M 7, ie., N cm'3/NSG , cm = =D, dpa. Then, the
ratio D/®= d dpa. par 'em” will be the ability of defect
formation, rate of defects formation by a separate bom-
barding particle, while the total quantity of displace-
ments (vacancies) per irradiated target atom can be con-
sidered as a quantitative feature of the ability of a bom-
barding particle to form defects.

Total damaging dose, XD=D , dpa for p-
Si, ,Ge, 5 is a total damaging dose of dlsplaced atoms

nuc elas

during elastic collisions of helium and lithium atoms,
D™ and fast neutrons, Del, dpa with atoms of the target
(He, Li, B, Si, Ge). In the case of n-Si, ,Ge, , irradiation
dose, OD, dpa is only total damaging dose of displaced
atoms during elastic collisions of fast neutrons with
energies of 100 keV, D™
target (P, Si, Ge).

The calculations do not take into consideration the
distribution of the neutron energy spectrum in the reac-
tor, evolution and radiation defects annealing. The cal-
culation is made for fast neutrons with energies of 100
keV and for thermal neutrons.

During capture of fast neutrons of 100 keV with
cross-section Gf 1 6 barn, and of thermal neutrons,
0,=3.837 b [6] "B nuclides are known to fission as
follows:

, dpa with the atoms of the

B +n — *He(1471 keV) +
+7Li(839 keV) + y(471 keV) 93 % (1)

B + n — ‘He(1777 keV) + 7Li(1010 keV) 7 % (2)

Damaging alloy irradiation dose depends on nuclear-
physical constants of absorption cross-section and on
elastic neutron collisions with the matrix atoms [6,7],
as well as on the energy and mass of initially knocked-
on atoms (IKA) of the matrix. However, it is indepen-
dent of the matrix temperature, though the temperature
of irradiation and of the following annealing in many
respects determines the damageability and changes in
the parameters of the irradiated materials.
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Calculation of the damaging dose of irradiation was
made by a method similar to that described in [8]. Cal-
culation of total IKA energy, released in the cascade of
elastic collisions with the target atoms was made using
the known method of interpolation of the table data of
ions and the target [9]. Irradiation doses were calcu-
lated using the modified cascade function [5] and equa-
tion

D =0.4NE/EN,, dpa, 3)

where, N, ika.cm” and NM=4.83‘1022 at/em’ are the
numbers of IKA and matrix atoms per unit volume, re-
spectively; E , keV — is the total energy of bombarding
particles, released in the cascades of elastic collisions
with the target atoms; E, =15eV is the maximum en-
ergy of atoms displacement from the target lattice sites.
The calculations do not take into consideration recom-
bination, annealing, evolution of the formed vacancies
and displaced atoms (the defects are considered as “fro-

Table

zen” ones). In such approximation the calculated values
of the ability of defect formation by a single bombarding
particle are expressed by the rate of defects formation
(displaced atoms and vacancies), while the values of the
damaging irradiation dose express only the total value
of the formed defects.

Change in the target composition is the next radia-
tion parameter. In the case of p-Si ,Ge, , irradiation in
reactor changes in the target composition are determined
quantitatively by the total number of the products of s
nuclide fissions during irradiation per target atom, and
is expressed by the equations: D’ =N, /Ny and
D’,=N| ;. 1e/Ngige- Then the ability of a single bombard-
ing particle to change the target composition will be
expressed by the total number of atoms, formed by this
particle per matrix atom, and will be defined by the
equations: D’,/® = d°, NHe/NSiGeHe'cmz, and D’/
®=d,*, N|;,11/Ng;qo- HetLi-em®, respectively. The work
assesses the radiation parameters, and in particular: the

Variation of the relative specific electric resistance of highly doped n- and p-Sij ;Ge,, ; alloys during reactor irradiation

Da dpa D’ 1» D’Za q)f, q)b p/po Type
Nuo/Ni; Nie.Li'NsiGe n.cm? n.cm?
D™=0.63 D*=0.12
£D=0.75 8.28:10" 1.66°107 4.0:10% 6.5:10% 6-8 p-Sig7Geg
Dnu(::o
D=0.12 o .- 4.0-10% 6.5:10% 20-23 1n-Sip 7Geg 3
=D=0.12
D"™°=0.63
D®=0.05 8.28:10™ 1.66:10° 1.72:10% 2.6:10% 6-7 p-Sig;Gey 3
*D=0.68
D™=(
D=6.63-10" .- R 1.72:10% 2.6:10% 20 n-Siy,Geg 3
~D=6.63:10""!
D™=3.66-10
D%=2.9-10* 5.16:10° 1.03:10° 1.0-10'8 1.63-10'® 1.1-1.25 p-Sig,Geo 3
*D=3.95-10"
D=0
D=3.0-10* |  ----- | o---- 1.0-10'® 1.63-10' 1.25 n-Siy;Gey 5
*D=3.0-10"
D=0
D=1.76:10% |  ----- |  ----- 6.0-10' 9.75:10'3 2.7 1n-Sip 7Geg 3
*D=1.76:10"
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ability of separate bombarding particles to generate de-
fects and to change the matrix composition, as well as
the defecting irradiation dose and change in the target
composition in n- and p-Si  ,Ge,, , alloys.

