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ABSTRACT

THE EFFECTS OF IRRADIATION WITH PROTONS ON THE
ELECTRICAL PROPERTIES AND DEFECT CONFIGURATIONS OF THE

AR EATIRY™. we mn
VUrLE VUG Dl.z u=3

by
PRAVEEN CHAUDHARI

Submitted to the Department of Metallurgy in December 1965 in partial
fulfillment of the requirements for the degree of Doctor of Science.

Single crystals of p-type BizTe were irradiated at room temperature
with 7.5 Mev protons. The Hall coef%icient and resistivity were measured
as functions of temperature from 82°K to room temperature after successive
irradiations. The change in the magneto-resistance coefficient on irradia-
tion was measured at 82°K. Foils of the compound Bi,Te. were irradiated
at two levels of flux and examined by transmission elé&ctfon microscopy.

) The Hall coefficient of irradiated specimens measured at 82°K in- 16
creased exponegtially with increasing integrated dose. A dose of 1.2 x 10
protons per cm” converted the specimen from p-type to n-type. The net
effect of irradiation was to introduce donors, which were fully ionized
at 82°K. The value of the Fermi level decreased with increasing irradia-
tion dosage.

The resistivity of .the specimens increased with irradiation. The
expanent of the temperature coefficient of the resistivity decreased and
became negative after irradiation with a dose of 1.2 x 10 6 protons per cm2.

If it is assumed that the major mechanisms of scattering of charge carriers
are ionized imperfection and lattice scattering, satisfactory agreement
between the experimental and calculated values of the resistivity was obtained.
The number of defects calculated from the values of Hall coefficient and
resistivity was more than an order of magnitude smaller than the value cal-
culated from theories of radiation damage. This difference was attributed

in part to annealing out of defects during irradiationm.

The magneto-resistance coefficient measured at 82°K decreased with
increasing irradiation and appeared to reach saturation after a dose of
1.0 x 10! protons per cm2,  The band structure parameters calculated from
the measured values of the Hall coefficient, resistivity, and magneto-
resistance changed rapidly after doses of 1.0 x 1016 protons per cm2,



After irradiation at a flux ? 1.8 x 1013 protons per cmz per sec
to an integrated dose of 5.5 x 10°° protons per cm“, point defect clusters
were observed. Some of the clusters could be shown to be aligned along
the <1010y and <1120) directions. After irradiation at a flux gf
3.0 x 1013 protons per cm‘ per sec to an integrated dose of 5.5 x 10!
protons per cmz, clusters of interstitial atoms and clusters of vacancies
were observed.

Pits having hexagonal cross sections with sides parallel to {1120)
directions were present in irradiated specimens. They are believed to have
formed by evaporation from the surface at the elevated temperatures generated
by the proton current and to have been nucleated by defects introduced by the
irradiation. The pits were observed to grow in the electron microscope,
presumably because of further evaporation due to the heating of the specimen
by the electron beam.

Thesis Supervisor: Michael B, Bever

Title: Professor of Metallurgy
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I. INTRODUCTION

Extensive experimental and theoretical work has been carried out on
radiation damage in semiconducting elements, but little published
information is availakle on radiation damage in semiconducting co-pounds.(1}
Research on radiation damage in semiconducting compounds is of fundamental
interest because of the mechanisms involved. At the same time such
research holds practical interest because semiconducting compounds may
find applications under conditions in which they are exposed to radiation.

Among the semiconducting materials, the compound BizTe3 is especially

(2)

important because of its good thermoelectric properties. On account

of these properties this compound may find application in devices used
in space vehicles. Such vehicles travel in environments where radiations;

3)

particularly protons and electrons, are present. The effect of these

radiations on the compound BizTe may therefore he of critical importance

3
for this application. In the work reported here, irradiation with
protons rather than electrons was investigated because the former may
predominate in such regions as the van Allen belt.(3) Also, for
comparable radiation energies and dosages, protons are likely to have
greater effects on the properties of a -aterial.(l)
In this investigation single crystals of p-type BizTe3 were irradiated
with protons of 7.5 Mev energy. The Hall coefficient, resistivity, and
magneto-resistance of the irradiated specimen were measured. Crystalline

imperfections generated by irradiation were also examined in foils by

transmission electron microscopy.



II. REVIEW OF LITERATURE

1. Crystal Structure of Bismuth Telluride

The compound Biz're has a rhombohedral crystal structure and a

3

The atome are located at the following

positions:

One atom of tellurium at 00O
Two atoms of tellurium at XXX, , ;1;1;1 where x, = 0.792
Two atoms of bismuth at X XXy 5, XXX, vhere x, = 0.399

The measured lattice constants are:

a 10.473 A.U.

e 24° 9' 32

To facilitate visualisation one may transform the rhombohedral
into a hexagonal structure. After this transformation, the lengths of

the a-and c-axis are

a

4.3835 A.U.

c 30.487 A.U,

The arrangement of the atoms in the [J001] direction of the hexagonal
system consists of a series of layers of tellurium and bismuth atoms.

The sequence of layers is as follows:

2) 2)_pi-te1).

~Te (1)—Bi-Te (2)-Bi-Te 1) ~Te 1) -Bi-'.l'e( -Bi-Te (1)—Te (1)-81-'1‘e(



These fifteen layers account for the length of the c-axis in the
hexagonal system. It should be noted that the layers repeat themselves
after every fifth layer as far as their chemical composition is concerned.
The layers of atoms are stacked in the Y0001] direction in the stacking

order of face centered cubic crystals.

2. Bond in‘
The accepted bonding scheme for the compound BizTe3 is van der Waals

bonding between the atoms of the Te(l)-re(l) layers, covalent and ionic

(1)

bonding between the atoms of the Te and Bi layers, and covalent bonding

resulting from a sp3d2 hybridization between the atoms of the two Bi layers

and the Te(z) layet.\S)

As a result of the weak van der Waals bonding
between the atoms of the Te(l)-lb(l) layers, these layers are the cleavage
planes in the compound Bizre . They also are the planes on which the

3
dislocations lie.(7)

3. Band Structure

On the basis of the measurements of the Hall coefficient, resistivity,
and magneto-resistance, the band structure of the compound Bi,Te, is
proposed to be many vaileyed;(s) the energy extrema of the valleys are

on the reflection planes in reciprocal space. The width of the energy

gap has been determined, and the reported values range from 0.16 to 0.21
ev.(g’lo)



4. Defect Structure

Single crystals of the compound Bi Te3 grown from the melt of

2
stoichiometric composition act as p-type semiconductors. The phasge

diagram of the system bismuth-tellurium was determined in the vicinity
(10)

3.

of the Hall coefficient and involved the assumption that at liquid

of the compound Bizte This determination was made by measurements
nitrogen temperature an excess bismuth or tellurium atom behaves as a
singly ionized acceptor or donor, respectively. There is some
disagreement in the literature on the defect structures of the compound
when excess bismuth or tellurium is present. It has been suggested that
the excess bismuth atoms occupy additional bismuth sites, with the creation

(11)

of vacancies on tellurium sites. According to an alternative

(12,13

proposal antistructure defects are present. In the case of excess
bismuth 3/5 of the excess bismuth atoms and in the case of excess
tellurium 2/5 of the excess tellurium atoms occupy tellurium or bismuth
sites, respectively. Measurements of the density combined with the
measurements of the Hall coefficient appear to indicate that the lattice
defects are predominantly of the antistructure type, at least on the
bismuth-rich side of the stoichiometric cunposition.(13)
The Hall coefficient of single crystals of p-type BizTe3 quenched
from 773°K was lower than of slowly cooled single crystals; the

(14,15) If the defects

resistivity differed in the opposite direction.
introduced by quenching are assumed to be predominantly vacancies, then

the overall effect of bismuth and tellurium vacancies in p-type BizTe3




is to introduce acceptors. After sintering at various temperatures for
16 hours, compacted powders of p-type BizTe3 changed sign to an n-type
carrier at temperatures of approximately 470°R, and reverted back to

p-type after sintering at higher temperatures$16)”

The investigators
attributed this change of sign of the majority carrier to the formation
of excess vacancies. If the excess of the two types of vacanci?s over
the thermal equilibrium value can be assumed to be the same in the
quenching and sintering experiments, then one of the two interpretations
would be in error. However, the concentrations of the two types 6f
vacancies are likely té be different in the two cases.

‘In another investigation the compound BizTe was extruded at 548°K

3
an After extrusion the sign

and its annealing behavior investigated.
of the charge carrier changed from p-type to n-type. From‘annealing

data, the investigators concluded that the donor was a tellurium vacancy,
and that its activation energy for migration was between 0.7 and 1.1 ev.

Investigation of radiation damage by y-rays,(ls’lg) (20)

electrons,
thermal and fast neutrons(21’22’23) have been carried out on p- and n-

type BizTe After exposure of n-type BizTe3 to irradiation from a

3°
Co6°Asource at room temperature, the thermoelectric power decreased and
the resistivity increased with irfadiation; they reached saturation after
a dose of p x 106 roentgens. The effects of irradiation annealed out

at room temberature within three hours. If the irradiation was carried

out at the temperature of a mixture of dry ice and acetone, the thermo-

electric power and the resistivity increased. The increment of the



thermoelectric power annealed out at 230°K with a half-life of 29 hours.

A specimen of p-type BizTe3 irradiated with y-radiation from a Co60 source
at the temperature of a mixture of dry ice and acetone also showed an
increase in thermoelectric power.

