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Cix
ABSTRACT

Tﬁe effects of gammé radiation’on-the dark resistivity and
‘Hall mobility in high purity ZnSe éingle crystalé have been investigated
at various tempefatﬁres. The gamma irradiafion is conduéted in a cobalt
66 gaﬁma cell with an avérage dose rate of l.2_xA166rads/hr. Following
radiation, the dark curreﬁt decreases -as thé radiatién dose increases.
The resisti?ity of ZnSe crystal changés from ~108 ohchm to ~1010chm-cm
at_fdom temperatufe. The Hall mbbility dedreases f?om ~500cm?/V-sec to a
.limiting value of ~l70cm2/“7--sec.. Beforg radiation, a single donof ién—

| D= 0.316ev below the pénduction band edge is obtained

from the result of the temperature dependence of the Hall coefficient.

ization energy E

- The corresponding concentration of donors and compensating acceptors are

D A

‘irradiation, the donor ionization enefgy level'éhanges to 0.377eV below

‘respectively N = 1.19 x 10'lecm 3 and N, = 3.94 x 10'0cm 3. After gamma

tﬁé conduction band. The yalﬁes of ND and.NA in this 1?ve1 are

1.17 x 10%m 3 and 3.71»x 108cm 3 respectiﬁely. Thé results indicate |
" that irrad%atioﬁAwith’gamﬁa rays leads to predominantly acceptpr type
defects in ZnSe and the predpmiﬁant scattering:mechanism limiting the

lattice mobilities is the polar interaction with‘the'longitudinal‘optical

phonons.




CHAPTER I

v , INTRODUCTION

The first research papersvon'II—VI compounds déted‘back to the.
middle of the Nineteenth Century. The early work Was.carriéd out on
p¥enséd, powdered or sintered specimens, which often led to confusing and
égnfiicting results. Unfil a decadé’ago, successful growth.of singie'
cnystals of II-VI compounds in high purity form has made it possible to
:apply.new résearch'techniques to old problems'and to attack new ones. It
is now possible to gchieve nery high photosensitivitiés in.all II-VI com-
pounds; the range of band gaps in II-VI ;ompoundé covers avrange of maximum
vphotosensitivities from the nea? ulfraviolet to the near infrared. The
succensful application of scattering theory to the study of transport
properties of n~type II-VI cqmponnds has laid a solid foundation to the
understanding of the electrical properties of these materiqls.” Since the
technology of single crystal gronth has been extensivgly developed, actual
or potential opportunities for commercial application haye multiplied.

From a materials research viewpoint, II—VI componnds combine all‘the nhall—
enges and fascinations of the moré ionic I-VII insulators and thé more

covalent III-V semiconductors.

The purpose of investigating radiation effects in solids is two-
fold: first to use the radiation as a fool to study the properties df solids
and second fo study the radiation damage in solidé under vérious rédiation
'envirbnments. Fast particle bombardment provideé a means of controiled

introduction of lattice defects into crystalline solids and hence is an
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" excellent method for studying in a geﬁeral way the influencé:of lattice
defects oﬁ the physicél properfieé'of solids., From an éppliéation point
of view, it is important to inVestigate the behaviour of semiconductors
,wbiéh form part of solid state devices, under‘variéus radiation_envircne
ments with a view to developing a better undérstanding of thg mechanisms
résponsible for causing aﬁy change of electronic fropeyties of sﬁch_mat—
:erialévand a new approach to the design of solid state devicesAfbr uée in
radiation enviromments. Furthermore, a sﬁudy of defect stability is ex-
tremely important from the practical point of view. It is ob&ious thaf if
_defects coula give rise to new aqd'desirable propertiesvin a semicondﬁctor,
it is desirable to retain these.properties througﬁout the service life‘of‘

a device made from this semiconductor.

Many investigations have studied the effects of radiation in
single elements in the past twenty years. However, the full interpretation
of the radiation effects on II-VI compound semiconductors is still not

‘available.

Although a much larger group of compoundé coﬁld be referféd to
as II-VI cémpoundé, the present work is confined specifiéally to the ZnSe
(Zinc Selenide) because ZnSe is one of the II-VI compounds which has nét
been well ipvestigated up—ﬁo—date. The effect of irradiation.with' 1.2xi06radskhr.'
60Co gamma rays on the electrical propérties in ZnSe has been studied by
means of conductivity and'Hall‘mobiiity measurements at various temperatures

and fields. In this fhesis, Chapter II gives a brief review of the previous
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‘'works on the general properties of some II-VI compound semiconductors. -
The theory of radiatién'effecté is-described in Chapter III, and the

experimental methods and results in Chapter IV. Analysis and discussion

of results are given in Chapter V and conclusions in the final Chapfer.




CHAPTER II

LITERATURE REVIEW ON II-VI COMPOUND SEMICONDUCTORS

2.1 Some Important Factors Determining the Electrical Properties

~2.1.1 Point Defects

The deviation from hypbthetical’perfect crystal struetmre ean be
described in terms of defects. Comparing mith 1ine defects and plane de-
fects, the point derects of various types are more important in determining
the electricai properties of II-VI compounds. In pointldefects, it can be
classified into native point defects and the foreign (or impurity) point‘
-defects. For example, the native poimt defects are misplaced lattice atoms
{or ioms), interStitials, vaeant iattice cites, and zero-dimensional assoc-
iates betweeﬁ them, and electrons and holes. The isolated mative point
defects appear to be<ver§ unstable at room temperature, and‘they either tend
to associate themselves with other defects,'or-precipitate out'dmring the

cooling of the sample.

The effect of those imperfections is to introduce discrete energy
levels in addition to the levels for the perfect crystal, provided they are
far enough apart to be treated as isolated centres of potential in the

crystal. When there is a high density of impurity centres, the level will

interact and may form sub-bands (impurity bands). Such sub-bands have a
marked effect on the conductivity of certain semiconductors at low temper-

atures.
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The binding energy 'e;' of the electrons and 'ep' of the holes,

to

the impurity centre, are given by
_ " : o _ :
€] = Mm eE_H/niszm _ » (2}1)
- ' , .
€o0 = m hEH/niszm- A - - 2.2)

H'.ié the ionization energy of the ground state of the hydrogen

where 'E

atom (=13.6eV), 'ni' is an integer, 'm e' is the effective mass of electrons
' | % o ' ‘ o -

in the conduction band, 'm h' is the effective mass of holes in the valence

band, 'K' is the static dielectric constant of the semiconductor, and 'm'

is the mass of an electron in free space.

Besides, the effective radius 'a'vof the impurity centre when

occupied byvan‘électron in the ground state is giﬁen by
a = —x Ka ' A (2.3)

>

where 'ad' is tﬁe Bohr radius which is 0.53 x}lO—scm, In IT-VI compounds,
'thé effective masses are generally iarger and dieléctfic constants smaller
than those of'the elément éemiconductors such asAGé and Si. Hence; the

eléctrons.ére mofe.tightly bound, thé,ﬁave.function does“ﬁot spread aslmﬁch

and central cell corrections are more important in II-VI compounds than in




‘Ge and Si semiconductors.

