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Defect production in Bi and dilute alloys irradiated by electrons

F. Beuneu and P. Bois
Laborafoire des Sohdes Irradies, Ecole I'olytechnique, 91128 Palaiseau Cedex, France

(Received 10 August 1987)

Pure bismuth and dilute bismuth alloys (containing tellurium or tin) were electron irradiated at

high doses. In most experiments the resistivity was measured during defect production; for some

experiments the magnetoresistance and Hall effect were also studied. %e analyze the data from this

latter experiment type, which enables us to know the variation of the carrier number during irradia-

tion, i.e., the mean charge brought by a defect. The results are in agreement with a simple model

which states that the Frenkel pairs are of donor type and are ionized under all circumstances

whereas the more complicated defects created at high electronic energy (above 1.2 MeV) are of ac-

ceptor type and produce in the density of states a virtual bound state situated slightly below the

pure bismuth {intrinsic) Fermi level. These results are in agreement with the conclusions of an ear-

lier paper in which we studied the displacement threshold energy in bismuth. Moreover, our data

enable us to state that the recombination volume in bismuth is in the 100—200 atomic volume range.

I. INIHODUCTION

As a semimetal, bismuth is a rather fascinating ele-
ment, whose physical properties are often very spectacu-
lar. Its behavior under irradiation' is not an exception in
that respect, as the observed effects seem to combine met-
al and semiconductor-hke types of effects. If the physical
properties of the semimetal bismuth have been extensive-
ly studied in the literature, the doping by point defects,
on the other hand, has received much less attention. One
can mention the work of Legros-de Mauduit and Rey-
naud under the electron microscope, or of Week et al. 3

on neutron-irradiated samples. However, a large amount
of work has been done in our laboratory on bismuth, con-
cerning quenching, neutron irradiation, and electron ir-
radiation. ' ' Recently, Corbel et al. studied positron
annihilation in Bi and Hi-based dilute alloys after electron
1rradlatl on.

In a preceding paper we presented the results of
displacement-threshold-energy measurements performed
by electron irradiating bismuth samples (pure or slightly
doped with tellurium). We confirmed the published value
of Quelard et al. : the threshold energy in bismuth is 13
eV. Moreover, our experiment enabled us to draw some
conclusions concerning the charge of the irradiation-
created defects. These defects were already known to be
donors in bismuth. %e established in Ref. 9 that the
mean defect charge varies with the energy of irradiation:
this point is a rather natural consequence of the fact that
for a Bi-Te dilute alloy we found the slope and even the
sign of the resistivity-versus-electron-dose curves to be
energy dependent. More precisely, the mean defect
charge decreases from typically 0.2 at low energy to 0.03
at 2.4 MeV. %e attributed this fact to the existence of
two classes of defects: "simple" one (such as Frenkel
pairs) and more "complicated" ones (point-defect com-
plexes, bivacancies, etc.).

We found it interesting to complete these measure-

ments by new experiments, the purpose of which was to
get direct insight into the charge of the irradiation de-
fects. In the present paper we describe experiments in
which bismuth samples were electron irradiated with a
high dose of electrons, the resistivity of the samples being
recorded. For some experiments described in this paper,
we performed Hall-effect and magnetoresistance mea-
surements during electron irradiation, in order to follow
the variation of the number of carriers versus dose.
Moreover, in a few cases some Shubnikov —de Haas oscil-
lations were detected. %'e used not only pure Bi samples,
but also dilute alloys of various concentrations. %'e

could thus scan the band structure, varying the Fermi en-

ergy according to the concentrations of the acceptor
(such as Sn) or donor (such as Te) impurities as estab-
lished by Noothoven van Goor. '

The experimental details are given in Sec. II. In Sec.
III we give an account of the experiments in which com-
plete magnetotransport measurements were performed.
Also in this section a model is proposed in agreement
with our data. Finally, in Sec. IV we describe the
higher-dose experiments, where only resistivity was stud-
ied, and compare the data with the model of the preced-
ing section. From the highest doses a recombination
volume can be extracted.