In another investigation with y-radiation from a C060 source an
electronic effect and lattice damage were observed.(lg) The electronic
effect was associated with a reduction of the Hall coefficient and
resistivity in n-type BizTe3, but with an increase in their value in p-type
BizTe3. The electronic effect annealed out within 24 hours at room
temperature. In this investigation the lattice damage reduced the Hall
coefficient and the resistivity in p-type BizTe3 and raised them in n-type.

An analysis of the annealing data led to the conclusion(lg)

that aggregates
of interstitial atoms are found on the basal planes, and that these
dissociate with an activation energy of 0.7 ev and that their dissociation
increases the Hall coefficient and resistivity in p-type BizTeg’ From
annealing data obtained at higher temperatures, a defect identified as a
tellurium vacancy was observed to anneal out with an activation energy

of 0.9 ev. From this observation it was concluded that a tellurium
vacancy must be an acceptor. This conclusion contradicts the conclusion

aa7)

reached by other investigators, who annealed specimens of extruded
p-type BizTe3.

Irradiation with electrons of 2 Mev energy from a Van der Graaff
accelerator was carried out on n-type BiZTeB.(ZO) The thermoelectric power

decreased during irradiation, but recovered subsequently. However, the



heat generated by the bombarding electrons caused oxidation and melting

of the specimen; so that the effects of the defect structure due to
radiation damage could not be observed.

(21,22,23) éith fast neutrons of energy greater

Reactor irradiation
than 1 Mev and integrated dose of 1019 neutrons per cm2 was carried out on
shielded and unshielded specimens of n- and p-type BiZTe3 maintained
at 333 + 20°K.  The Seebeck coefficient on n-type specimens increased,

while a p-type specimen was converted to an n-type carrier after

irradiation,

5. Investigation of Defect Configuration by Transmission Electron Microscopy

Investigations of the compound BizTe3 by electron microscopy haveAbeen
reported in the literature. Dislocations and dislocation networks were
obgerved cn the basal planes of this compounﬁ.(7) The Burgers vector of
the dislocaticns was determined tc be in the (2110) direction, Dislocation
loops were observed in quasi-bimary alloys of 812Te3 and Sb21e3. These
loops were found to lie on the basal planes of the alloys.(za’zs) They
were attributed to deviations from stoichiometry, which caused either an
excess of antimony atoms to form interstitial loops or to an insufficient
number of tellurium atoms to form vacancy loops; Such loops were observed
in binary alloys of up to 60 pct BizTe3-40 pct,szTe3, but not in the range

between this composition and pure BizTe Presumably the defects due to

3.
deviation from stoichiometry in the compound BizTe3 do not coalesce

to form dislocation loops of the type observed in sz'l.‘e3 and Bizte3 alloys.

Irradiated foils of the cowmpound Bizte do not appear to have been

3



examined in the electron microscope. Graphite, which has a similar

layer structure, however, has been irradiated with neutrons and

(26,27)

investigated by transmission electron microscopy. Some of the

defect structures in irradiated graphite were found to be vacancy

(26)

aggregates and clusters of interstitials. Large interstitial

loops lying on the basal planes were also found in irradiated ;:aphite.(27)

In the compound BizTe the nature of the defect structure is expected

33
to be more complicated than in graphite because of the presence of two
types of atom species. However, the general defect structure is not
expected to be basically different. For example, in neutron irradiated

MgO prismatic loops were found to lie in the (110) planes.(za)



ITII. OUTLINE OF WORK

The research reported here consists of two parts. The first part
deals with an investigation of the changes in the electrical properties
caused by proton irradiation and the second part with an investigation
by transmission electron microscopy of the defect configuration

introduced by the irradiation.

1. Electrical Measurements

Specimens of the compound Bizte3 were irradiated in the internal
beam chamber of a cyclotron. The incident irradiation was parallel

to the c-axis of the compound Bizre During irradiation the target

3°
holder was water cooled, and the proton beam current was adjusted so as
not to exceed a temperature rise of 75°C.  After irradiation the
specimen was kept at liquid nitrogen temperature for seven days to allow
the induced radiocactivity to decay. After this the specimen was warmed
to room temperature. After 48 hours at room temperature the electrical
measurements were started.

The Hall coefficient and electrical resistivity were measured as
functions of the temperature from the temperature of liquid nitrogen ﬁé '
room temperature. The nagneto-ieliltnnce coefficient was measured at
the temperature of liquid nitrogen. . After completion of these
measurements the specimen was cooled to liquid nitrogen temperature until

the next irradiation run.

The Hall coefficient was measured with the magnetic field parallel



10

to the c-axis of Biz'l.'e3. The electric field was perpendicular to
the magnetic field, The resistivity and magneto-resistance were
measured along the basal planes. The tensors corresponding to the
electrical resistivity, Hall coefficient, and magneto-resistance are
represented as Q 11’ Q 123, and < 1133 This representation is

similar to that adopted by Drabble.(s)

2. Transmission Electron Microscopy

Thin foils of Biz'!e3 suitable for transmission electron microscopy
were placed between gold grids and irradiated. On completion of the
irradiation the specimen was kept at the temperature of liquid nitrogen
for seven days. After this period the specimens were examined in a
Siemens Elmiskopp I and ‘Hitachi HU-11 microscopes. The latter

microscope which was equipped with a low temperature stage vwas used for

examining specimens at the temperature of liquid nitrogen.



IV. EXPERIMENTAL PROCEDURE

- - - —

-~ a1
dle al.gsu: b‘"zﬁ La L

Single crystals of p-type Biz're were prepared by Dr. J.H. Dennis

3
under the supervision of Prof. R.B. Adler of the Department of Electrical
Engineering. The details of the experimental procedure for preparing

the crystals has been described elsewhere.(zg)

Briefly, the method
consisted of growing single crystals from a bath made up of weighed
amounts of bismuth and tellurium maintained under an atmosphere of helium.
The bismuth and tellurium vexfé of semiconductor grade quality (99.999+pct)
and were supplied by the heiican Smelting and Refining Company, South

Plainfield, New Jersey.

2. Specimens for Electrical Measurements

2.1 Specimen Preparation

Single crystals of Biz'l'e3 were cleaved with Scotch tape to remove a
layer of material about one millimeter thick from one of the surfaces
of the as-grown crystals. These crystals were cleaved again to obtain
the desired specimen which adhered to the Scotch tape. The thickness
of the specimen varied between 1.5-3.0 x 1073 co.  The specimen adhering
to the Scotch tape was cut to the shape and dimensions shown in Pigure 1(a).
The length of the specimen at this stage of preparation exceeded the final

length (shown by dashed lines in Figure l(a). The excess length of the

material was used to measure the final thickness of the specimen after
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13

the various stages of preparation described below.

After the specimen was cut to the desired dimensions, the Scotch
tape was removed by dissolving the adhesive in toluene. Although
acetone can dissolve the adhesive faster than toluene, the Scotch tape
curled in this solvent, and this caused the specimen to bend. 1In
toluene the process of dissolution occured in approximately 48 hours.
At the end of this time, the specimen and Scotch tape usually separated.
The specimeh was washed in acetone and ether.

The specimen, along with extra pieces of Bi Te3, was placed in a Vycor

2
tube, which was either evacuated or filled with argon. The sealed
tube containing the specimen was heated in a muffle furnace at 350°¢C for
24 hours. The purpose of the extra pieces of Bizte3 was to minimize
‘the extent of any reaction of the specimen with oxygen, during the heat
treatment of the specimen. After the heat treatment, the specimen was
lightly etched with a solution consisting of 1 part concentrated HNO3,
2 parts concentrated HCl, and 2 parts HZO. In order to reduce the rate
of etching, the etchant was kept at 0°c.

The excess length of the specimen, mentioned earlier, was now removed
with a blade. The thickness of these extra piecés was measuréd with a

micrometer. The ends of the specimen to which electrical leads were

to be soldered were nickel plated. The following plating solution was

used:
Nickel sulphate NiSo, . 7 H,0 112 gms/liter of H,0
Nickel chloride u1¢12 . 610 % " woow .
Boric acid H_.BO 14 v " ouoon

373
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The operating current density was about 0.4 amp per cmz. The plating
bath was maintained at 50°C.

Plating was necessary because it was difficult to solder eiectrical
leads to the unplated specimen directly as most solders do not wet the
compound BiZTeB. Nickel plating produces electrical leads of low
contact resistance. A high contact resistance would have caused local
temperature rise and this coupled with the high thermoelectric power
of the compound BizTe3 would have produced extraneous voltages.

After nickel plating, the electrical leads which were made of silver
wire 0.01 cm. in diameter, were soldered with a solder consisting of
60 pct lead and 40 pct tin.

2,2 Specimen Thickness

The thickness of the specimen used for the electrical measurements
was chosen after consideration of the following factors: (1) the range of
7.5 Mev protons, (2) the mean free path of the protons, (3) the heat
transfer by the specimen, (4) the mechanical strength of the specimen
and (5) surface effects.

2.2.1 Range of 7.5 Mev protons - If the thickness of the specimen is

greater than the range of the incident protons, the protons which are
retained effect the properties of the specimen. In order to avoid such
effects the thickness of the specimen used must be less than the range
of the incident protons.

If it is assumed that as a proton traverses a specimen of the compound
Bi_Te, it loses energy mainly through ionization and excitation, the

2773
range of a 7.5 Mev proton is estimated to be between 0,036 and 0.100 cm,



The details of the calculation are given in Appendix I.

2.2,2 Mean Free Path of the Protons - If the minimum energy required

to displace an atom from its lattice position is Ed, the_probability that
the incident proton transfers energy greater than or equal to the

displacement energy E,, is related to a displacement cross-section Ga.