Experimentally, De Nobel <1959).proposed that a'donot ievel of )
0. 02eV below the conduction band edge of CdTe was due to interstltlal Cd,.
and Lorenz (1964) showed that the n—type conduct1v1ty observed in the hlgh
» putlty CdTe was due to residual 1mpur1t1es. Woodbury (1964) has suggested
that ‘the concentratlon of any electrlcally actlve interstitial Cd even in
the purest CdS crystals available is always lower than ‘the re51dual concen-
tration of shallow foreign donors. Reynolds'and Stevenson (1966) have..
suggested that interstitial Te may act as a double acceptor in ZnTe on the
basis of self—dlffu31on measurement. The native defects in II-VI compounds
have been investigated; most are the_Zn and Cd vacancies. Also, it has \
been suggested thst isolated cation vacancies may.act as a double acceptor

in ZnTe (Aven and Segall, 1963) and CdTe (Lorenz and Segall, 1963).
2.1.2 Carrier Lifetime.and_Mobilities

The band structure is another important factor determining the
electrical properties of IIfVI compounds. Fot exemple, the behaviour of-
the mobility depends upon the effective mass which is inversely‘proportionel
to the curvature of the band. Consider thebeffect.of collision on the
motion_of the electrons and positive holes-in semiconductors under the in-
- fluence of electrical and magnetic fields. For a certain assumption; the

average time "t' between collision is given by

E'=_-1__ fm.r_lE__d_t_=T _.__V(2.4)
- By 0 T - LT -

=}
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"

. where ’no

is the number of electrons moving in a certain direction at

t T 0, 't' is the so-called mean free time. Suppose that the electrons

"are moving in the crystal under an applied electric field E which is in

x~direction. Its x-component of velocity,l'V%"can be written as

where 'onfiis the velocity of electrons in the x-direction at t

'q' is the electronic charge. Assuming on = 0, we have

- g
Vv —. - ﬁw;

X

where fue' is the electron mobility defined by

= / *
He & 4QU/m g

Similarly, for positive holes,

>

— — %
V \ = QT'E/m h

X

The hole mobility is given by

= '
Ly qt'/m h

(2.5)

(2.6)

2.7)

2.8)

2.9
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where 'T ' is the mean free time for the holes. If there are 'n'
electrons in the conduction band and 'p' holes in the valence band, the
current density in the X-direction can be written as

Joo= qlm + Puh)E. ' ' - (2.10)

X
i and the conductivity is given by
o = qla, +py) ' - (2.11)

For simplicity, the mean free time "' has been regarded as being the same
“for ail electrons. In fact, 't' depends on the velocity of the electron
or hole béing scattered, and may also depend on the direction of motion
through the cfystél. Generally, some correct weighing function which
détermines the avefage relaxation time <T> can be‘found% However, the
. drift velocity and mobility of electrons is more conveniently wfitten in

terms of <t> as

>

<
1

-— * o )
qE<te>/m o (2.12)

and

s
[

% A
q<re>/m e - (2.13)
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When a magnetic field is applied to the crystdl carrying a

cufient in- a direction at righf angles to thé current, an e.m.f. is pro-
“duced acrdss fhe-cr&sfai in a direction'perpéndicular to the current gnd
to the magnetip field., This effect is wgll known‘as tﬁe Hall effecf'and
it is one of the most powerful tools for sfuinng the eleétronic proper-

ties of semiconductors.

The Hall coefficient for n- and p-type non-degenerate semicon-

ductors is given by

- : L <t 25
R, = - Ty = -= == (2.14)
' . ng nd <Te>-2'
and
r! <T, 2> .
R, = 2 _ 1 _h (2.15)
Pq Pq <Th>?
Aqu mixed éonductors, it éan be shown that
2.t
RH = - _l_ er n an (2.16)
. - 9 T (bntp)? :

where b is ﬁhe_mobiiity ratiolue/uh. The Hall factor is defined by
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rH_ = anH = ;_ . i . :' . v(2-l7)
where 'n' is the carrier concentration, 'uH' is the Hall mobility and

'u' is the drift mobility.

: The relation of the motion of electrons and the external field

. 0f force can be written as
kL = F S (2.18)

where the velocity vector 'V' is given by

Vo= ATER) | | (2.19)

When an electric field and a magnetic field are simultaneously applied

“to the semiconductor, F is given by
s F = - qF - q(VxB) ' . (2.20)

where B is the magnetic flux demsity. In general, the effective mass of
the hole will not be the same as that of an electron since they arise
from different bands. For the spherically symmetrical casé, the effective

mass tensor can be written as
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m™ )., A 8k, 8k, S _
e 1] .1 d
and
| 62E .
\ 1 -2
= Sl @2
h’1ij 194 . .

_ . . . ] _
It can be noted that 'm ' and 'm, ' are inversely proportional to the
e mh : Y P

" curvature of the constant energy surface in k-space.

In the presence of a magnetic field, the resistance depends
upon the magnetic field, and it may be shown that the low field tramsverse
magnétoresistance Ap/p may be conveniently measured by a parameter 'g!

defined by

£

bplo (uyH)? V'- 2 | . (2;23)

This parameter is independent of the magnitude of the scattering and de~

pends only on its energy dependence.
2.1.3 Scattering Mechanisms

The electrical properties of II-VI compounds depend also'ﬁpon
" a combination of several scattering processes such as piezoelectric and

polar optical mode scatteriﬁg.




Most conventional scattering mechanisms can be described by a

relaxation time <T1> or mobility "u'., The theory of poiar optical mode

scatterlng has been rev1ewed by Frolich (1954) who showed that a pertur—

bation theory is appllcable for values of -'a' [a coupllng constant of the
high frequency (or bare) mass and the low ffequency (or polaron) mass]

| .
sﬁall‘compared_with unity} The expression for mobility given by Frolich

Cis

“lim \3/2 , -z/T

b - (16.91/21/2)<%—§ = AR (2.24)
. r

wheré 'nr'.is the optical index of refraction and.'z' (=hw/kT) is the
characteristic temperature and 'w' is the angular frequency of longitud-
inal oﬁtical phonons, 'm*' is the effective mass of'electrons”(or holes).
The_piezoelectric scattering caﬁ occur in a crystal which has a piezo-
electric effect and it is due to the electric fields produced by acoustic
.phonoﬁs. Blatt (1957) has derived the éxpteSsion for thg_pieéoélectfic

mobility, and it is

>

' (. , o)
no= 16 ﬁ) 'ﬁzlqm*3/2(kT)1/2 5 -E(—é (2.25)

P 3 modes o

where '«2' is a suitable average of the piezoelectric electrochemical

' coupling constant, 'R! is the static dielectric constant. Then, the
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‘mobility due to the lattice scattering can be written as

. 1,
Hlattice scattering o 'up

i

\

(2.26)

- The mobility measured at 77°K is considerably lower than the value pre-

dicted theoretically for pure lattice scattering. The discrepancy is

probably due to ionized impurity scattering which is important in impure

and non-stoichiometric compounds. The expression for mobility due to
\ 2 .

jonized impurity scattering given by .Brooks (1955) is

_ 4(2/ﬂ)3/2(kT)3/2(4n eOK )2
: T AN [a(e) - 11

where

6m* (KT) 2 (4ﬂ£oK )

nq%h%n’

k4

in thermal equilibrium,

i

n + (ND - NA

- n)(n + NA)/ND

‘(2.27)

(2.28)

o (2.29)
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" and
N. = n+ 2N ' (2.30)

where 'n' is the carrier concentration 'N ' is the acceptor concentration,
! - ) A 11,

|
| : .
and 'ND' is the concentration of the donors.