II. EXPERIMENTAI. TECHNIQUES

A. Samples

The samples are cut with a tungsten wire saw from
large single crystals obtained from 99.999 95%-pure
bismuth, 99.999%-pure tin, and 99.999%-pure tellurium,

by melting under vacuum and slow cooling. The quality
of our samples, especially concerning possible damage
due to the wire saw, is thought to be good„as discussed in
Ref. 9. A typical sample is a rectangular slab of area
I X5 mm, whose thickness is in the (70—200)-pm range.
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%e give in Table I the main characteristics of the sam-
ples we used. The orientation of the samples, check by x
rays, is such that the normal to the slab is the trigonal
axis z, whereas the long side is parallel to the binary axis
x. The sample Bl I ls the,'only exception with a normal
parallel to the x axis and a long side parallel to the z axis.
Five electrical-resistance probes (two for the current, two
on one side of the slab for measuring the voltage, and one
on the other side for the Hail voltage) made of gold wire
are soldered by local melting of the bismuth, so that the
electrical current is parallel to the x axis.

We use two methods for determining the Sn or Te con-
centration of the dilute alloys. The first starts from Hall-
eFect measurements at 4 K, on the basis of the statement
by Noothoven van Goor' that tellurium is a monovalent
donor and Sn a monovalent acceptor in bismuth. The
second is only applicable with good accuracy for tin-
doped samples, and relies on another relation found by
Nooth oven van 6oor: the residual-resistivity ratios
(RRR's) of Bi-Sn samples vary considerably with Sn con-
tent, enabling one to 6nd the tin concentration by
measuring the resistivity ratio. The two methods give
very similar values.

8. Electron irrac}iation

The measurements described in the present paper can
be classi6ed into two types, which we term hereafter as
4-K experiments and 20-K experiments. The two sets of
measurements were performed with our Van de Graaff
electron accelerator, the energy of which can be varied
from 0.5 to 2.5 MeV. The samples are immersed in the
cryogenic coolant and the inadiation is performed
through a 25-pm-thick stainless-steel window and a 2-
mm-thick liquid-coolant volume: the loss of energy of
the electrons before reaching the sample is estimated to
140 keV. The incident electrons are normal to the sam-

pie slab, and are thus parallel to the z axis. The dose is
determined via the integration of the current measured
on a Faraday cage which receives the electron beam
behind the sample. The value of 13 eV found in Ref. 9
for the displacement threshold energy enables one to
compute the cross sections for a given electron energy
and so to know the concentration of defects for a given
dose together with their nature: primary defects or com-
plexes.

In the 4-K experiments the samples are immersed in
the liquid-helium bath of a classical cryostat. The sam-
ples can be put into two positions: in the lower position
they are electron irradiated at fluxes such that their tem-
perature remains lower than 10 K. Stopping for a few
seconds the irradiation enables one to find resistivity
measurements with less noise. From time to time we
put —without any heating —the sample holder in the
upper position, where magnetoresistance and Hall-e8'ect
measurements are performed in a small superconducting
coil giving a maximum magnetic field of 1.5 T. All the
galvanomagneiic measurements are performed with the
field parallel to the trigonal axis z. We used the same
four samples throughout the whole 4-K experiment,
which included a 1-MeV irradiation with low dose corre-
sponding to 4. 5 X 10 dpa (displacement per atom) fol-
lowed by a series of isochronal annealings, a 300-K an-
nealing which proved to give a complete recovery of
resistivity and galvanomagnetic parameters, a 2.5-MeV
irradiation with doses corresponding to (2-3)X10
dpa, and another series of isochronal annealings.

In 20-K experiments the samples are immersed in the
liquid-hydrogen bath of a cryostat coupled to a cryogenic
machine ensuring a high cooling capacity. The conse-
quence is that higher electron doses could be reached,
typically 5 times more than on the 4-K experiments. In
the 20-K experiments, however, only the resistance could
be measured.

TABLE I. Characteristics of the samples. The sample Bi I has its lang side parallel to the z axis.