The number of displacement collisions made by a proton of energy E

per unit length of its path is No(rd, where N, is the number of atoms

@ The reciprocal of the quantity Nocﬁ is defined as

the mean free path between displacement collisions. Ast?h depends on

per unit volume.

the energy E of the proton the value of E must be known at every instant
during the motion of the proton through the specimen. Since this is not
possible, the specimen thickness was chosen such that each proton would
undergo only one displacement collision during its passage through the
specimen, On the assumption of a single collision the number of lattice
defects created by the incident proton can be calculated more simply than
in the case of repeated collisions.

For a 7.5 Mev proton interacting with an atom of the specimen, the
displacement cross-section caa be obtained by considering the interaction
potential to be coulombic and neglecting the screening of the nucleus by

the electron cloud.(1’3o) If these assumptions are made, the displaceuent

cross-section G‘a is given by(l)
E
P (max)
2
Tb Ep (max
7 4= k(E,Ep)dEp = " Ed (1)
E

15
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In equatiom (1), k(E,Ep) is the specific cross-sectiom or cross-section
per umrit emergy, EP is the emergy tramsferred to the struck atom, Epcnax)
is the the maximum emergy tramsferred im am elastic collisiom if energy
and momentum are comserved, amd b is the classical distamce of closest

approach given by

» = —1-2_ )

In equation (2), 21 and Z, are the atomic numbers of the imncidemt particle

2
and the target atom respectively, e is the electromic charge, v is the_
velocity of the particle relative to the atom, and u is the reduced mass
equal to (;%‘- , where m 15 the mass of the target atom amd M is the
mass of the imcidemt particle,

As showm by equatiom (1), G~ d depends on the energy of the incident
particle, and since this energy decreases contimucusly as the particle
passes through the specimen, the displacement cross-sectiom increases.

For the compound Bi,Te,, and an incident radiatiom of-7.5 Mev protoms,

3
the followimg two equatioms can be written for the ‘displacuent cross-
sections Gvd,'l’e (t), Cfd,ni (&) for a tellurium and bismuth atom

respectively as a function of the depth of pemetratiom ¢t

.18
(t) 1.345 x 10

Gd, Te = E(t) Ed’Te (3)

ca p(®) . 2:106 x 10718 ®)
’ E(t) By gy
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where E(t) is the energy of the proton expressed in Mev at a depth t, and

Ed,!b and Ed,Bi are the displacement energies in ev of tellurium and

bismuth atome resnactively.
Before a displacement cross-section can be evaluatéd, the displacement

energy must be known., This has not beea determined for Biz!e3 either

experimentally or theoretically. However, as the bonding scheme in

BiZTe3 is known, a rough estimate of the displacement cross-section can

be made. The model of the bonding scheme ®  shows covalent bonding

between the atoms of Te(¥) and Bi, and covalent bonding between the atoms

of Te(z)

and Bi. If the bond strength is assumed to be the same between
the atoms of Te(!) and Bi, and Te(?) and Bi, then the displacement
energies for the Bi and Te?) are the same, and that for 1e (1) is half
that of the other two. The latter relation arises fronrthe fact that
an atom of Te(l) has three whereas an atom of Te(z) has six bonds with
neighbouring atoms of bismuth.

In germanium and silicon, which have covalent bonding and relatively

open structures, the displacément energy is 13 ev.(al)

2)

The displacement
energy for a Bi and Te atoms can therefore be assumed to be about 15 ev,
and that for Te(l) about 7.5 ev. For a particle energy of 7.5 Mev, the

displacement cross-sections are then given by

&4, Te® = 2.4 x 10°%0 cu? )
Ga, 7@ - 1.2 x 1072 ca? (6)
Ga, Bi = 1.9 x 10720 cn? %)



The mean displacement cross-section per atom is Z.O.x 10"20 cmz, 80

oo .22 K - . .
that for 3.0 x 107" atoms per cm” in Bi,Te, the wean free pain X 13

3
,l 3
= 1,67 x 10 ~ cm (8)

The thickness of the specimen should therefore be less than
1.67 x 10-3cm. The thickness of the specimens used in this investigation

ranged from 1,2 to 1.5 x 10-3cm.

2.2.3, Heat Transfer - Most of the energy lost as the particle

traverses the specimen is converted into heat, so that the specimen must
be cooled during irradiation. This is usually carried out by placing
the specimen on a water cooled target holder. A good heat transfer path
between the specimen and the target holder is essential. Alternatively,
the rate of heat generated in the specimen must be decreased. For a
given radiation of a certain energy a reduction of the heat generated

is possible only by decreasing the thickness of the specimen. Heat

transfer therefore favors thinnest possible specimens.

2.2,4., Mechanical Strength - The compound BizTe3 has low mechanical
strength and thin specimens are fragile and difficult to handle. These
specimens must therefore be mounted, which adds to the heat transfer path.

2.2.5. Surface Effects - A very thin specimen may no longer

represent the properties of the bulk material. In particular the surface
states in semiconductors may affect the electrical properties of the
material. Fortunately, this effect is not important in BizTe3 because

of the high density of carriers and the saturated bonds on the surface

of the specimen.
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2.3 Specimen Holder

Because of the difficulty in handling them, the specimens were
mounted on holders which were designed so that both the irradiation and
the electrical measurements could be carried out without the need for
removing the specimens from the holders.

A specimen holder is shown in Figure 1(b). It was made of aluminum
sheet about 0.1 cm thick. The other dimensions of the sheet were 6 cm x
1.6 cm. On one side of the sheet a window was cut out, which had the
purpose of exposing a selected area of the specimen teo the irradiation.
The dimensions of the window were 0.8 cm x 0.4 cm. The area of nthe
specimen to which the silver wire was soldered was not exposed to
irradiation. A second piece of aluminum sheet 3 cm long, 1.6 cm wide
and 0.1 cm thick with a wind&w of the same size as the window in the
first sheet was placed on the first sheet so that the two vihﬁows over-
lapped. This increased the thickness of the aluminum that was exposed
to the radiation so that protons could not reach the specimen except
through the window.

A mica sheet 3 cm long, 1.6 cm wide and 7 x 10-4 cm thick was
cleﬁed from a larger sheet. The cleaved sheet was joinedA to the
aluminum sheet with rubber cement diluted with acetonme. | In order to
obtain a firm joint with a minimum of cement, the mica sheet was pressed
down firmly against the aluminum sheet and baked at 50°C for 24 hours.

The specimen was placed on the mica sheet. The electrical leads

of the spechien from the edge of the solder to the end of the specimen
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holder were joined to the mica sheet by prxy cement, It was necessary
to do this as a slight pull on the leads tended to break the specimen,
In order to obtain good thermal contact, the specimen was cemented
to the mica sheet by placing a few drops of a dilute solution of
Duco cement in acetone near the edge of the specimen and ;ilowing
cupillary action to pull the solution between the specimen and the
mica sheet and then pressing on the specimen until the cement hardened.
The large sheet was folded along the center line so that the
window exposed the desired area of the specimen to the irradiatiom.
After folding, the edges of the holder were joined to each other to make
. a strong compact specimen holder. After the Epoxy had set the specimen
holder containing the specimen was placed in a pyrex tube, evacuated
and heated at 75°C for 8 hours. The purpose of this heat treatment was
to remove or to stabilize any structural effects in the speci-en'and

specimen holder that might have been introduced during preparation.

3. Measurement of the Electrical Properties

The equipment used for measuring the electrical properties had been
built under the supervision of Prof. A.C. Smith of the Department of
Electrical Engineering. The components of the equipment and their
calibration can be described as follows:

3.1 Magnetic Field

The magnetic field was obtained from a Varian magnet (4 in. pole

piece diameter) with a variable power supply. The magnet was calibrated

against the current supblied to the curreat coils with a moving coil
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gaussmeter. A maximum field strength of 6,000 + 100 gauss was used.

3.2 (Cryostat
The cryostat shown in Figure 2 was a double walled copper chamber,

The space between the walls was evacuated. The specimen was mounted
on a copper block with a large thermal capacity. Liquid nitrogen

was poured into the inner chamber to cool the copper block to 78°K.
After a set of measurements had been completed at the temperature of
liquid nitrogen, the nitrogen was boiled off, and the copper block
allowed to warm up gradually. Measurements were made at various
temperatures between 82°K and room temperature during this period which
lasted for approximately eight hours. The temyefature of the specimen
was measured with a copper-constantan thermocouple.

In order to estimate the error in the measurements made auriﬁg
continuous heating, isothermal measurements were made by using iiquid
oxygen, a mixture of carbon dioxide and acetone, and a mixture of ice
and water., At the temperatures obtained in this manner, the differences
between the isothermal and continuous heating measurements was less than
five percent.

3.3 Circuit Diagram for the Measurement of Electrical Properties

The diagram of the circuit used in this investigation is shown in
Figure 3. A switch for reversing the polarity was required to connect
a lead storage battery, with an open circuit potential of six volts to
the main circuit. A decade resistance box was placed in series with
the specimen to vary the resistance between 500 and 3000 ohms. The value

of the resistance was selected in relation to the resistance of the
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specimen and the magnitude of the Hall voltage. If either of these
quantities was high . than the higher resistance was used in series.
A 100 ohm standard resistor was used to measure the current in the

circuit,

leads, the potential across the standard resistor and the thermocouple
e.m.f, were measured with a Leeds and Northrup K3 Potentiometer, When
no measurements were being made, the battery was connected through a
short circuit switch to the resistor in order to minimize the battery
polarization from varying during subsequent measurements.

The Hall coefficient and the resistivity were measured at two pairs
of points of the specimen. In this way the homogeneity of the specimen
and the uniformity of the irradiation could be checked.