The theoretical mobilities of carriers in II-VI compound semi-

conductors at 300°K. are given in Table 2.1.

v

2,2 Electrical Properties
2.2.1 Cadmium Sulfide

“Since the band gap.in CdS which is 2.24eV at‘300°K ié quite
large, the intrinsic carrier condentrétion is very low and‘the”carrier
concentration is therefofe mainly determined by impufities'or native de-
fects. The effective mass has been obtained.by a number of inVestigatbrs
Qith impurity concentration, binding energy and dielectrié‘consfants taken -
into account. Zook (1963) measured me*/m to be 0.19 which is_in good
agreement ﬁith the theory. Devlin (1965) reported that.me*/m =‘0.20
is the most reliable value when the effects of piezoeleétric scattering and
optical mode scattering on the Hall mobility are considered, and the
temperature dependence of the static dielectric conétant ié taken into

account. The temperature dependence of the Hall mobility.in undoped n-type
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¥

' 'CdS given by Devlin is shown in Fig. 2.1.

The energy bands are-expected to be anisotrepic at k =0 due.tb
the_hexagohal’structure of the CdS crystal. There have Beeﬁ several.
measuremeﬁts of the anisotropy of the condtctivity and the-mobility. Mes—_
um1 (1959) measured the conduct1v1ty anisotropy as a function of tempera—
Atere., A similar result has also been reported on the anlsotropy of the
"mobility by Zook and Dexter (1963). They concluded that the anlsotropy of
the magneto-resistance is consistent w1th a 51ngle anlsotropy valley at

‘K = 0.

Spear and Mort (1963) obtained the same values for the hole mde‘
ility of all their samples but the electron mobilities were considerably

different from sample to sample.

In Figs. 2.2 and 2.3 are given some typical experimental results on
the temperature dependence of.conductivity_and Ball coefficient in QdS‘ob—

uH' calculated

tained by Itakura and Toyoda (1963). The Hali mobilities '
- from 'R', also shown.in Fig. 2.4 from which the ectivatioe energy AE is
ealculated to be 0.0iAeV for the temperature range.from 200°K te-50°K,
and 0.007eV from 50°K to 10°K. They interpreted these results as being
due to two kinds of donor levels, one'ﬁithva concentration of 1.5 x 1017cm 3

at 0.014eV and the other with more than 10'6cm 2 at 0.007eV below the

-conduction band. It can be seen from Flg 2.4 that the Hall mobility is




TABIE 2.1

- Theoretical Mobilities of Carriers (in em?/V-sec) in II-VI Compound

Semiconductoré at 300°K‘,[_af't'er Devlin (1965)]

cds CcdSe cdTe ns ZnSe InTe

u, (opt.mode) 330 630 . 1320 344 = 600 -
W, (opt.mode) ~ 38.5 98 190 - 90 114
u,(piezo.) 4360 1.5x10%  1.5x108 - 3.7x10° -

uy,(piezo.) 406 1.25x103 2.1x105 - 5.5x10%  1.5x10°
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Fig. 2.1 ’ The temperature dependence of the Hall mobility

in undoped n-type CdS. The solid curve is the
theoretical intrinsic Hall mobility due to piezo-
electric and'optical mode scattering aséuming
‘mefﬁwe=0.20. The line at the bottom indicdtes the
temperature dependence where K ig Frohlich's (1954)

low temperature approximation for the mobility and

=hwe/kﬂg.and o s the polaron coupling constant.




Fig. 2.2

Fig. 2.3
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E’Zeétric‘al conductivity as a function of temperature
for ¢dS (Itakura & Toyoda, 1963)

e u

‘Hall coefficient as a function of éemperature for
€dS (Itakura & Toyoda, 1963) | |
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Fig. 2.4 Temperature dépéndenée of Hall mobility of CdS

erystals (Itakura & Toyoda, 1963)
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con%taﬁg-aﬁd équé1~to'abodt ZOdcﬁZ/V—sec from 3CO°K to 200°K, and.

"uH i 6.4 x-lOL*'I'—3/2 from '200°K to‘5Q°Ki They suggested that the relation |
Hy L T—3/2‘méy be-dﬁe to.the acoustical phonoh scattéring of carriers.. Be-

low §O°K, the Hall mobility decreases quiﬁe rapidly énd falls down té‘abput

1em?V lsec ! at 1liquid helium temperature.
2.2.2 Cadmium Selernide

_ The'electrical,properties of CdSe are véry similar to those of
CdS but it hés a smélier electron effective mass, laréér mobility ané smaller
piezoelecfric coﬁpling. The”effeétive mass has been.ﬁeaéured b& Whéelér
and Dimmock (1962) to be m*,¥ 0.13m and ;f has'been.found that this value
is.id good agreement with thé_theoreticéily predicfed valué. beviiﬁ (1965)
ﬁas éélculated.the combined effects of the.bptiCal ﬁode scattering and piezo-
electric scaftériﬁg and obtainéd the Hall mobilifies for several samples.

They are shown in-Fig. 2.5.
2.2.3 Zinc Selenide

The temperature dependence of the Hall mobility of electrons in
. ZnSe obtained by Aven and Kennicott (1964) is shown in Fig, 2.6, Aven and
Segéll (1963) found that the optical mode scattering is the only significant

intrinsic scattering mechanism, the impurity scattering becomes significant

only at low temperatures.
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The temperature dependence of the Hall mobility of
several n-type CdSe crystals. The three Zower '
sampZes were dbped with Ga while the fourth was un-
doped. The solid line indicates the theoretical Hall
mobility due to the combined effect of ptezoelectric
and optical mode ecattering treated variationally
using m*/m = 0.13. The line at the bottom indicateé

 the temperature dependence of uF/(e - 1) (where Wp
is Frohlich's (1954) low temperature approximation for
the mobility and Z=hwe/k13 and o is the polaron coupling -

constant) i.e. the temperature dependence of the

material eonétanfs'specifically, the static dielectric

constant.
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The solid line is the caleulated drift mobility,

. taking into account the température dependence of
the statié'dieiectric constant, and using the
electron effective mass of 0.17m. (Aven and Kenﬁif
cott, 1964) o | |
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The effective mass of ZnSe has been obtained b& fitting the ob-
served moﬁiiity.to the tﬁeory of optical'modg scéttering“given by Aven and
Segall (1963). Mﬁrple (1964) found‘thaf fﬁe eleétron effective mass
deduced from infréred Faraday rbtation and reflectance measurements turns

out‘to‘be 0.17m.
2.2.4 Zinc Telluride

' The.band gap energy determined optically at room temperature for
Zn is 2.26eV which is comparatively smaller than thatAfbr 7nS (T3.6eV)
and ZnSe ("2.7eV). The temperature .dependence of Hall mobility of holes

- in. ZnTe which were obtained by Aven and Segall (1963) is shown in Fig. 2.7.