Sample Experiment
Thickness

(pm}

Initial
resistivity
(pQ crn)

4K 20K

Dopan't
content
{pprn)

From RRR From Hall

Bi I
Bi II
Bi III
Bi IV

Bi-Te I
Bi-Te II
Bi-Te III
Bi-Te IV
Bi-Sn I
Bi-Sn II
Bi-Sn III
Bi-Sn IV
Hi-Sn V
Bi-Sn VI
Bi-Sn VII
Bi-Sn VIII

20 K
20 K
20 K
4 K

145
165
80
83

160
80
63
63

133
97

146
80

160
90
73

108

4.6
6.7

19.7
19.4

18.1

114

52.2
43.9
33.9

12.5
9.8

10.3

22.7
22.0
23.8

71.1

108.8
92.4
75.8

48.7
39.1

50
60

60-80
90

150
200
250
400

71

93
105
42

68

139
213

397
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C. Analysis of the 4-K gnlvanomagnetie measurements

CU 50—
BiTe IV

For analyzing the magnetoresistance and Hall-eft'ect
data in bismuth, one must remember the complexity of
the electronic structure of this semimetal. For a review,
see Edel'man. " There are two types of carriers in pure
bismuth, with an equal concentration of about 3&10
m: light electrons and slightly heavier holes. %hen
doped with either Te or Sn, bismuth shifts its Fermi level
with, respectively, plus or minus one electronic state per
dopant atom. ' For the present study we used four sam-
ples, referenced in Table I, the Fermi levels of which are
given in Fig. 1. This 6gure is a schematic drawing of the
band structure of bismuth in the vicinity of the Fermi en-

ergy, at the I. point of the band structure for the elec-
trons and at the T point for holes. One can see from this
6gure that there exists a gap at the L point between the
electron band and a lower-lying light-hole band with
similar effective masses. In the following we make use of
Lax's ENP (ellipsoidal nonparabolic} model. '

The numerical analysis of the magnetoresistance and
Hall-e8'ect curves versus magnetic 6eld is based on the
model of Abeles and Meiboom' (four independent car-
rier valleys} improved by Noothoven van Goor. ' This
model gives complex expressions of the Hall coeScient
and the magnetoresistivity versus magnetic 6eld for the
current taken in the x direction and the Seld in the z
direction; these expressions can be written as

0xx
Pxx =

Oxx+0yy

Oxy
Pxy

Oxx+Oyy

with

(~) p v 8
N

PxPy2 8
1+v 8 1+@„p8

and

600
1500

q (p„+py )
0 „„(&)=I'e +¹

1+v 8 1+p p 8
The parameters for this model are the carrier concen-

trations N (for electrons), I' (for holes), I'I (for light holes
in the case of Bi-Sn samples where the Fermi level is
below the gap at L point; this type of carrier can be for-
mally identified with electrons in the equations, so P&

plays a role equivalent to N), and three mobility parame-
ters, termed here p„, p, and v [p„and JM are the elec-
tron (or light-hole) mobilities in the x and y directions for
one electron ellipsoid and v is the hole mobility], isotro-
pic in the x-y plane. It is wise in practice, to use
p= —,'(p„+p ), p„p, and v as mobility parameters. In
Fig. 2 we give an example of the quality of the fits ob-
tained for the sample Bi-Si II for several doses at 2.5
MeV.

We make a numerical fit of these five parameters (two
carrier concentrations, three mobilities) on the whole
Hall-efFect and magnetoresistance curves, putting, how-
ever, 10 times more weight on Hall-efFect curves in order
to take into account the remark of Noothoven van
Goor, 'o who states that magnetoresistance is more sensi-
tive than Hall efkct to eventual dopant inhomogeneities.
Like Noothoven von Goor, we used the numerical algo-
rithm based on Davidon's method, proposed by Fletcher
and Powell, ' to perform a least-squares 6t on our experi-
mental data. %e found it very important not to extract
the N —P value from the high-field value of the Hall
coeScient, because it is in general, far from being saturat-
ed at 1.5 T. In some cases the 6ve-parameter 6t was
greatly undetermined, so we preferred to impose one
more relation: that which relates, in the ENP model, X
with P. From the Shubnikov-de Haas oscillations
detected in the pure Bi sample at 4K (Bi IV), we could
verify the validity of this relation; the same was true for
the neutron irradiations performed by Week et al. The
five-parameter 6ts obtained for the present results were
generally much satisfactory. However, for the most-
highly-doped Bi-Sn sample studied at 4 K (Bi-Sn VI), the
6t suddenly became impossible for the 2.5-MeV irradia-
tion and for more than 1.5 X 10 " dpa, for an unknown
reason.

FIG. 1. Schematic band structure of bismuth in the vicinity
of the Fermi level. At L points, for pure bismuth (sample Bi
IV), three equivalent pseudoellipsoids of electrons are present,
and at T points one elhpsoid of holes is present. The Fermi lev-

els for the three other samples used in 4-K experiments are also
represented.