3.4 Hall Effect
In designing the specimen for measurements of the Hall coefficient,

the length to breadth ratio was kept larger than 3. This was desirable

24

because the current electrodes at the ends of the specimen tended to shorten

: 32
out the Hall field if the width of the specimen approaches its lengthf )

The width of the electrodes used for measuring the Hall voltage and the
resistivity was kept as snalihas possible in relation to the width of
the specimen., The width was limited by the low mechanical strength of

the specimen,

In the measurement of the Hall voltage, the spurious voltages arising

from any misalignment on the Hall probes or dny temperature gradients in
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the specimen had to be avoided. The velocities of the charge carriers
of a given type in a specimen are not all equal, and those carriers with
a lower velvciiy are deflccted more by the magnetic field. As a result,
more energy is transferred to one part of the specimen than the other,
whtgh manifests itself as a temperature gradient. "If the specimen

has a high thermoelectric power, an appreciable transverse Ettinghausen-

Seebeck voltage is set up. Its value is given by

(Vp.g)y = PH, E © (9)

where (V is the Ettinghausen-Seebeck voltage in the y-direction,

E-S)y
P is the Ettinghausen coefficient, Hz ig the magnetic field in the
z-direction, E_is the electric field in the x-direction and © is the
thermoelectric power of the material.

1f a temperature gradient is present in the x-direction, then the
charge carriers will diffuse from the hot to the cold end. In the
presence of a magnetic field this leads to Nernst and Righi-Leduc-Seebeck
voltages across the Hall probes. The Nernst voltage, like the Hall

voltage is created by the Lorentz force on the charge carriers by the

magnetic field, so that this voltage is given by

g, = QH () (10)

N)y
where (VN)y is the Nernst voltage, Q is the Nernst coefficient, and

(dT/dx) is the temperature gradient. The Righi-Leduc-Seebeck voltage,
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like the Ettinghausen-Seebeck voltage can therefore be written as
dT
OVprg) = SH ()@ (11)

where (erL-S)y is the Righi-Leduc-Seebeck voltage, and S is the Righi-
Leduc coefficient.

In addition to the above three voltages, the misalignment of the
Hall probes may give rise to another voltage, which is therefore a

resistance drop. Its value is given by

W), = LR (12)

wvhere (Vg)y is the resistance drop due to the resistance R introduced
by the misalignment.

The potential measured across the Hall probes is the algebraic
sum of the Hall potential, the Ettinghausen-Seebeck potential, the
Nernst potential, the Righi-Leduc-Seebeck potential, and the probe
yiualignment potential, The last three effects can be eliminated by
reversing the magnetic and electric fields so as to obtain a sequence

of the following four measurements:

v, = VH + vE-S + VN + vaIpS + Ve I+;’H+ (13)
VZ = -VH - VE s+ VN + vnrlrs - Vo I; n+ (14)
V3 = VH + VE-S - VN - vxrlfs - Vg I;H (15)
V4 = -Vn - VE‘S -—vN - vlrlps + Vo 1+; H_ (16)
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where ST Vz » V3 and Va are the measured potentials across the Hall probes

and the subscriptsto I and H denote the direction of the curreant and
magnctic fielde. Rv adding ecuations (13) and (15) and subtracting (14)

and (16), the following equation is obtained

vV, -V, +V, =V
1 2 3 4
Vy+ Vo = " a7

This equation shows that the Ettinghausen-Seebeck and Hall voltages

cannot be separated by ‘the above method. The Ettinghausen-Seebeck effect _
can be minimized by good thermal contact between the specimen and cryostat
so that the thermal gradient is redched. Alternatively, this voltage

‘can be minimized \:y allowing the specimen to attain a steady state f_oi'

a given direction of the current ,'and then rapidly reversing its directiom
and making the second measurement before the temperature returns to

equilibrium, (10)

3.5 Resistivity

The resistivity of the specimen was measured twice. First, with
the direction of current in one direction and second, with the direction
of current reversed. The mean value of the sum of the two resistivities
wvas the reliitivity of the specimen., The reversal of the current was
required to eliminate the effects of temperature gr.d;.ents.

3.6 Magneto-Resistance

The change in resistance of the specimen on applying a magnetic

field can arise not only from a magneto-resistance effect but also from



the presence of thermal gradients as discussed under the Hall effect
measurements, and ;hrface inhomogeneities. In order to eliminate the
potentials arising from these effects, the magneto-resistance
measurements were made four times with various combinations of the
magnetic and electric fields. The mean value of thé sum of the

potentials measured in this manner was the maéneto-resiatance potential,

4, 1Irradiation of Specimens for Electrical Measurements

The specimen holder containing the specimen was placed on the
water cooled target holder, as shown schematically in Figure 4., The
target holder was made of copper. = The specimen holdgt was held in
place firmly against the target holder by two screws., The whole
assembly was placed in the evacuated internal beam chamber of the
cyclotron.

The desirable level of proton beam current in the cyclotron was
determined by trial and error in the following manner. A specimen was
irradiated with a given beam current to a specified integrated dosage.
Changes in the Hall cqefficient and resistivity caused by the irradiation
were measured. Another specimen was thén irradiated at a lower beam
current up to the same integrated dose. Changes in the Hall coafficienth
and resistivity caused by the irradiation were again measured. This
procedure was continued until the changes in the electrical properties
were observed to be relatively insensitive to the changes in the level of

the beam current. The largest value for which this was observed was



"JUBWaINsSDaW |DI114039|3
10} suawdads buijpippJJl 40} 43P|OY 19640} pajood 43joM b ‘b1 4

x4 74
*m—#:o m \ 4 \ \ \\ B — Ga—, — 2
4 ‘ SRR
bw—C— - m\' = -~ 7/ \ \.\\ _ -I..'v"

N
N
N,

1

LI IOM | \ \
woo|g 42ddo) uawjsadg

1ap|OH uawidadg

29




used as the operating beam current. This current was 1.0 x 1012

protons ner cmz‘per sec. The use of a higher beam current caused an
excessive temperature rise in the specimen gnd probably annealed out
the defects introduced by the irradiatiom.

The flux of protons incident on the specimen was determined by
determining the distribution of the proton beam in the plane of the
target holder. This determination was made in an auxiliary run in
which a test éaper was irradiated at a low beam current. Because of
the approximate nature of the determination of this distribution, the
value of the flux may have been in error as much as 20 or 30 pct of

the reported value.

5. Specimens for Examination by Electron Microscopy

Single crystals of the compound BizTe3 were heat treated in vacuum
or under an atmosphere of argon at 350°C for 24 hours in the manner
described in Section IV, 2.1, After this heat treatment one surface
of the crystal was cleaved with Scotch tape.

The electron ﬁictoscopy specimens were prepared from this crystal
by joining the freshly'cieaved surface of the crystal to a microscope
slide with Duco cement. After the Duco cement had set, the specimen
was cleavad with Scotch tape until no further cleaving was possible.
The part of the specimen which still adhered to the slide was removed

from it by dissolving the cement in acetone. The specimen was
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collected on an electron microscope grid of 75 mesh size. The grid
was then folded over the specimen in order to hold it securely in place.
Specimens prepared in this manner were examined under the electron
microscope before irradiation and only those which were sufficiently

thin for transmission electron microscopy were selected.

6. Examination of Specimens by Transmission Electron Microscopy

The defect structure introduced by irradiation can be observed in
the electron microscope because of diffraction contrast effects. The
diffraction contrast between the region immediately surrounding the
defect and the matrix arises from the distortion of the lattice planes
in the vicinity of the defect.

By suitably inclining the specimen with respect to the electron
beam the lattice planes near the defect can be made to diffract the
electrons, This reduces the mmber of transmitted electrons and the
diffracting region appears as a dark area relative to the surrounding
area, If the operating reflection is varied systematically around the
origin in reciprocal space, the direction of the strain can be determined.
Following Hirsch et al.(33) the condition in which no diffraction contrast

is observed can be stated as

-

gb = 0 18)
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where E'is the reciprocal lattice vector corresponding to the operative
reflection and b is the Burgers vector. In order to determine the
direction of the Burgers vector, it 1s necessary to choose a refiection
for which the condition expressed by equation (18) is satisfied. Such
a reflection can be produced by gradually tilting the specimen to obtain
the operative Bragg reflection. The wave length of 100 kv electrons is
0.037 A.U. so that the angles over which the specimen has to be tilted
in order to obtain a different reflection is usually less than a

degree. In the Sienens Elmiskopp I microscope a specimen can be tilted
by the use of a '"double tilt" specimen holder. This holder permits the
specimen to be tilted about two axes perpendicular to each other and to
the electron beam, The Hitachi HU-11 microscope has a single tilt |
for room temperature operation, but has no tilt facilities for the low-
temperature stage.

Contrast effects can also be observed under the electron microscope
in regions of the specimen that have different absorption coefficients
or different thickness. Contrast due to either of these causes can
be distinguished from diffraction contrast by dark field microscopy.

In an investigation of clusters of point defects the use of dark-field

microscopy is advéntageous.(26’34)

The nature of the defect structure
can be identified in those cases in which dynamical effects arebimportant

and the simple kinematical theory of diffraction is not applicable.



33

7. Irradiation of Specimen for Examination by Electron Microscopy

While the target holder for irradiating specimens for electrical
measurements accommodated only one specimen, the target holder
arrangement shown in Figure 5 held up to five specimens. An aluminum
foil of thickness 5 i 10'4 cm was used to keep the grids pressed against
the surface of the water cooled aluminum block.