- It is interesting to note that the properties of semiconductors

can be roughly predicted from the following tren&s; (Putley, 1960)

(1) As the atomic Qeight increases, the energj'gap becomes
Successive1y~smailer. | .

(2) The energy'gaps tend to become smallef as the degree of

'$ Vionic binding decreases';nd the degree of covalent bonding
ingreaseé.

(3) .The.mobility Qf materials éontaiﬁing heavier eleménﬁs tends

to be greater than those containing lighter elements.

These trends hold true for II-VI compound semiconductors.
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a 80co sourcé which provided an approximately uniform flux of 7 x 1
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’ Some of the experimental results of mobilities and effective mass

ratTO of Ii—VI compounds at 300°K are given in Table 2.2,

2.3 The Effects of Radiation

2.3.1 -_The Effects of Irradiation with Gamma Rays iﬁ‘II—VI Compound Semi~

conductors

The'Qariation in électric resistance onisingle crystals of CdS,
CdSe; ZnS, ZﬁSe, and ZnTe dﬁe to irradiation with a gamma ray source 60Co
of 3000 Cdrié iﬁtgnsity héve been‘measuredvby Ikawa, Matumura and Suzuki
(1962)., It has been observgd that in théxregién of gamma rays from 60co
(1;17 and 1.33MeV), the Compton collisidn.is the fredominant mode of inter-

action between radiation and matter. Their results are shown in Fig. 2.8.

Chester (1966) measured the Hall effect in CdS and CdTe aftér

the samples have been irradiated with three typés'of'radiation sources:

0ls gamma

‘photons (1{17 and 1.33MeV)/sq.cm.h., a 137¢s source which provided 4.4 x 1015

gaﬁma photons (O.662MeV)/sq.cm.h., and thermal neutron which has a flux of

7.5 x 10}! neutrons/sq.cm.sec. at a reactor power of IMW. The expefimental

results for CdS and CdTe samples before and after gamma ray irradiation

are shown in Figs. 2.9, 2.10, 2.11, and 2.12, and those for thermal neutron

irradiated CdS in Fig. 2.13.




TABLE 2.2 . . S | | o X.g’

PHYSICAL PROPERTIES OF II-VI COMPOUND SEMICONDUCTORS AT 300°K
(after Aven and Prener, 1967) -

PROPERTY ¢ds " cdse cdre 7ns ZnSe Znle
Bg - 2.41 . 1.670 1,44 3.6 2.7 2.26
mAm 0.204 0.13 0.096 0.27 C 0.17 -
u, (300°K) 350 650 1050 140 530 340%*
| S | &
u, (maz) 1.1x10% 5000 610" 300 7200 o - |
my */m g‘?ikc BJLLEC - 0.85 o.58lc . 0.6 0.6
w, (300°K) 15 - s - 5(r00°k) 28 . 110
wy(max) 20 - ” s00 - 2200

#% observed under illumination

EG in eV, mobilities in qmz/V—sec
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'_:”(:;anvna induced conductivity $0u=Oua)

.. Dose rate -

Gamma irradiation. characteristics at room

- temperature. Black; values observed without .

,léample probably due to ionization current

through the sample holder and the_atmospheré.

 (Ikawd; Matumura and Suzuki, 1962)
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Chester found that.irrédiation of these materials at room
temperature did not iﬁfroduce any'énergyllevels in the rénge‘from 0.02 to
0.2eV below the conduction band although the density 6f levels ipitially
preéént in this interval was altered, and under certain conditions, deep-
1ying acceptor states were produced. The temperature at which the Hail
e%fects wére meaSured movéd the Ferml level through this restrlcted energy
:range;_ In CdS two energy levels were identified by Chester: 0.049 * O. 001eV

(hydrogenic level) below the conduction band, and 0.11 * 0.0leV below the
-conduction band. Three energy levels in CdTe wefe indicated by thevanél—
ysis of the Hall results. 0. 019 - 0. OOZeV (hydrogenlc level), 0.065 * 0;003eV,
and 0.16 * 0. 0lev below the conductlon band. The most 81gn}f1cant_obsér§—b '
ation was the change in the nature of the effect as the energy of the incid-
-ent gamma rays was change&. For example, 137¢s photons introduce acceptors
in Cdé and donors in CdTg, which'GOCo phétons produce just the reverse
effect. Thermél,neutron irradiation of both'materialé intfoduces only
.acceptOrs. | | |

Chester concluded that a comparison of the calculated atomic
‘displacemeng cross-sections with the observed energy level introduction
rates indicates a possible correlationvbetwegn the energy level introduced
and the type of atom displaced in the éompoﬂnd. Irradiation of CdS with

the 1.17- and 1.33-MeV 60Co gamma rays. results in an increase in the rela-

‘tive density of the 0.049eV hydrogenic donor centre, In CdTe, irradiatiom
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with O.662MeV 137¢s gamma.rays results in an increase in the relative
de}sity of the 0.019eV hydrogenic donor centre. 'Croés—section calculations
_in]icate é pfeferen£ial'cadmium atom diSplacémgnt in bqth cases. However,
the density of hydrogenic donor’level increases in the region where the
cadmium atom displacément is preferable baéea on the crosé—section calcul-
atigns; In the case of preferential chalcogenide afom'diéplacement, the
totai acceftor concentratién increases.. Thefefore,'the low energy’137Cs

bphotons should preferentially displace sulfur atoms in CdS and cadmium

atoms in CdTe; the reverse is obtained for 69Co irradiation.

A siﬁilér phenomenon is also obsefved in éemicbnductors bombarded
>by~¢harge pgrticles. If chérged partiéles; such‘as-elecfrons, protons,
alpha particles, etc. bombard a binar&hsemicondﬁctor, gengrally both types
of étoms ﬁiil be displaced. If the two types of -atoms have the same dis-
ﬁlacement threshdld and if thegincident,particle eﬁergy is low (e.g: a few
MeV), then the atom with the largest atomic ﬁumbe; will héve the greatest
diéplaceﬁent créss—section.' Thé scatteriﬁg law for charged particles.fav—
ours‘low energy transfer.v The result is that sihgle atom displacements
prédominatgvas in gamma ray irradiatioﬁ; multiplg atom dispiacements only
Qécasionally occur. For example, in CdTe, both atoms-ére assumed in the
palculatiéns to have the same.diéplacément thréshold. In CdS, cédmium
~has a larger atomic number-ana therefore the larger displacement Cross-— -

section, and has the-smaller displacement threshold. As a result, charged
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particle bombardment should produce preferential Cd atom displacement in
CdS and pfeferentiai Te atom displacement in CdTe. Thus; charged particle
‘bombardment of CdS and CdTe would be expected to produce preferentiel~

donor introducticn in CdS and acceptor introduction in CdTe.
2.3.2  Fluorescence in CdS

It}has been recognized that there.sre several methods of produc-
ing.vacancies and interstitials in materials. A\common method employed is
to heet the materiel to a temperature near its meltiﬁg pofnt, then to Quench
ft to a low température. The majoxr dlsadvantage of thlS method is that all
the defects as well -as thefother 1mpur1t1es are able to dlffuse rapldly
through the-materlal and hence, the configuration of the defects is not
known. Another method is Ey irradiation with ultravioiet light or x-rays.