E i,oO

~ 200

E 1000-

0 0.5 1

( Tes(e )

5
I

1.5
Magnetic field

FIG. 2. Hall resistivity (left) and magnetoresistivity (right) vs

magnetic 6eld taken at 4 K for a few doses for the Bi-Sn II sam-

ple. The discrete points are the experimental values and the
solid lines correspond to our fits as described in Sec. II C.
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III. THE 4-K EXPERIMENTS

1500-

Defect content ( 10 dpa )

2

Figures 3 and 4 give the "production curves, " i.e., the
resistivity versus electron dose for the 4-K samples irradi-
ated at 2.5 MeV. Except in the case of the Si-Te sample,
one can see that the curves are very nonlinear, even at
low dose. In contrast with metals, the resistivity incre-
ments are very important and quickly exceed the initial
value of resistivity.

In Figs. 5-7 we display the results of the analysis of
the same 2.5-MeV irradiation when galvanomagnetic
data are taken into account. %e recall that the analysis
for Bi-Sn VI became impossible for doses superior to
1.5&(10 dpa; even for lower doses the fit is not very re-
liable (p,„,which for this sample is relative not to elec-
trons but to light holes, is found to increase versus dose;
however, the carrier-concentration values are believed to
make sense). Figure 5 gives N Pvers—us dose: all the
curves display a negative curvature; ihe two Bi-Sn sam-
ples show much higher initial slopes than the Bi and ¹i
Te ones. Figures 6 and 7 give variations of the inverse of
the mobilities during irradiation: these curves are always
increasing, as in metals; however, they are not always
linear and show a more or less pronounced saturation.
Table II gives a summary of the results at low dose, i.e.,
initial values and slopes for N-P and the mobilities. The
table includes the 2.5- and I-MeV results; for this last en-

ergy only low-dose measurements werc made,

~ 1000-
BiSn VIgl

500
BiSn II

00 0.2
Dose

0.4
{ C/cm~ )

60

50.

40.

~ BiSn VI

x BiTe IV

30

20

10

20.

FIG. 4. Production curves for the Bi-Sn II and Bi-Sn VI sarn-

ples under the same conditions as Fig. 3.

8. DlSCNIIROl1

In Ref. 9 we wrote the equation of electrical neutrality,

0 1000 2000 0 1000 2000
Defect content { ppm dpa )

N P= [Te]+a—c,
which applies to dilute Bi-Te alloys: S and I' are, respec-
tively, the electrons and hole concentrations, [Te] the tel-
lurium content, c the defect concentration, and a the
mean charge per defect We. always follow Noothoven
van Goor"s assertion' that tellurium and tin are, respec-

FIG. 5. Relative number of carriers vs defect concentration
for the four samples of the 4-K experiment. The solid lines are
guides for the eye. For the Bi-Sn VI sample the analysis of the
magnetotransport data became impossible quickly. It is hard to
evaluate the errors made on such quantities coming from a fit;
however, the continuity of the curves is considered very en-

couraging.

Defect content
1

(10 dpa )

Bi IV

Bi Te IV

0.2
Dose

0.4
( C/cm2 )

0.6 2

Defect content ( 10 dpa )

FIG. 3. Production curves (i.e., reslstlvlty vs clcctronlc dose)
for the Bi IV and Bi-Te IV samples irradiated. at 2.5 McV in the
4-K experiment. A scale giving the defect concentration is add-
ed. The experimental errors or the resistivity values are
thought to bc of thc order of thc point dlsperslon.

FIG. 6. Inverse of the electron mobility p. (with the zero-dose
contribution subtracted) vs defect concentration for the Bi IV,
Bi-Sn II, and Bi-Tc IV samples irradiated at 2.5 MCV in the 4-K
experiment. The lines are guides for the eye.
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E

2

0, 25

~ 0.20-

0.15-

~ 0.10-

I I l

~ BiSn VI
o BiSn II
+ Bi IV

BiTe IV

0.2 0.4 0.6 0.8 1

Defect content ( 10 dpa )

0.05-

-20
I I i I

0 20 00 60
Fermi energy ( meV )

80

FIG. 7. Inverse of the hole mobility v (with the zero-dose
contribution subtracted) vs defect concentration for the Bi IV,
Bi-Sn II, and Bi-Sn VI samples irradiated at 2.5 MeV in the 4-K
experiment. In the Bi-Te IV sample, no holes are present. The
lines are guides for the eye.