This method of irradiating specimens for electron nicroscoﬁy'also
differed from the one used for irradiating the specimen for electrical
measurements in the following ways: (1) The foil pressing the grids
against the block reduced the energy of fhe protoné reaching the
surface of the specimen; (2) The specimemns for the electron microscope
were not cooled uniformly during irradiation because the heat had to be
transferred through the mesh of the grids since theré was no other
direct path from the Specine; to the block on one side and the foil on
the other. The areas in direct contaé& with the metal in the mesh

were cooled more efficiently than areas facing the openings.
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V. RESULTS

1 PV ectanl e al WMo nwccanmnmendem
de DACG bl AWML LECGD UL GMIG AL O

The electrical properties of the compound BizTe3 before and after
| successive irradiations were measured as a function of temperature.
The measurements weré carried out over the range of temperature from
82°Kk to room temperature. The integrated radiation doses ranged from
1.0 x 1015 to 1.5 x 1016 brotons per cmz. After preliminary work with
several specimens, three of the specimens were carried through complete
cycles of successive irradiations and measurements. The results

reported here are for one of the three specimens and are representative

of the other two specimens.

1.1 Hall Coefficient

In Figure 6 the Hall coefficient has been plotted as a function of
temperature after successive irradiations. The integrated radiation
doses are stated in the figure, The Hall coefficient of the unirradiated
specimen measured as a function of temperature is in good agreement with
published values.(a’lo) The specimens became intrinsic at about 290°K.
This is in accord with the values of the energy gap of 0.16 to 0.21 ev
stated in the literature.(lo)

After successive irradiations the Hall coefficient increased.

Below a total radiation dose of about 4.6 x 1015 protons per cnz, the Hall

coefficient measured as a function of temperature showed a slight increase

in the vicinity of 240°K similar to the unirradiated specimen. With
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Figure 6 Hall coefficient as a function of temperature
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increasing successive irradiations the specimen became intrinsic on
heating at lower temperatures, After irradiation to doses larger than
L 1015 protons pér cm” the elight increase in the Hall coefficient
as a function of temperature observed with low doses and unirradiated
specimens was not observed. This was due to the onset of intrinsic
behavior at lower temperatures., After an integrated dose of 1.2 x 1016
protons per cnz, the specimen was converted from p-type to n-type.

The change in the Hall coefficient with temperature after successive
irradiations shows that the predominant type of defects introduced by
irradiation are donors, and that these defects are ionized at 82°k.
Defects are expected to be created by proton irradiation as a result of
both replacement and displacement collisions bet;aéen the protons and
atoms of bismuth and tellurium. On the basis of the hydrogenic model

the defects are expected to be ionized in this compound at 82°K.(1)

1.2 Electrical Resistivity

In Figure 7, the electrical resistivity of the unirradiated and
irradiated specimen is given as a function of temperature after successive
irradiations. Between 175 and 280°K the change in the resistivity of

the unirradiated specimen with temperature can be represented by

0-8 Tl .98

9 = 5-19x1 19)

This change in resistivity with temperature is in good agreement with
8)

the published values for the unirradiated specimen,
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On irradiation the resistivity increased. The exponent of the
temperature dependence of the resistivity decreased and became negative
after the highest integrated dose used. Such an increment in resistivity
with irradiation can be explained if the number of carriers decreases and
the effect of defect scattering by charged defects becomes more marked
with increasing irradiation dosage.

1.3 Hall Mobility

The ratio of the Hall coefficient and resistivity which is defined
as the Hall mobility, has been plotted in Figure 8 as a function of
temperature after successive irradiations. Between 220 and 280°K the
change in the Hall mobility of the unirradiated specimen with temperature

can be represented by

by = 3.39 x 107 772-04 (20)

The significance of this relation is not clear, particularly since the
Hall coefficient of the unirradiated specimen is known to increase
anomalously in this temperature range. Drabble(s) has suggested that
the resistivity relation of the type shown by equation (19) is more
representative of mobility than the Hall mobility. In Figure 9, the
Hall mobility and resistivity measured at 82°K have been plotted as
functions of the radiation dosage. An increase in the dosage is
associated with a decrease in the Hall mobility and an increase in the

- registivity.
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1.4 Coefficient of Magneto-resistance

In Figure 10 the fractional increase in resistance measured at 82°k
on applying a magnetic field has been plotted against the square of
the magnetic field. A straight line is obtained after all integrated
radiation dosages investigated. The slope of the line gives the
coefficient of magneto-resistance; it has been plotted in Figure 11
as a function of the radiation dosage. With increasing irradiation
the coefficient of magneto-resistance decreases with increasing integrated
dosage and appears to reach a iimiting value after an integrated dose of

1.0 x 1016 protons per cuz.

2. Transmission Electron Microscopy

Specimens of the compound BizTe3 were examined before and after
irradiation. Two batches containing several specimens each were
irradiated at two levels of flux of protons for the same integrated dose.

18 brotons per cmz, which was two orders of

This dose was 5.5 x 10
magnitude larger than for the specimens on which the electrical
measurements were made. This difference in radiation dose was

necessary because the point defect clusters after an integrated dose of
1016 protons per c‘z were not expected to be sufficiently large and
sufficiently numerous for examination by transmission electron microscopy.

The orientation of the foils was determined by electron diffraction.

The diffraction pattern of the selected area and the bright field image
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corresponding to this selected area were rotated with respect to each
“other through the required angle to eliminate the rotation of the image
relative to the diffraction pattern.

" The range of magnification of the electron micrographs was between
15,000 and 30,000 diameters. These micrographs were further eﬁlarged
to magnifications ranging from about 40,000 tb 70,000 diameters.

2.1 Point Defects

2,1.1 Irradiation with a Low Flux of Protons - The flux was 1.8 x 1013

protons per cnz-sec and the integrated dose was 5.5 x 1018 protons per cmze
Irradiation introduced point defect clusters ranging in size from 50 to
250 A.U. These clusters can be seen as dark spots in Figures 12 and 13.
The orientation of the foil in the electron microscope was such that the
c-axis of the specimen was parallel to ghe electron beam of the miéroscope.
In this orientation soﬁe of the defects are observed to be aligned along
the <1010 and <1120) directions. In Figure 12(a), some of the area
corresponding to these configurations have been marked A and B.

The point defect clusters were observed under the electron microscope
to anneal out, presumably because of the heat generated by the electron
beam of the nicrosébpe. The annealing out is shown by the two sequences
of electron nicrogr#phb in Figures 12(a)-(d) and 13(a)-(c). The
micrographs in Figure 12 were taken after approximately thirty second

intervals, In the nicrdgraphs in Figure 13, some of the defect clusters

can be seen to anneal out during the time required to align the microscope



Figure 12.

(c) ()

Defect clusters in proton irradiated BisTes. Electron
micrographs taken after approximately thirty second
intervals. Areas marked A and B show some of the defect
clusters aligned along the <1010> and <1120> directions,
respectively. The dislocation marked C remains unchanged;
the dislocation marked D reduces its length. The length

of the mark equals 2,000 A.U. Flux level equals 1.8 x lO13
protons per cm®-sec. Integrated dose 5.5 x 1018 protons

per cm®.




w

3

[2371e]

Figure 13.

(b)

(c)

Defect clusters in proton irradiated BioTes. The length

of the mark equals 2,000 A.U. Flux level equals 1.8 x 1013

2

protons per cm“-sec. Integrated dose 5.5 x 1018 protons

per cm®.

(2) Bright-field image corresponding to a (2110) type
reflection.

(b) Dark-field image of (a). Some of the defect clusters
have annealed out.

(c) Bright-field image corresponding to a (1120) type

reflection. All defect clusters have annealed out.
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for dark field microscopy. During subsequent realignment for bright

field microscopy and tilting the specimen to obtain a different

diffraction vector, the deieci cilusiers wad annealed sut. Two specimens
were also examined at the temperature of liquid nitrogen. Dark spots
similar to the ones shown in the micrographs in Figures 12 and 13 were
observed. These spots were not observed to anneal out during the

time the specimens were in the microscope.

2.1.2 Irradiation with a High Flux of Protons - The flux was

3.0x 1013 protons per cnz-sec. and the integrated dose was 5.5 x 1018

protons per clz. The defect clusters present after the irradiatiom
with a flux of 1.8 x 1013 protons per c-zesec. shown in the micrographs
in Figures 12 and 13 were not observed. They may be assumed to have
annealed out during irradiation because of the rise in temperature
arising from the higher flux. A different type of defect cluster was,
however, observed. An example is shown in the sequence of micrographs
in Figure 14.

The defect clusters marked I in Figures 14(a) and (b) show a line of
no contrast perpendicular to the diffraction vectér. This line of no
contrast corresponds to the condition given by equation (18). The
symmetry line ¢utting across the two crescents is parallel to the
diffraction vector‘in Figure 1l4(a) and (b). This indicates that the

strain field df this defect is symmetrical about the c-axis.



Figure 14.

(b)

Defect clusters in proton irradiated BisTes. Electron

micrographs taken for two different diffraction vectors.

The length of the mark equals 2,000 A.U. Flux level

13
equals 3.0 x 107" protons per cm®-sec. Integrated dose

5.5 x 1018 protons per cm®.

(a)

(b)

(c)

Bright-field image corresponding to a reflection
from (1120) type planes. The line of no contrast
of the defect clusters marked I is normal to the
diffraction vector.

Bright-field image corresponding to a reflection
from (2110) type planes. The line of no contrast
in the defects marked I has rotated so that it is
normal to the diffraction vector.