A third methcd‘is by electron bombardment. If‘the electrons are‘ofbenergy
only slightly above the thresﬁold for displsCemectvof an atom from the
lattice, then only one vacancy'aﬁd one interstitial will be produced 'in a
single col}ision, 'If the temperature is low enough, there will be no diff-
usion of the defects and it is_possfble to produce simple isolated vacancies
and simple isolated interstitiels. For a compoﬁnd material ccnsisting of
dtwo species such as CdS,'it should be.possible to observe two thresholds:

for dlsplacement. Thus, by bombardlng at energles between these two
'_thresholds, defects of the llghter species may be produced and by bombarding

at energies above the higher threshold, defects of both species should be
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produced. 'A further advantage of this method is that the number of defects

produced can be controlled by controlling the number of electrons striking

the sample.

‘A change in 1uminescence_féllo&ing:radietion damage wés obsethd
by Reynolds and Greebe.(1958). Later, Collins (1959) Qbserved the production
of edge emission in CdS by electron bombardmentvat ZOOKeV at 77°K. Sub-
'sequeﬁtly, Kuipvand Kelly (1960) measured the threshold for the production
of edgeremisSion at- 115KeV in a sample wbich did not priginally show edge
emiésion.' This electron energy transfers a maximum'of 8.7eV to the sulfur
atom. In a sample which showed edge emission befote bombardment, the edge
emission wasvremoved by bombardment Witb electroﬁs in the-energy range 2.5
to 200KeV, VKulp and Kelly aléo‘measered the chenge in fesistivity due to
irradiation. They found that the resistivitylwas increased by electrons
with energy-aboVe a threshold ("115KeV). Kulp (1962) extended this work
by 1rrad1at1ng CdS at 77°K., He found a 29OKeV.energy tbreshold for the
productlon of two fluorescene bands (at 6050 and 10, 5002) Fig. 2.14 shows
the fluorescene at 80°K of a crystal of CdS before and after bombardment at
SQOKeV obtaihed by Kulp. The bands.at.GOSOg and 1.03qu arerintensified by
bombardment above 290KeV. The otbef bands at SlSOX'ana 72008 are those
.produced by electrons of energy greater than 115KeV. He associated the
'_60502 (or 1. 03u) band w1th the cd 1nterst1t1al, and the 10, 5008 (or 1.05u)
bband with the Cd vacancy. He also found that an electron energy of 290KeV

_ would transfer a maximum energy of 7.3eV to a cadmium atom. The value found
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for’the displacement energy for the sulfur ‘atom in CdS was 8.7eV. Thus,
it ppears that the cadmlum atom is bound somewhat less strongly than the
sulfur atom. Kulp also noted that the fluorcscene bands appeared and dis-
appeared as the temperature was cycled and as the bombardment progressed,
and he'concluded that each of the'centres'produced.by‘the‘bombardment ex-
periments must exist in more than one ionization stateL The particular
state of ioniaation of each defect is determined_by'the position of the
Fermi level. This is_sensitive to the'total number'and type of impurities
in the crystal and hence varies greatly from crystalito‘crystal. The time
required for obtaining the steady state condition is often rather long.
Quas1 steady state conditions mlght be expected to ex1st during and follow-
'1ng the periods of heavy ionization caused by electron bombardment which
can cause a change in the distribution of the electrons over the existing
defectst Temperature cycling or long decay times or both may be requlred
before a return to equ111br1um is accomplished Kulp suggested that the
'electron bombardment near the thresholds for displacement of the cadmium
and sulfur atoms offers a new approach to the problem of the effect of

radiation, however, the results obtalned are very compllcated.

In a subsequent experiment (Schulze and Kulp, 1962) a group of
fcrystals of CdS whose dark - conduct1v1ty was of the order of 10 T8 ~ 10710

’ ~(Q—cm) 1 were bombarded w1th electrons in the energy range from 25 to 125KeV.
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Affer bombardment, the dark conductivity changed:to a value of the ordér'
of 10 3(Q-cm) !. ‘Thef also fOuna that the crystal could.be‘feturnéd’to.
the original.conductivity by an appropriate heat treétment.v The temperé—
tuie‘at which the conductivity began to décrease varied from 30° to 200°cC.
%y étopping the heat tfeatment just as the conductivity began to decfease,
il was possible to return the cfystal to its original conductivity in a

. series of éteps. ‘The storage effect is the result of an.irreVefsible re-
distribution of the electrons and holes over the éxisting’defects. Schulze

- and Kulp attributed the large persistent conductivity increase produced by

electron-irradiation to a rediétribution of electrons and holes among

already existing levels, and not to the production or removal of defects.
2.3.3 Fast-Neutron Irradiation Effects in CdS

Some of the effects of fast neutron irradiation in CdS have also
been investigated recently. Oswald and Kikuchi (1965) irfadiated low
- resistivity crystalé and found that the reéiStiVity increasediwith fést
neutron irradiation dose. Subsequently, Galushka (l966)virradiated high
resistivity crystals with fast neutrons and observed that the resistivity
aecreased. According to these results, thnson (1968) suggested that.the
resistivity of CdS may approach a limiting value upon irradiation with
fast ﬁeutrons. In his study,'both low resistivity crystal (LRC) and high
resistivity crystal (HRC) of CdS were'irradiated in thevsame reactor en-
vironment. In order to avoid contact effects, the chénges in the resist-

ivity and Hall mobility resulting from the irradiation were measured using
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four—termlnal technlques. As a result of fast neutron 1rrad1at10n,
Johnson found that the Hall moblllty decreases by 3% - 5/ at 101“ neutrons/cm

and 20A - 30% at 10'7 neutrons/cm®. Initial carrier removal rates are

'dependent on the initial carrier concentrations and vary from p051t1ve

v%lues for the LRC to negative values for the HRC. The re51st1v1ty of the.
irradiated LRC increases with fast neutron fluence while that of the irrad-
}iated HRC decreases. After continuous 1rrad1at10n to fluences >1017 |
neutrons/cm? for 24 hours, the resistivity of the crystals approaches a
'llmiting value of ~2 x 10%Q.cm, independent of the initial resistivity.