FIG. 8. Mean charge per irradiation defect vs Fermi energy
for the four samples of the 4-K experiment. The solid line is a
guide for the eye.

tively, a monovalent donor and acceptor in bismuth. In
the case of tin-based alloys, it is clear that the electrical
neutrality can be written as

N I' P&
———ac ——[Sn],

where Pt is ihe concentration of the eventual light holes.
In Ref. 9 an indirect determination of the a value versus
electron energy was possible in the case of a Bi-Te sam-
ple. The determination is much more direct here: N, P
P, , [Te], or [Sn] are known by Hall-efFect measurements
and c by dose determination associated with the
knowledge of the cross sections, so that a is known as a
function of c. On the other hand, the I.ax model enables
us to compute without ambiguity the Fermi-energy value
EF when the carrier concentrations are known. We thus
present Fig. 8, where o: versus EF is plotted in the ease of
the 2.5-MeV experiment. The salient features of Fig. 8
are (i) the data coming from each sample fit together on a
more or less unique curve, and (ii) the presence of a
strong decrease of the a value for EF -18 meV between
two plateaus at 0.18 and 0.04, respectively. The data
from the 1-MeV experiment consist of only one point per
sample in the a/EF plot. The results are more scattered
(see Table II) than at 2.5 MeV; however, they seem to be
consequent with an u value independent of Ez and
roughly equal to the low E+ value at 2.5 MeV: a =0.18.

At this stage we propose a model for the behavior of a
consistent with Ref. 9. %e attribute to the Frenkel
pair —the only defect created at 1 MeV irradiation —a
constant (i.e., Fermi-level-independent) a value equal to

0.18. At 2.5 MeV, besides the Frenkel pairs, more com-
plicated defects are created, which we shall term "com-
plexes. " These complexes are thought to be responsible
for the sharp decrease of a in Fig. 8. We believe that
there exists, at EF -18 meV, a virtual bound state attri-
buted to complexes whose width is about 5 meV. This
state is associated with an acceptor level which is nonion-
ized when EF is below it and ionized when above it. Such
a model is coherent with the conclusions of our
displacement-threshold-energy measurements, from
which we deduced the donor character of the Frenkel
pair and the acceptor character of complexes. It is worth
noting that the fits corresponding to the 18-meV region
are generally less good than elsewhere, a fact which is
perhaps related to the existence of the virtual bound
state. Finally, we can mention here some experimental
evidence that we noticed during 2.5-MeV irradiations:
the two Bi-Sn samples, and only these two, display per-
sistent photoconductivity; this happens when the Fermi
level is in the region around 18 meV. We discovered this
fact the following way: In order to get a stable tempera-
ture for the resistivity measurements, we interpose from
time between the electron beam and the samples a copper
target which stops the beam but produces some x rays
with a broad energy spectrum. Under this x-ray irradia-
tion the resistivity exhibited a slow, nonexponential de-
crease, with a typical characteristic time of 500 s. A re-
laxation in the opposite direction occurred when the elec-
tron beam was stopped. No such photoconductivity was
observed in the Bi or Bi-Te samples, or in the Bi-Sn sam-
ples whose Fermi level was well belo~ 18 meV, that is, at

TABLE II. Initial values of the parameters in the 4-K experiment.

N —P
(ppm)

d (x —p) /d (oy)
1 MeV 2.5 MeV

1/p,
{10 Vsm )

d {1/p)/d (cry)
(10 ' Vsm /ppm)

1 MeV 25 MeV

d(1/~)/d(oy)
1/v (10 V s m /ppm)

{Vsm ) 1 MeV 2.5 MeV

Bi IV —0.02
Bi-Te IV 104.7
Bi-Sn II —53.8
Bi-Sn VI —212.6

0.11
0.23
0.17
0.31

0.04
0.06
0.18
0.18

4.04
86.7
16.5
32.2

17.3
33.0
18.7
83.11

16.5
11.6
19.3

?

0.029
no holes

0.406
0.775

5.8

8.8
10.2

4.5

10
31
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TABLE III. Mobility-parameter values for electron and holes.