Dark-field image of (b). Note that the light side
of the image from the clusters is in the opposite

direction for the defect clusters marked I and V.
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The micrograph in Figure l4(c) is the dark field image of the
micrograph in Figure 14(b). On applying the results of an analysis

of Ashby and Btown(35)

the spots marked T and V can ha {dentified as
clusters of interstitials and clusters of vacancies,

In some areas of some of the specimens investigated, effects of the
type shown in Figure 15 were observed. They were aggregates of light
and dark regions and small light regions having hexagonal symmetry.
When the beam current of the microscope was slowly increased so as to
raise the temperature of the specimen, the hexagonal areas, for example,
areas marked B, were observed to grow. .This is seen in the sequence
of electron micrographs in Figure 15(a)-(c). The small light spots
were also observed to grow into the larger areas wifh hexagonal shapes,
for example, the area marked C. Some of the hexagonal areas were
observed to assume triangular shapes. An example of this is shown
in the area marked A in the micrographs in Figure 15(a), (b), and (c).
The sides of the hexagonal areas and of the triangular areas were

parallel to one of the (1120) directionms.

2.2 Dislocations

Dislocations were present in the specimens as a result of the stresses
involved in their preparation. Irradiation with protons is believed not
to generate new dislocations, but may alter their arrangement. The heating
by the electron beam causes further changes in the arrangement of
dislocations as well as interaction between dislocations and point defect

clusters.



(a)

Figure 15.

(b)

Growth of hexagonal areas during observation in the
electron microscope in proton irradiated BisTes.
Areas marked A, B, and C show these areas growing
with time. 1In the area marked A the hexagonal areas
have assumed triangular shapes. The sides of the
hexagonal and triangular areas are parallel to
<1120> directions. The length of the mark equals
2,000 A.U. Flux level equals 3.0 x 1013 protons

c 18
per cm®-sec. Integrated dose 5.5 x 107 protons

per cm“-sec.




The effect of irradiation on dislocations can be seen in the
micrographs in Figures 12, 13, 14, and 16. After irradiation the
dislocation lines frequently contained segments which showed no
diffraction contrasts. An example of this is the segment marked S
of the dislocation in the micrograph in Figure 16. This micrograph
also illustrates the effect of irradiation én a dislocation network.
The dislocation lines forming the network are broken and intersect
the surface of the specimen at such points as P.

During observation in the microscope these dislocatioﬁs, one end
of which intersects the surface, reduce their length. An example of
this is the dislocation marked D in the sequence>of micrographs in
Figure 12(a)-(d). Similar observations of dislocation movement in the
microscope have been reported on unirradiated specimens of BizTe3.(7)

In the unirradiated specimens, the dislocation lines are smooth
and generally tend to be parallel to each other, After irradiation
these lines become jagged although they are still approximately
parallel to each other. This can be seen in the micrographs showm in

Figures 1l4(c) and 16.
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Figure 16.

Effect of proton irradiation on dislocation and dis-

location networks. The dislocation line is out of

contrast at the segment marked S. The length of the

mark equals 2,000 A.U. Flux level equals 1.8 x 10]'8

protons per cm“-sec. Integrated dose 5.5 x 1018

protons per cm=.




VI. DISCUSSION

1. Electrical Measurements

On the basis of the multivalley band structure proposed for the
(8)

2
Sf 1 + v
123 \ -
911:4‘3 = Q11 [W n 1 J (21)

In this expression Q 123 is the Hall coefficient, Q qy is the resistivity,

compound Biz'l‘e3, the magneto-resistance tensor q 1133 is given by

u is equal to 0('22/5(:11, where o 22 ando('u are two of the four coefficients
that describe the shape of the valleys in k-space, and B is the ratio of

the transport integrals 1171012 , where the integral In is given by

n 2 3/2
2m 1 n+1 E3/2 Sfo

e e

dE (22)

In this equation m is the free electron mass, e is the electronic charge,

h is Planck's constant, A is the determinant of the tensor 7 is the

ij’
relaxation time, fo is the equlibrium Fermi-Dirac distribution function,
and the integral is evaluated over the energy states associated with a
single valley. |

Equation (21) can be rearranged to give

a + w?

4 u E— i (23)

(91133 ¢ 11 .
S 123
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The value of the ratio of the quantity on the left side of this
equation can be found from the experimentally determined values ef
G11° %123 and 91133' It has been plotted as a functien eof the imtegrated
radiatien desage in Figure 17. Within the limits ef experimental errer
the quantity given by the left hand side of equatien (23) is observed
to be approximately imdependent of the integrated radiatien desage
up te a dege of 1.0 x 10]'6 pretens per cnz. After a dose of 1.2 x 1016
pretens per clz the uteriai is cenverted frem p-type te m-type amnd
therefote a change in the ‘banc‘l,structure parameters is expected. It can
be concluded that fer integrated doses less tham 1.0 x 1016 .protcns per

2

ch the band structure of the compound l?d.z'l?e’3 does not change. The

Hall ceefficient and resistivity data can therefore be analyzed on the

basis that o[, and L 5p Temain comstant under irradiationm.

1,1 Hall Ceefficient

The Hall coefficient is given by(g)

4 u 1
- (24)
9123 1+ u)2 pe .

where p is the number of heles per cn3 and e is the eleetremic charge.
Subgtituting for u the value ebtained by Drabble(s), equation (24) can

-

be written as

0.514 (25)
F? = L.0l4
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The number of holes per cm3 is also related to the Fermi energy by

the expression

s 372 .
47T (2m* kT) F )
o - . 172 T 26)

where m* is the effective mass of the holes and F (m*) is the Fermi-

1/2
Dirac ingééral of order one half, After substituting for p and

rearranging, equation (25) gives

0.514 h3 @7
3/2
4 1 e (2m*kT) ?123 ,

The values of the constants in this equation are known and, if
m* = 0,511 m(a) is assumed to hold for the specimens in this

investigation, equation (27) can be rewritten as

1.59 x 10°

a3 /2

The reduced Fermi level.o7* can be evaluated from equation (28) if

Fijp (%) = (28)

the temperature and the Hall coefficient are known.

In Figure 18,log<;123 and the reduced Fermi level 27% are plotted
as functions of the radiation dosage. The effect of irradiation is to
decrease the Fermi level. From this it can be concluded that (1) the.
effect of proton irradiation is to introduce charged imperfections, in the

compound BiZTe3, (2) the majority of the charged imperfections are donors,
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and (3) the Hall coefficient is exponentiaily related to the irradiation

dosage by the relation

Q123 = Budp .o = AP) (29)

where A is equal to 1.96 x 10716

, and (b is the integrated dose. Similarly
an equa‘tion relating the reduced Fermi level and the integrated dose is

given by

- 175 - 267 x10710¢g (30)

Equations (29) and (30) are equivalent in the sense that the Fermi Dirac
integral of order 1/2, for the value of i * involved here, is approximately
proportional to exp 47*.
1.2 Resistivity

The effect of proton irradiation is to increase the resistivity of

the compound Biz’re Such an increase is expected because irradiation

3’
is likely to introduce additional scattering mechanisms. The point
defects introduced by the irradiation are ionized on neutral scattering
centers. Both types of scattering centers increase the resistivity, but

the temperature dependence of the resistivity is different in the two

cases. The component of the resistivity due to neutral imperfections

(36)

has been shown to be independent of temperature, whereas the

contribution to.the resistivity made by ionized point imperfections

changes with temperature. (37,38)
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Since the temperature dependence of the resistivity varies with the
irradiation dose (Figure 7) ionized scattering centers presumably are the
dominant scattering centers. The conclusion can be verified by

|
calculating the resistivity of the specimen as a function of temperature,
as will be done in the next section, and comparing the calculated values

with the experimental values.

1.2.1 Calculation of Electrical Resistivity - The reciprocal of

the resistivity defined as the conductivity is given for a semiconductor
of arbitrary degeneracy in which lattice scattering and ionized imperfection

scattering are present by the expression: '

= 0L ' 0> exp (7 -7%) 4% (3i)
6= 2 2
G +expy® S (v &) [exp (7 -m*) + 1]

where G- is the resultant conductivity if both lattice scattering and
ionized imperfection scattering are presént, G’L is the conductivity
which would result if only lattice scattering were present, /)* is the

reduced Fermi level, and of is given by

3 Fy(77%) G'L (32)

& = log (1 + expyp*) G

In this equation FZ(’W*) is the Fermi Digac integral of order 2, and

(;k is the conductivity which would result if only ionized imperfections
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were present.
The resistivity of the unirradiated specimen as a function of

temperature was experimentally determined to be

-8 1.98
911 = 5.19x10 " T

(19)

in the temperature interval of 175 to 280°K. Assuming that this resistivity
is due to lattice scattering, then the change in the value of the resistivity,
due to lattice scattering after irradiation to an integrated dose ¢,is

given by

Q) = 5-19x10°87%® lea(srexpyf=0 33
log (1 + exp '7*)¢

The results(38) of ionized imperfection scattering can be combined with
8)

the information on the band structure to give §>i, which can be

written as

IR e’ b () Nil (34)
WL 7 20 +wome w T Rem

In this equation,K is the dielectric constant, m* is the effective mass,

N, is the number of ionized scattering centers per cm?, and f(x) is given by

X

f(x) = log(l + x) - (35)

1+ x
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and

Aant? .
o2 (a2 P

where fi lz(m*) is the derivative of the half-order Fermi-Dirac integral,

and M is found from the equation

- -
?-3—+-d—’,3v_‘°‘ = tanh (—5) 37
M7 o+

(38)

The solution to equation (37) has been tabulated. The Fermi-

Dirac integrals of various orders required in these calculations have

also been tabulated. (39)