. The corresponding limiting pos1t10n of the electron quas1—Ferm1 level is

at ~0.37eV below the conduction band:and is determined by the induced effects/
and ionization effects resulting'from the decay of radioactive products. |
‘Following irradiation, Johnson found that three separate timefdependent
processes occur, which cause chacges in the resistivity. Two of these are
temperature-independent and follow first-order kinetics With half-lives of_
~1 and ~14 days, respectively. The third érocess is much(sio&er and is
temperature-dependent. He concluded that initial changes in:the post—

irradiation’ re51st1v1t1es are prlmarily results of the first two processes

and are attributed to self-ionization of the sample by radlo-active decay

of transmutated atoms produced.during-the irradiation.
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2.3.4 The Change of Electrical Properties by Thermal Treatment in ZnSe
Woodbury and Aven (1965) have discussed the effects of electron
irradiation and thermal treatments on the electricai transport properties
of n-type ZnSe crystals, Their resuits given in Fig., 2.15 show the temp-
erature dependence of -the Hall coefficient -and the Hall mobility for a

| Cl-doped ZnSe crystal fired in liquid 7n. They called the conditions of

" the crysfal_after the 850°C and the 1050°C thermal treatment to be the

_annealed state and fired state respectively. They found that in the annealed

state'the.freeze—out of carriers occurs on a donor level approximately 0.02eV

below the conduction band edge.niln the fired state, in addition to. the
shallow level, a level 0.16eV béiow.tﬁeiconductién band edge was obtained.
When the crystal is‘illuminatéd with.incandescéﬁt lightvat temperatures be-
low approximately 100°K, the‘électrons frozen, into the 0.16eV level are
releésed, pfodﬁcing an increése in carrier concentration as shown by the

. dashed curve in Fig. 2.15. Thg increase in carrier concentrationvpersists
eveﬁAafter the illuminatipﬁ is discontinued as long 4&s the crystal is kept
at ldw‘temberatures. According to their experimental resulté of the Hall
mobility ané Hall coefficient, Woodbury and Aven concluded‘that the 0,16eV
‘level is.the second charge sfate of a doublg gcceptbr. When a region in

. a Crystal.contéining such a level is iiluminated at iow temperatﬁres:ﬁifh
’ fradiation cé?ablé of producing electrop—holé pairé, the holes are quicklj
'cépturéd-by the double acceptor centres, whizh are negatively charged,
leaving them in thé‘—l chérged state..JBeéause of the Coulombic repulsion

between these centres and the electrons in the conduction band, the re-
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comﬁinatiqn of the created eieqtron—hole pairs Via the doublé acceptor
centre is very slow. The result is a pefsistent increasé inléarfier
concentration. The reduction of the charge state qf the double acceptor,
cenffes from -2 to -1 under illumination also.significantly reduces the
s\aftering of the electrons in the conduction band, leading.po the observea
iﬂcreése in the low temperature ﬁobility.' The satisfactory agreement be-

‘tween the calculated and observed mobilities gives quantitatiVe confirma-

tion of the 0.16eV level for the double acceptor centres.
2.3.5 Threshold Energies for Electron Radiation Damage in ZnSe

The threshold energies“for'the production of various fluoresééncé
bands at different temperatu;es in ZnSe have been studied by many investig-
-ators. Kulp_and Detweiler (1963) reported on the threshold energy for
-displacing an atom from the ZnSellattice by electron bombardment. Fig.
2.16 shows the fluoreséence'of ZnSe at 80°K before ana aﬁtér bombardment
by 500KeV electrons. Also, the rate of inéreasevof the fluoréséence és
a fuﬁctién of electron energy for bombardment at 80°K is shown in Fig. 2.17.
Since this rate of increase is proportional to.the'cross—section fér dis-
placement, Kulp and Detweilef found that ﬁhe intefcept with the energy
axis in Fig. 2.17 at 240KeV.is the threshdld fér displacement of aﬁ atom
from ﬁhe 7nSe lattice at 80°K. They also fouﬁd thaﬁ an electron of 240KeV
'transfers a maximum‘energy of 8.2eV té the selenium atom and 10eV to the

zinc atom. No other thréshold has been observed when bombarded at liquid-
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Spectﬁa of ZnSe at 80°K before (solid line) and
after (dashed line) electron bombardment at
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.nitrogen temperatures. The radiation damage produced at 809K anneals
essentialiy in a singie stage-ét.about’130°K. In faqt; not all ZnSe shows
radiation damage through fluorescence at 80°K. Those‘crystals shqwing

- daﬁage at 80°K are called type-I ZnSe, while those‘tﬁat do not}ére ealled
type-II ZnSe. However, when bombarded at liquid—helium tem?eratures, both'
bt;pes of ZnSe show damage; When the crystal is bémbarded by eléctrons at.
:thisvtempefature, the various stageé of annealing would be'obServed; Fig.
2.18 shows the fluorescence spéctrum of t&pe—IIZnSe bombafdea at 350KeV.

. The rate of increase of fluoreécence as a function of electron eneréy.for

_ bombardment at liquid-helium temperétures{is shown in Fig.-2a19. The
results in@icate the existencerf a second threshold (l95KeV)_for radia;
tion damage at 1iquid—helium.temberatures in ZnSe crystals. Detweiler

and Kﬁlp'(1966) found that fhe démage produced at 1iquid—heliuﬁ tempera-
tures (”10°K) annealed in several stages: the first at abgut 60°K, another
at about 90°K, and the final at about 135°K. The‘enérgy transferred to

:the zinc atom is found to be 7.8eV and ﬁo fhe selenium ;tom ié 6.2eV for

a 195KeV electron. The difference of the displacement energy for thé two
constituent atoms in ZnSe is much larger than that in any other II-VI
comppund semiconductors. Furthermore, Detweiler and Kulp associated the
threshold energy of 195KeV at 10°K with the zinc atom with a displapeﬁent
energ§ of 7.8eV, and the threshold at 240KeV with dispiécement of the
selenium atom with an energy'transferfed of Q.ZQV. It is reasonable to
assume that at low temperatures, simple isolated vacancies and interstitials

are formed by the moderately low energy electrons.
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Fig. 2.18 ' The fluorescence spectrum of type II ZnSe bombarded
at 350KeV at 10°K(curve 1). Curve (2) is the fluor-
escence of this crystal at 10°K after the 60°K anneal.
Curve (3) is the difference between curves (1) and (2).
(Detweiler and Kulp, 1966)
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factor of 10. (Detweiler and Kulp, 1966)




b

2.3.6 Photoelectronic Evaluation of Electron Radiation Damage in CdS

Recently, the full spectrum of éhotoelectronic techniques to
analyze the effects of radiation damage in the II-VI compounds has been
suégested by Ho and Bube in 1968, and these~teChniques have been-ﬁsed to'

v 1nvest1gate the electron radiation damage in CdS for electrons with energy
between 75KeV and 2MeV. They found that the 51gn1f1cant effect of electron'
radiation daﬁage is to decrease the electron 11fet1me»1n hlgh re51st1v1ty
Jphotosensitiﬁe crystals if the electroﬁ energy is 400kév or higher. Hoﬁ—
ever, low temperature annealing of irradiated crystals under illumination
removes the effects of damage on the electron 1ifetime althcughfall irrae—
iated crystals exhibit a dietinctly aifferent trap distribution from noc—

irradiated crystals.
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CHAPTER III