2SO

Sg

(V sm)

2.1~ 10-"

&So

(Vsm)

2@10-"

STe

(V sm)

1.75 X 10-"

the beginning of the irradiation. These facts are coherent
with the existence of a virtual bound state in the 18-meV
region.

In Ref. 9 we could deduce a value for the so-called s&

parameter, which is the difFerential of the inverse elec-
tronic mobility with respect to the concentration of de-
fects, from the equation

1/ p = 1/pp+ cs&, (3)

1 / p = 1 / pp+ [Sn]s s~ +csg (4)

where the ss„parameter is the difFerential of the inverse
electronic mobility with respect to tin concentration.
The equivalent equation for holes involves the coeScients
I;& and I;&„..

1/v =1/v p+ [Sn]is„+cr„.
In the case of Bi-Te alloys one introduces the sT,

coef6cient. Our 4-K experiments enable us to give, with
a quite high uncertainty, the order of magnitude of all
these mobility coei%cients. These are summarized in
Table III; one can notice that they are in rough agree-
ment with the values established by Noothoven van
Goor. '

where p, is the electron mobility in the x-y plane averaged
on the three electron ellipsoids, po being the mobility for
zero dose. The present 4-K experiments give us (see
Table II) a direct determination of the sz value from the
dose dependence of the inverse of the mobility p. In a
similar way we get a value for r&, the corresponding pa-
rameter for holes. All the following values are taken at
low dose.

From the 1-MeV experiments we get

sz ——(6.2-12.0) )& 10 V s m,

t„=( .2—03.1)&10 2 Vsm,

whereas 2.5-MeV experiments give

s~ =(4.2-6.9)X 10 V s m,

t„=(1.6—3.5)X10 Vsm .

The s& values are in good agreement with the value of
7&(10 V s m given in Ref. 9. In fact in the case of a di-
lute alloy, one more term must be added in the mobility
equation above, which can be written as

600

Defect content ( 10 dpa )

2 4 6 8

E 400

200

only a part of the samples actually irradiated and were
chosen so as to be representative of the difFerent kinds of
behavior. The main characteristics of the curves we ob-
tained are the following.

(i) For ¹iTe samples the production curve is quite
linear, corresponding to relatively small resistivity incre-
ments. At high dose a negative curvature becomes ap-
parent.

(ii) For the pure Bi sample the slope is quite high for
the lowest doses, decreases strongly, reaches an inAexion
point, and becomes more or less constant at higher doses.
In this high-doSe regime the behavior and the slope of the
pure Bi production curve is comparable to that of the Bi-
Te samples. The whole production curve is invariant
when a sample with its z axis along the current direction
and its x axis perpendicular to the sample is taken (sam-
ple Bi I, see Fig. 9).

(iii) The behavior of the Bi-Sn samples is the most com-
plicated, although it follows qualitatively that of the pure
Bi samples: very high slopes for low doses, and much
lower ones at higher fluences with a more or less linear
regime. As the Sn concentration increases, a maximum
appears at medium Ruences, fallowed by a minimum (not
always reached in the case of the highest Sn contents).
Both the dose and the resistivity values for which the
maximum appears increase strongly with increasing Sn
concentrations. For Sn concentrations higher than abaut
150 ppm, the curvature of the production curve is posi-
tive at the beginning of the irradiation. At higher dose
an infiexion point occurs, followed by a point where there
is quite a rapid, quasidiscontinuous decrease of the slope:
this is also apparent in the 4-K experiment in the case of
the 213-ppm sample (Bi-Sn VI), see Fig. 4.

(iv) A few resistivity production curves were obtained

IV. 20-K EXPERIMENTS
0 0.5

Dose
1,5

( C/cm )

A. Results

Figures 9 and 10 give the production curves for several
Hi-Te, Bi, and Bi-Sn samples. These samples constitute

FIG. 9. Production curves (i.e., resistivity vs electronic dose)
for six samples irradiated at 2.5 MeV in the 20-K experiment.
A scale giving the defect concentration is added. Note the
noiseless character of the curves.
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Defect content ( 10 dpa )

Q 2 4 6 8 10 12 600

2000-

1500-

1000-

500

BiSn VIII

BiSn VII

BiSn V

BiSn IV

1 2
Dose ( C/cm2 )

400

a 200

BiTe I

2 4 6 8
Defect content ( 1Q dpa )

FIG. 10. Production curves for four Bi-Sn samples irradiated
at 2.5 MeV in the 20-K experiment.