Since the values of o ,,, ol 972 @* and the
dielectric constant K are not known for the specimens, the resistivity
given by equation (36) cannot be calculated., However, if it is assumed
that the resistivity of the unirradiated specimen is due to contributions
from lattice scattering and ionized imperfection scattering,then the
constants in equation (34) can be evaluated by fitting the experimental

values of resistivity at 82°K to the calculated values and assuming the

dielectric constant to be 85; (qll)i can be written as

S) Ni f(x) ,
(514 = 3 (38
CTF, OF)
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N
where (—El) = 2,209 x 105. Using this form of the equation, the value of

F;i) can be obtained as a function of the radiation dosage. On the basis

of these assumptions, G~ was calculated from (31) as a function of temperature

after successive irradiation doses. These values are shown by solid lines

in Figure 19. The agreement between the experimental and calculated

values is good. From this it can be concluded that apart from lattice

scattering, the major scattering mechanism is ionized imperfection scattering.
In Figure 17, the band structure parameters were observed to change

after an integrated dose of 10.1 x 1@15 protons per cmz, so that the value

N

of the ratio —;i changes not only due to a change in N,, but also due to

i’
a change in c. The fractional change in the number of defects given in
Figure 19 after irradiation to a dose of 10,1 x 1015 protons per cmz is,
therefore, a fictitious number. 1In calculating the change in the
resistivity the density of carriers was assumed to be constant over the
entire temperature range for the specimens irradiated to an integrated
dose less than 10.1 x 1015 protons per cmz. After irradiation to this
~dose the actual value of the Hall coefficient was used to determine the
change in the density of carriers with temperature. This was

necessary because after the last irradiation dose the specimen started

to show intrinsic behavior at low temperatures,
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1.3 Rate of Defect Production

1.3.1 Experimental Values - The initial rate of defect production

with irradiation can be calculated from the experimental data by twn methodss
(1) the change in the Hall coefficient by irradiation and (2) the change

in the value of the number of charged defects calculated from the change

in resistivity by irradiation. This number includes both the donors and
acceptors introduced by irradiation and should therefore be a better
approximation than the number calculated from the change in the Hall
coefficient. However, for the case where the number of acceptors and
donors may not be comparable, the change in the number of defects calculated
from the Hall coefficient data are likely to be more accurate because of

the assumptions involved in calculating’the change in the number of

defects from the resistivity data. The change in the value of the Hall

coefficient with irradiation gives

S g0 - 58 (39)

where ( %%') ¢ -0 " be called the rate of donor introduction into the

specimen by irradiation. The change in the value of the resistivity gives

g = 573 (60)
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This value is the average value of the number of defects introduced per
proton, The values determined from the experimental data by thne two
methods can be compared with the values estimated from theory.

1.,3.2 Values Estimated from Theory - In order to estimate the rate

of defect production in the compound BizTe3, only the displacement and
replacement mechanism of damage production will be considered. The
number of primary knock-ons per unit length per proton is given by the
Q)

equation

(E) - 84 1)

where p is the number of primary knock-ons, @ is the radiation dosage,

No is the number of atoms per unit volyme, and (;’d is the displacement
cross section, The number of primary knock-ons peé unit length per
proton calculated according to equation (41) is given in Table I. Thp

two sets of values correspond to the two sets of values of ﬁhe displacement
energies Ed agssumed, In the first set in which Ed is égsuned to be equal
to 7.5, 15, and 15 ev for atoms of Te(l), Te(z), and Bi, respectively,

the displacement cross sections were calculated in Seétion v, 2.2.2,

and is given in equations (5), (6), and (7). In the second set Bd is
assumed to be equal to 12,5, 25 and 25 ev for atoms of Te(l), Te(z)_and

Bi respectively.



Table I

RATE OF DAMAGE INTRODUCTION INTO Bi,Te, WITH

7.5 Mev PROTONS

Atom
Calculated number of primary Te(l)
knock-ons per cn3 for two Te(z)

sets of displacement energies Bl

Total number of displacement
collisions per cn3 for two sets

of dispiacenent energies

Total number of displacement
plus replacement collisions per
dm3for two sets of displacement

energies

Experimental values of the number
of defects per cm3
Hall coefficient:

Electrical resistivity:

Ed (ev)

7.5

290

70

230

590

3,250

18,600

Ed(ev) P
12.5 173
25 43
25 134

350
2,700
15,400
588
573
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The number of defects that are introduced by the displacement cascade
which follows each primary knock-on is difficult to estimate because of
the presencé of two types of atoms and their different displacement
energies. A rough estimate can be -_;ade }y rqplacing the actual
compound by a hypothetical element, which il&l ﬁn 'atc_mic weight equai
to the weighted average value of the compound BizTe3 , and a displacement

energy equal to the weighted average displacement energy of the compound

BizTe3., The average number of displacement events V is given by 1,40)
- _ py - £7. 2\
) = 0.12 + 0.56 log Ep(mx)/Ed 42)
The total number of displacement events N is given by
dN -
( E ) = Y NOG‘d _(43)

The value of ¥ has been calculated for two weighted displacement energies
corresponding to the two sets of displacement energies assumed.
The ratio of the number of replaéenent to displacement events that

occur following a primary knock-on is given by(al’l'z)

E
== = 141614 log == (44)
Vg T

where V., is the average number of replacement collisions; and Er is
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%1) the ratio of teplécement

the replacement energy. For Ed/Er equal to ten
to displacement collisions is equal to 4.7. The total number of defects
introduced by both displacement and replacement collisions is tabulated

in Table I, the experimental values are also shown.

1.3.3 Comparison of Experimental and Theoretiéally;Calculated

) i
Values of the Number of Defects - In Table I it can be seen that the

experimentally determined values are an order oftmagnitude smaller than.

the calculated values. This difference between the two values may be

partly due to the approximation used in determining the number of replacement
cﬁllisions because the assumed ratio of Ed/Er equal to ten is probably too

high for the compound BiZTe The calculations for the number of

3°
displacement collisions does not take into account the effect of fhermal
and displacement spikes. FKeehler and Sgitz(43) have proposed that some
of the defects anneal out during the time a thermal spike exists.
Brinkman(44) has suggested that the main reason for the difference between
the experimental and calculated values of the number of defects in materials
irradiated with heavy particles is in the collapse of interstitial-vacancy
pairs in a cluster which reaches.a critical size due to a displacement spike.
Another reason for the difference between the experimental and
calculated values is likely to be the annealing out of defects due to
thermal activation, particularly interstitials lying between two Te(l)

layers. Since the displacement energy of an atom is the Te(l) layer is

half that of an atom in the other two types of layers, a greater number
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of primary knock-ons occurs with these atoms., This can be seen in
Table I. A large number of vacant sites on Te(l) layers must be
therefore present. It the interstirial defecis beiween Te(l)-Te(l)
layers can move because of thermal motion, a large number of vacancies
will be annihilated. The tellurium atoms that are displaced from the
Te(l) layers either occupy interstitial sites or replace bismuth and
tellurium atoms. When the tellurium atéms occupy interstitial sites

or replace bismuth atoms they act as donors.(12’13)

2. Transmission Electron Microscepy

The defect configurations in the irradiated specimens for electrical
measurements are expected to be different from those in the specimens for
examination by transmission electron microscopy because of the higher flux
and larger integrated doses used for the specimens for electron
microscopy. The difference in radiation dose was necessary because the
point defect clusters after an integrated dose of 1016 protons per cm2
were not expected to be sufficiently large and sufficiently mumerous
for examination by transmission electron microscopy. The higher flux
introduces a large mumber of defects per unit time, and in comparison to
the specimens irradiated at lower level of flux raises the temperature
of the specimens during irradiation so that the ease of migration of
the defects is increased. As a result point defect clusters rather

than isolated point defects are expected to be present in the specimens.




If, however, the temperature of the specimens rises too high, the defects
anneal out faster than they are formed. The migration of point defects
also affects the dislocation configuration. Because of excess vacancies
and interstitials the edge dislocations can climb non-consetvativeiy, 8o
that this supplies a mechanism for the rearrangement of dislocations.

2.1 Point Defects

During observation in the electron microscope clusters of point
defects annealed out (Figures 12 and 13), This was attributed to
heating of the specimen by the electron beam of the microscope. On
heating specimens of the compound BizTe3 after exposure to y-radiation
at room temperature, Smith(lg) found that some of the defects annealed
out at 50°C. He attributed this to the dissociation of interstitial
clusters and the migration of interstitials. It is possible that the
clusters of defects observed in the electron microscope may be similar.
to those reported by Smith.(lg)

The shape of defect clusters is affected by the bonding scheme.
Because of the directional nature of covalent bonding, the smaller

clusters in the compound BizTe may be expected to have shapes other

3
than spherical so that the aligmment of the major axis of some of the
defect clusters in the (IOTO) and (11-50) directions is. probably
due to this effect. With increasing size of the cluster, a vacancy

loop lying on three of the six {2059} planes with a major axis

along the (liib) directions would be energetically more favorable
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than a row of clusters aligned along the (}dib) directions. In such
a vacancy loop the largest number of bismuth-tellurium bonds broken lie
within the plane of the loop and therefore a minimum amount of disruption
of the structure results. Further, by nucleating a Shockley partial
dislocation on the periphery of such a loop, the broken bonds may
combine with bonds across the loop plane. Only three out of the six
planes are chosen because the true structure of the compound BizTe3 is
rhombohedral and not hexagonal.