The table below presents the results of the reactor
radiation effect on the specific electric resistance of highly
doped silicon-germanium alloys of n- and p-conduc-
tance.

The table also presents the calculated values of ba-
sic radiation parameters and irradiation conditions. It
should be noted that total burn up of "B nuclides in the
matrix occurs during the irradiation by thermal neutron
fluences of ®=2.6 10”nem™.

Comparison of the results shows that irradiation of
fast neutron fluences being equal, ®=4.0- 1020, 1.72:10%
and 1.010" n'em™ irradiation dose for p-Si, ,Ge, ; al-
loys is substantially higher than that for n-Si, ,Ge,j,.

When such or any other thermal neutron irradia-
tion fluences are used, impurity atoms of helium and
lithium, products of "B nuclide fission appear in p-
Si,, ,Ge, 4 in contrast to n-Si, ,Ge, , alloys, which radi-
cally change the composition, and thus defectability of
the targets.

The observed pattern of shifts in electric conduc-
tion and thermo-emf in n-Si,,Ge,, towards larger
fluences, @ =6.0-10" n.cm"z, compared to p-Si, ,Ge, 5,
®=1.0- 10" n.om™ is explained by approximately simi-
lar values of the matrix damaging irradiation dose,
2dea=1.76‘10"3 and Zdea=3.95~10"3, respectively.

Irradiated materials are known to form highly stable
multi-vacancy complexes, which in many respects de-
fine their macroscopic parameters and radiation phe-
nomena, that take place. It was found that highly stable
helium multi-vacancy complexes had an effect on the
physical and mechanical parameters of boron contain-
ing materials irradiated in the reactor and by helium
ions [11-13].

When p-Si,, ,Ge, , was irradiated in the reactor it
was found that due to high mobility of inter-site helium
atoms highly stable helium-multi-vacancy complexes are
formed in the target. The presence of helium in the ir-
radiated p-Si,,Ge,, alloys provides for the formation

Bull. Georg. Natl. Acad. Sci., vol. 3, no. 3, 2009

and accumulation of additional complexes of defects of
radiation origin in the crystalline structure. Evolution
of helium-multivacancy complexes in the irradiated
materials quite satisfactorily explains the experimen-
tally observed patterns of changes in electric conduction
and thermo-emf'in n-Si  ,Ge, , and p-Si, ,Ge,, , with the
increase of the damaging dose, irradiation temperature
and intra-zone annealing. In particular, during the pro-
cesses of programmed thermal annealing inside the re-
actor the level of thermoelectric parameters restoration
in n-type alloys is substantially higher than that in the
p-type alloys.

During the irradiation of n- and p-Si,, ,Ge, ; alloys
with similar fluences of fast neutrons the damaging dose,
and thus radiative defectability and changes in the tar-
get compositions are different. Consequently, the effect
of the reactor irradiation on the thermoelectric param-
eters of n- and p-type alloys will also be different, de-
pending on the conditions of irradiation and thermal
treatment.

Substantial increase of radiation stability in the p-
type alloys is possible with changing "B nuclides by the
"'B ones.

Thus, the developed model of differing damaging
irradiation doses and changes in the target composi-
tion contains a unified description of the laws, and
defines the mechanisms of changes in the electrical
and physical parameters in n- Sij,Ge,, and p-
Si, ,Ge, ; alloys during their irradiation and thermal
treatment in the reactor. Earlier criteria and common
mechanism of covalent semiconductors amorphisation
during ion implantation and irradiation with any
particles were defined within the framework of the
model [14].

The calculated values of the damaging irradiation
dose and changes in the target composition satisfacto-
rily explain the observed patterns and mechanism of
changes in thermoelectric parameters of n- and p-
Si;, ,Ge, 4 alloys in the reactor and qualitatively agree
with known published data [1-4]. The effect of lithium
impurity atoms on the thermoelectric parameters of p-
type materials has not been defined.
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