FIG. 11. Simulation of the production curves of Fig. 9 based
on the simple model discussed in Sec. IV B.

for pure Bi and some alloys for irradiating energies of 1

and 1.5 MeV. The curves obtained show the same quali-
tative behavior as at 2.5 MeV. However, the characteris-
tic points of the curve, particularly the maximum, always
happen at lower defect concentrations and for often
much lower resistivity values. The curves for difrerent
energies differ mainly at high dose; in particular, for low
dose the resistivity-versus-defect-concentration law is
seen to be independent of energy for pure Bi (see Ref. 9).

B. Model

We make use here of the data collected from the
analysis of the 4-K experiments; we take into account (in
the case of doping with tin) Eqs. (4) and (5). The numeri-
cal data collected in Table III are considered. Equations
(4) and (5}are to be understood as Matthiessen's rule, i.e.,
additivity of the diferent scattering probabilities for each
kind of carrier: we exclude all resonant contribution of
the virtual bound state to the scattering, a fact comment-
ed on in the discussion below.

The electrical conductivity is written as

(6)

where the values for the carrier concentrations are given
by (i) the Lax model, ' which gives a relation between N
and I', and (ii) the electrical neutrahty equation, which is
given, in the case of doping with tin, by Eq. (2). The re-
sults of Sec. III B give suScient knowledge of the behav-
ior of a versus Fermi energy. Here we model this behav-
ior by the equation

a =am;„+(o. ,„—a;„)I —,
' —m 'arctan[(EF —Ed )/5] I,

by this model, obtained for tin or tellurium concentra-
tions equal to those of the samples whose experimental
data were given in Figs. 9 and 10.

C. Discussion

From the comparison of the experimental and simulat-
ed curves, some features are in quite good agreement and
some others are not.

The general agreement between the experiment and the
model is rather satisfactory: The model predicts the ex-
istence of a maximum in the production curve of Bi-Sn
samples and its nonexistence for pure Bi and Bi-Te sam-
ples. It accounts qualitatively for the shape of the Bi-Sn
curves at low dose, i.e., for the variation of the curvature
with dose. It also predicts quasilinearity in the case of
Bi-Te. Concerning the initial slopes, we give in Table IV
their values, both measured and predicted by the present
model; the 6t is rather good. The general fact that the
curves obtained at 1 MeV always lie below the curves ob-
tained at 2,5 MeV is also taken into account by our mod-
el if, in the I-MeV case, a constant value for o. (a =a,„)
is introduced.

Ho~ever, there are some important discrepancies. The
absolute value of the resistivity for a given dose becomes
much too high for tin concentrations higher than 100

4000

2000

where Ed ——18 meV, 5=5 meV, a,„=0 18, and
a;„=0.03. The arctangent function corresponds to the
Lorentzian density of states found for the virtual bound
state in the Anderson model' in the case of a nearly con-
stant density of state in ihe conduction band; this must be
considered here as a rough first approximation.

Figures 11 and 12 give the production curves simulated

2 0 6 S 10
Defect content ( 10 dpi3 }

FIG. 12. Simulation of the production curves of Fig. 10
based on the simple model exposed in See. IV B.
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TABLE IV. Initial values of the slope of the resistivity pro-
duction curves during 2.5-MeV irradiation at 20 K.

TABLE V. Recombination volumes in the 20-K experiment.

Bi I
Bi II
Bi III
Bi IV

Bi-Te I
Bi-Te II
Bi-Te III
Bi-Te IV

6940
8090
4390
4330

3570
3570
3570
3570

536
509
415
369

Initial slope
(p,Qcm/% of dpa)

Expt. Calc. Bi I
Bi II
Bi III

Bi-Te I
BI-Te II
Bi-Te III
Bi-Sn III

(cm /C)

0.68
0.82
0.65

0.43
0.51
0.49
0.54

Uo

(atomic volumes)

158
190
151

98
117
112
126

Bi-Sn I
Bi-Sn II
Bi-Sn III
Bi-Sn IV
Bi-Sn V
Bi-Sn VI
Bi-Sn VII
Bi-Sn VIII

12 700
22 600
20 800
24 300
27 700
23 000
13 900

8100

11 700
14 800
17 400
17 600
12 200

7680
6460
3670

D. High-dose saturation

ppm. It is possible that this fact has something to do
with our inability to analyze the magnetotransport data
at 4 K for the Bi-Sn VI sample. Moreover, one can note
a general discrepancy at higher doses for all the samples.
This last point is examined in the next subsection.