THEORY OF RADIATION EFFECTS

Radiation effects may>be'classified into two types: transieﬁt
and pefmaneﬁt. Transient effects may be &efiﬁéd as chanées in operational
properties'that are nofed during an ifradiafion, butiWhich.disappear when
the radiation.field is rémo?ed. Permanent effect; begin during an irrad-
iatién but pérsist after ‘it has ended (Kircher and Bowﬁan, 1964). The
scoﬁe.éf this thesié is limited to permaneﬁt effects on S¢miconduétofs.
Tﬁere are several‘types‘of radiations in‘the nature. ‘It may be either‘
co;pustular such as alpha particles,.beta partiéles, protons, and néutrons,

or electromagnetic, such as gamma rays Or X-rays. -

Gamma rays are higH—Energy photons an& as éuch carried no charge
or mass. At'comﬁaratively loﬁ:énergies; the.phqton can only eject weakly
bound élecfrqns‘surrounding‘an atom of a cryétal. As ﬁhé bhoton énergy in-
creéées, it can eject more étrongly bound électrons, and very high—enérgy
’phpfons interact with the atomic nucleus. Therefore, most damage due to
'_gamma rays.i§ the result of three typeé 6f interactions: thé photoelectrié

effect, the Compton process, and pair production.

In the phbtoelectric process, a photon is completely absorbed in
'a collision with an electron and the electron is ejected from the atom.
This can -happen whenever the energy of the photon is greater than the binding

energy of the electron. Then, the kinépic energy of the ejécted electron
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'is given by

T = hv-Ey | ‘ (.1

where 'hv' is the photoh energy and 'EB' is the binding energy of the

electron. As the photon energy increases, more tightly bound electrons are

ejected. The probability for interaction with a given electron is greatest

when the energy of the photon is just slightly greater than the binding

.energy of the electroﬁ. If the photon energy continues to increase, iﬁ
‘becomes increasingly difficult for the electron to carfy aw§y~all of the
photon energy and the importancé of this process décreases whilé the impbft—'
ance of other processes increases; By approximation, the.photoelectric
absorption éoefficient (1) ié pr&portional to (hy)_a’and is also proportional

to z3 where 'Z' is the atomic number of the material.

In the'Comptoh process, part of the photon energy is,transferfed

to the electron in an elastic collision between a photon and an electron

and the photon is scattered through an angle '¢" with reduced energy. The
energy 1ost'by the photon appears as kinetic energy of the electron and
momentum is conserved in the collision. As the energy of primary photon

increases, the probability of electron scatter in the forward direction

will increase. When the Compton absorption coefficient is'considered, it

‘is important to note that the total Compton coefficient (ot) is the sum of
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the true absorption coefficient (Ga) which represents the energy given to
the| electron and thus truly absorBéd and the scatter coefficient (GS) which
represents the eﬁergy carried away by the scattered photon. The total

Compton absorptioh coefficient can be expressed as follows: (Klein and

Nishiné)
o _ 27 q* 1+a (é(l+ql, _ 1n(l+2a)- + In(1+20) _: 1+3a
t G a? \_l+2a o 20, (l+20¢_)2
(3.2)

'’

where 'm' 4is the rest mass of an electron, 'c' is the light velocity

and o = hv/mc2?. It can be seen that 'ct' decreases as the emergy in-

creases (Fig. 3.1). ' o | ' : o |

When the photon energy exceeds a certain threshold (2mg?=l.022MeV),
the pair production process méy occur. In this process, the photon inter-
acts with the nucleus of an atom and disappears With production of a pair

of.positive and negative electrons. The difference between the threéhold

- energy and the photon energy is carried away in opposite directions by the

pair of particles as their kinetic'enefgy. Thus, the pair production ab-

sorption coefficient (K) increases with photon energy.-’

Therefore, the abédrptionvof gamma rays is generally attributed

. to these three main processes. The linear absorption coefficient is then
givén by'
u = (1

phot * % omt + Kpair (3f3)
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- The intensity of the photon beam then can be Writien as
I = Io exp (-ux) ‘ . (3.4)

qu eneréy region over which the three primary processes prédomiﬁate is
‘ _

shown in Fig. 3.2.

The elecéron isva negative éharged particle with a mass 'm',
A variety of processes are responsible for tﬁe loss of eﬁérgy by an electron
, 2 . :
passing through matter. For energetic electrons, the important_proceSses
‘are collisions'yielding ionized or excited atoﬁs and eléc;foﬁégﬁétic radia-
“tion production. It has been seen that the energy absorgedjf;;m éahﬁa rays

gives risé to energetic electrons, and these electrons actually cause most

of the changes in a material irradiated by gamma rays.

In the theory of ionization losses, developed in its modern form
by Bethe (1953), the specific energy loss -dE/dx (i.e. the rate of loss of
energy) is given by

>

. | v 2E .
dE _  27NgH o 5 2
- - 2%z Wspamy - (2/1—-'3—‘ -1+ 69)1n2

. + 1 - _82+% 1 _ 1 - BZ)ZJ | ' (3.5)
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- Qhere YE' is the kinetic energy of a fast electroﬁ,v'V‘ is iés velocity,

= V/c ('c¢' is the vélocity of 1ight); 'I' is the averége ionization
potential or éverage energy of electron excitation, ahd 'N' is the nﬁmbeﬁl
o éfoms in a unit volume (Lem3) of material through which the electfon
is travelling. For small values of '8', i.e. the velocity 6f thé eleétrqn.

l : : :
is much slower than the velocity of light, it becomes

dE 4t m Vz. ; | '
o 7 < 21 V[% | -6

'where the 'e' under the logarlthm is the natural base of logarlthms

 from Whiéh it can be seen that the specific ionization is proportlonal_to .

~ the atomic number 'Z' and inveféely proportional to the energy of the

primary electron.

Some electrons ejected'during ionization will ha&e sufficient
energy to cause further ionizations. These energetié secoﬂdary electrons
are called delta rays. Thus, the total ioﬁization will Be‘theISum of the
ionization from the primary and secondary electrons or delta rays.

hd

Neutrons are unchargedvparticles_and hence can_penetféte the
electron cloud of an atom and interact with the nucleus. As a result,
the nucleus can be moved from its position, and most of the chemical and
physical changes in materials which result from neutron bombafdment are a

‘result of this process of elastic scéttering. The energy transferred to
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the struck atom in an elastic collision is given by

_ M ce2n .
E = ?ﬁiisg' En Cos<8 3 (3.7)

where "M' is the mass of recoil atom, 'En',is the energy of the neutron,
and '6' is the recoil angle of the nucleus. It can be seen that the energy
transferred to recoil atom is inversely proportional to the mass of the

recoil atom.

?