The agglomeration of loops shown in the area marked X in Figure 14
is probably due to the movement of loops and their interaction with each
other, Barnes(as) has suggested that this might be the explanation of
some of the observations in irradiated graphite and copper. The clusters
marked I in Figure 14 are not interstitial dislocation loops but are
precipitates coherent with the lattice. This is because a dislocation
loop lying on the basal plane with a Burgers vector parallel to the
c-axis does not show diffraction contrast when the electron beam is
parallel to the c-axis, the interstitial clusters shown in Figure 14
must therefore have a component of the Burgers vector in the plane of
the foil. Since the contrast effects shown by the interstitial clusters
are symmetrical about the c-axis, it follows that the clusters are not
prismatic dislocation loops., The interstitial atoms present in clusters
must therefore modify the bonding scheme locally so as to form precipitates

which are coherent with the lattice.
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The mechanism of formation of the hexagonal areas is not understood.
One possible mechanism may be that the specimen was heated to a high
temperature by the proton beam and in combination wiih ihe defecis
introduced by the brotons initiated local evaporation of material from
the surface of the specimen., Further evaporation from the edge created
b& the initial evaporation was easier so that areas with hexagonal shapes
were formed. In order to confirm this mechanism the specimens were
heated in the electron microscope by increasing the beam current, The
hexagonal areas grew in size. No nucleation ofareas similar to those
in irradiated specimens was observed, indicating that a high temperature
and vacuum was not sufficient to cause evaporation of the specimen
locally but that defects were also required. Some of the hexagonalr
areas were observed to change to triangular areas, prokably because the
structure of the compound is rhombohedral and therefore uader slow rate
of removal material from the surface of the specimen; the triangular shape
is energetically more favorable.

2.2 Line Defects

In the presence of point defects, edge dislocations can move non-
conservatively by climb. Since a large number of point defects are
introduced by irradiation the appearance of broken segmeats of edge
dislocation lineQ can be taken as evidence that in these areas edge
dislocations climbed out to the surface of the foil. The temperature

rise in the specimens introduced stresses; particularly since the cocling
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rate across the specimen was non-uniform. As a result dislocation
movement occurred during irradiation. The motion of the dislocations
vere pinmed and gave rise to the jagged appearance observed in

Figures 14 and 16.



VII. SUMMARY AND CONCLUSIONS

In this investigation single crystals of p-type BiéTb3 were
irradiated with protons of 7.5 Mev energy. The changes in the Hall
coefficient, resistivity, and magneto-resistance of the specimen was
measured after successi#e irradiations. Crystalline 1m§erf§ctions
introduced by irradiation were examined in foils by transmission

electron microscopy.

1. Electrical Measurements

1.1 Hali Coefficient

The value of the Hall coefficient of the compound Bizte3 increased
with increasing radiation dosage. After an integrated dose of 1.2 x 1016
protons per cmz, the specimen was cénverted from p-type to n-cfpe. In
the range of integrated doses in which the specimen was p-type, the Hall
coéff;cient 43123 was exponentially related to the integrated dose by

the equation

Q = ), o, exp 1.96 x 10716 @ (29)
123 1237 ¢= 0

where gb is the integrated dose. The net effect of irradiation was to
introduce donors, which were fully ionized at-82°K. The value of
the Fermi level decreased with increasing radiation dosage.

1.2 Electrical Resistivity

The resistivity of the specimen increased on irradiation. The



exponent of the temperature dependence of the resistivity decreased,
and became negative, after a dose of 1.2 x 1016 protons per cmz. The
increase in resistivity with irradiation was due to a reduction of

the number of charge carriers and to increased scattering of the charge
carriers with increasing concentrations of ionized imperfections. |

Based on the agsumption that the two major mechanisms of charge carrier

scattering were ionized imperfection and lattice scattering, satisfactory

agreement between the calculated and experimental values was obtained.
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This confirmed that the predominant effect of irradiation was to introduce

ionized imperfections,

The number of defects calculated from the Hall coefficient and
resistivity data was observed to be more than an order of magnitude
smaller than values calculated from radiation damage theories. The
difference in the two values is interpreted as evidence of annealing
out of defects by the movement of interstitials between the two layers

1)

consisting of atoms of Te type.

1.3 Coefficient of Magneto-resistance

The coefficient of magneto-resistance measured at 82°K decreased
with increasing irradiation and appeared to reach a saturation value
after a dose of 1.0 x 1016 protons per cmz. The ratio of the band
structure parameters calculated from the Hall coefficient, resistivity
and magneto-resistance were observed to change rapidly after integrated

doses of 1.0 x 1016 protons per cm2.
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3. Transmission Electron Microscopy

~N
'

nd Bafects

After irradiatiom to an iategrated dose of 5.5 x 10]'8 protoms petv ;:-r
at a fiux of 1.8 x 1013 protoas per cs2=aec, point defect clusters ranging
in gize ttaﬁ 50 to 250 A.U, were observed. These clusters were observed
to.ammeal out rapidly during observatiom in the electrom microscope.

Some of the clusters were cbserved to be aligned along the ( 10;.0 >
and (11;0) directioms.

After irradiation with an integrated dose of 5.5 x 108 protoms per

cnz at a flux of 3.0 x 1.013 protoms per clz, clusters of imterstitial
atoms and vacancies were observed, The interstitial clusters were
present im the form of cohereat preclbium , presumably due to a
resrrangement of the bonds locally.

Pits with hexagonal cross-sectioms parallel to ( 11;0) direction

were obutved in some parts of the specimen. ' During examimation in
the electron microscope at high beam curremts; these pitas were cbserved
to grow, and some of them changed shapes from hexagoms to ttimiu.
The pits are attributed 5 eveporation of the material from the surfaces
at high temperatures in the presence of defects created by the i.rndint;on.
2,2 Lime Defects '

The ;ffnct of irradiation was to cause dislocation climb, so that

segments of a dislocation line were foumd to imtersect the surface of the
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specimen. Im addition, dislocation lines acquired a jagged shape due

to pinning down of the lines by defect clusters introduced by irradiation,



VIII. SUGGESTIONS FOR FURTHER WORK

1. The annealing behavior of specimens irradiated with protons should

be investigated.- From the changes in the electrical properties and the
values of the activation energies the defects introduced by the irradiatiom
can be identified more clearly than in the present investigation.

2. An examination of foils of the compound Bi Te, by transmission

2
electroa microscopy after irradiation with prot&ns should be conducted more
systematically with res;ect to changes in the integrated dose and flux.
This examination should be extended to the compound SbZTe3, which has the
same structure and similar physical properties as Bizre3, but different

arrangement of defects in unirradiated specimens.

3. Thin specimens of elemental semiconductors and metals should be
irradiated at and below the temperature of liquid hélium with electrons
of sufficient energy to cause simgle displacement collisions. The
displaﬁement energy as a function of the crystal orientation and
tenperatuéé'of irradiation should be investigated. The anmealing
behavior of such specimens and specinens\igradiated with electrons of

higher energies should be exanined.
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4, FPigsion fragment damage in single crystals with selected orientations
should be investigated by transmission electron microscopy. The damage
in the wake of a fission fragment is sufficiently extensive that |
diffraction contrast mechanisms can be utilized to provide information

on the nature of damage due to this cause,



©

APPENDIX

Range of 7.5 Mev Protoms in Bizgga

The thickness of the specimen used in Hall coefficient and

resistivity measurements is limited by the range of the incideat
particle in the specimen., An estimate of the ramge of the imcident
particle is therefore necessary in order to use a thickmess such that
no particle is retained in the foil, Since the displacement cross
section of the atoms of the absorbing medium varies with the velocity
of the incident particle, a knowledge of the velocity of the particle
at any point in the foil is therefore also of interest.

The principal nechanimn(3°’45) by whicﬁzheavy charged particles
can lose edergy in traversing a foil 1§ by ionization and excitatiom
of the absorbing atoms, For a particle of any spin having a rest
mags M ( y> m ), charge z e, and velocity V (=fic), the energy
transferred to the foil as excitation and ionization on traversing
a path dr of the foil containing No atoms/cm?, each of atomic number Z,

is approxinated(as) by

2 .
& me'2? [Qn Bl o gm <1-32)-ﬁ2] @)
r aV 1
o

where e is the electronic charge, m is the rest mass of the electronm,
and I is the geometric mean ionization and excitation potential, and

is set equal to kZ, where k varies between 10 and 15 ev.



Equation (1) can be integrated and yields the following expression

‘2 l1 r:z : 12 $1 1,7 2\
- = - \~s
z 2w eano Nz 2 1
2y
)© and is an exponental integral, which has

where Y = Ei (log —————
I

been tabulated. (46)

For the compound Bii'te and an incident proton beam of 7.5 Mev

3

energy, the range-energy expression is as follows:

sM 1 1t 1.1 12 \
Bk =7 | T - J + l X, - Y } 3
Te Bi

Z 32me m 3)102 2N Z

o

where N, is the number of atoms of bismuth and tellurium per cad of the
foil. For the two cases k = 15 e.v., and k = 10 e.v., rigure (A-1)
shows the energy-range relationship, based on equation (3).

The maximm range for which an incident 7.5 Mev proton has dissipated
all its eneriy as excitation and ionization ;;an also be entinated(l'.s)

approximately by the Bragg-Kleeman rule, ‘which can be stated as follows:

_._'1_ = 90 (il_ )1/2
R, €1 A, %)

where kl, 91, Al are the range, density and atomic weight, respectively
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of the #ncident particle in the absorbing material and lo’ Qo Ao

are the range density and atomic weight. respectively, of the reference

material, in which the range of the incident particle is kmown. For

p———

a Ci?-PO‘m‘. »l'—i! = n 4"21 + n, A Az, where n), "2 are the atomic

fractions of the elements whose atomic weights are A1 R Az. If the
reference material is air, then the Bragg-Kleeman rule for 7.5 Mev
2Te3-'- This

value corresponds more closely to the case of k = 10, in which

protons gives a range as 0.36 mm.. for the compound Bi

this maximum ramge is about 0.60 mm, rather than the case of k =

in which it is about 1.01 mm.
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