We tried' to include in our model some resonant con-
tribution of the virtual bound state to the carriers scatter-
ing and in every case we found very bad agreement, the
conclusion being that if any resonant coupHng exists it
can only be between the localized state and the holes
(which play a minor role in the conductivity in this range
of EF ) and cannot involve electrons.

ppm}, a quasilinear variation of resistivity versus dose for
doses corresponding to more than 6X10 dpa, with a
tendency to saturate (negative curvature). Such a behav-
ior recalls that of a good metal, which is consistent with
the fact found in Sec. III 8 that the Fermi level is nearly
blocked at high defect concentrations: o; becomes small
when Ez is above Ez, the defect-level energy. %'e shall
treat the high-dose regime of the samples Bi-Te, Bi, and
Bi-Sn with Sn content less than 100 ppm in the scope of
the recombination-volume model. One states that a de-
fect, created in a volume uo surrounding an already exist-
ing defect, annihilates itself, so that the probabihty of
creating one defect under certain irradiation conditions is
reduced by a term containing the defect concentration c.
One can ~rite

dc =cr(1 —use),
dp

where c is the defect concentration (in dpa), y the elec-
tron dose, o the displacement cross section, and uz the
recombination volume expressed in a dimensionless unit
(number of atomic volumes}. If at high dose the resistivi-
ty increment hp, taken from an arbitrary origin, is pro-
portional to c,

The experimental data of Figs. 9 and 10 display, except
for the most-highly-doped Bi-Sn samples ([Sn] & 100 we can write its derivative hp versus y as

dchp= A = Acr —ouoq

(9)

500
I

E 000-

~ 300

~ 200

100

0 100 200 300

'Sn II:I

400 500

which means that the plot of hp versus Lp must be a
straight line whose slope will give directly uo. In Fig. 13
we give the curves obtained for three typical samples.
For the highest doses (large hp values} the curves become
l1ncar with slopes qu1tc identic' for RH saxDplcs. In Table
V we sum up the results; uo was computed with a value of
700 b taken for o at 2.5 MeV. The values for uo range
from 9S to 190 atomic volumes, and are slightly higher in
pure bismuth samples than in dilute alloys.

p (inc )

FIG. 13. Derivative of the resistivity with dose vs the resis-
tivity increment for three samples irradiated at 2.5 MeV in the
20-K experiment. The curves become nearly linear with a nega-
tive slope in the high-dose (high-hp) regime.

V. CONCLUSIONS

The whole set of resistivity and magnetotransport mea-
suremcnts described in the present paper enabled us to
con6rm and extend the conclusions of Ref. 9. The irradi-
ation defects are globally donors; however, their effect de-
pends remarkably on the electron irradiation energy, i.e.,
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on the precise nature of the defects. One can classify
very roughly the defects into two classes: simple ones
(Frenkel pairs, which are created alone at energies lower
than 1.2 MeV) and more comphcated ones (small point-
defect complexes, which appear roughly at an energy cor-
responding to twice the threshold energy, so that one
may think that they are principally divacancies). We at-
tribute two distinct electrical behaviors to the two
classes. The "simple" defects are donors, always with the
same charge around 0.18 per defect. The "more compli-
cated" ones seem to be associated with a virtual bound
state, situated in the band overlap (EF=18 meV, width
6=5 meV): these defects are nonionized (neutral) when
the Fermi level is below this defect level and are ionized

(acceptors) above it. The present measurements are un-
able to specify whether the vacancy or the interstitial, or
both, are electrically active. However, in Ref. 9 we rein-
terpreted the quenching experiments of Bittar and
Lesueur, showing that the vacancy is a donor in
bismuth. As a consequence, we deduced that the intersti-
tial is not far from being neutral. Moreover, our anneal-
ing experiments, which are to be published in the near fu-
ture, support the donor character of the vacancy.
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