If the neutron scattering can be assumed to be isotropic; ail
recoil energies between 2er§ and 'Emax'.ar? edually §robab1e. The average
gneréy tranéferred in a céllisioﬁ :i_s,E-;= EmaX/Z. IF shouid be néted that
the average energy of recoil atoms resultiﬁg'from bombardment with fast
neutrons is.many times greater than the éﬁerage ;nergy of recoil étoms
résulting from bémbardment wifh heévy dhargéd pafticles (e.g. alpha part-

" icles, protons) due to their different scattering processes.

The_recoils froﬁ elastic collisions sometimes have'sufficient
energy to produce o;her recoils.. The bfimary»kpocks out aéoms so that
‘the final total number of defects is aiways considerabiy greater than thg
'jnﬁmber of collisions between-the incident fasf neutrons and atoms in tﬁe

crystal. The end result is the creation of imperfection in the lattice.

At low energies, neutrons will not be able to displace atoms but

they can be captured by nuélei; Low energy neutrons afe generally absorbed
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by éadiatiVe capture in which the nucleus is left in an excited state and

re7urns to the ground state by emission of gamma rays.

The radiation damage to semiconductors generally results from
a disruption of the cryétalline struéturevof,the crystal. Any deviation
from a perfect crystal lattice can be considered as -a defect and the inter-

pretation of radiation effects centres around the production of various

' typeé'of defetts. The more imporfant types of défects are vacancies, inter-
stifials; impurity-atbms, thermal spikes, and ionizatiop effects. But, |
the most importént defects co;sidered for II-VI compqund'semiconductors
are vacancies, interstitials and jonization effects. Vacancies created by
collision of.energetic particles wifhbatoms of tﬁe lattice. The recoiling
atom (knopk—on) genérallyvhas'sufficient energy to Creaﬁe other vacancies,
giving-rise to a cascade of defects. When fecéiling atoms stop in some

‘non—eQuilibfium position of fhe lattice, interstitial defects may result.

_Ionizatioﬁ effects result from the passage of charged parficles or gamma

rays through a material. As described above, the most important effect of

gamma rays is the production of electrons which in turn produce inter-

- stitials and vacancies.

Threshold displacement energy, which is the minimum energy'to

remove an atom, is one of the most important subjects for studying the

' radiation effects on semiconductors. Some experimental results of threshold

energy for II-VI compounds have been discussed in the previous Chapter.
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To study.the efrect of radiation, the electricel conductiﬁity

and Hall effect are usually the propertles to be experlmentally studied,

from which the mobility and concentratlon oflcharge carrlers can be deter-
m1nted. Carrier concentration is very sen31t1ve to lattice 1mperfect10ns
whlch can trap electrons in their nelghbourhood and 1ntroduce energy levels
for localized electrons. ‘These energy levels can be cither donor or acceptor
1evels, and one 1mperfect10n centre may 1ntroduce more than one level.
According to James and Lark—Hor021tz, vacanc1es produce acceptors and
1nterst1tlals give donor 1eve1s. The mobility of carriers is decreased

and scatterlng is increased by the defects 1ntroduced into the 1att1ce as

a_result of irradiation.
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CHAPTER IV
EXPERIMENTAL METHODS AND RESULTS
4.1A Experimental Apparatus and Procedures

In order to study the effects of gamma ray radiation on ZnSe

single. crystal the follow1ng characteristics of the crystals were measured

' before andrafter 1rrad1at10n. the dark re81st1v1ty, the voltage—-current (V—I)

characteristics and the Hall mobility of the majority carriers under various
temperatures. -The circuit which was used for these measurements is illus-

trated in Fig. 4.1. Since the resistivity of the sample is very high, the

Hall effect measurement would be affected by any noise signal in the laboratory,

and therefore all measurements were performed in a double screen_room. With

a proper common ground, ail voltages were measured by an electroﬁeter.with'

" an input resistance of the order of 10* ohms. This instrument's noise .

' 1evei is abeut ZQV.. The currents were measured by a mirror galvanometer

which proVides‘a scale down to 10 12 amperes. A Varian electromagnetic unit

ﬁﬁich produces a ﬁagnetic field in the range from O to 15KGauss was used

for Hall‘effect_ﬁeasuremeﬂt.‘ The sample holder for Hall effect and conduct-

_ ivity ﬁeasurements from room teﬁperature down to liquid nitrogen tempéra—
ture (-196°C or 77°K) is shown in Fig. 4.2 and the details of the specimen

. holder in Fig. 4.3. - The holéer was placed in between the magnetic'poles'

~and the centre line of the magnetic poles was set to be perpendicular to
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the geometric centre of the sample, which provides a maximum magnetic flux
across the specimen. Because of the sensitive photoconductivity of the

ZnSe crystal, the sample holder wgs screened completely by aluminum sheets.

Thus, all the measurements can be considered to be made in the dark.

The sample of.undoped ZnSe crystal was supplied by Harshaw Chem-~

<

ical Company. The geometry and dimension are shown in Fig. 4.4. Indium

electrodes have been affixed on the sample, and the contacts were made to be’

ohmic. The sémple waé prévided with five pairs of contacts (A-B, C-D, E-F,.
C-E, éﬁd'D—F).= The curreﬁt'was supplied through the large contacts at each
end (i.e., A and B).- ihe electrodes aloﬂg'the.sampie on both sides are
cohtactéﬂfor-the Hall and conductivity measurements, the ones opposite each.
other across the specimen (C-D and E-F) for Hali‘effect measufements,

while the ones aiong the iength of the sample on fhe same side (i.e., C-E

- and D-F) for voltage measprements. Thé-samfle resistivity was obtained by

’ dividing fhé averagéd voltagé develbped.between the pair of probes along

the sample on both sides (C~E and D-F) by;current'I‘ according to the

‘following relatioﬁ

VIR. d.w

P =TT 41

where 'd' is the thickness of the sample, 'W' is the width, and 'L' i%

the arms separation at the same side of the specimen. 'I' is the current:

?

- averaged in both directions and 'VIR

is the average potential between the

probes'in these two measurements.
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Fig. 4.4 .  Geometry and Dimensions of the ZnSe. Sample A



Careful Hall effect measurements were made QVér a‘ﬁide range of
temperatufes. In the éﬁsence of a mégnetic field, thgré may be a voltage
between those Hall probes (i.e. CfD or E-F) owing to their jmperfect
a%ighment._ This error can be eliminatedﬁby_reveréing the magnétic'field

a&d taking the averaged potentials. The error introduced by thermal-electric
egfects_if the temperature'of the specimen is notkuniform caﬁ be'eliminafed.
by reVgrsing the current and taking the a&eraged voltages again. ByAtaking '
the average of these readings, all errorsicould be eliminated. Hence, the
standard technique for reversing both magnetic field and current was used.
The Hall coeff?cient RH is given by -
_ Vy.d.108. A - "(4 2
Ry 1.0 - o | 2

where 'VH' is the average of the eight Hall voltages [VC_D(iB, 1I),
Ve p (+B, #I)], and 'H' is the strength of the magneticafield'normal'to

the current.

hi

Then, the Hall mobility can be calculated from the Hall co-

efficient and the resistivity

R, VH.L.108
H = —_—_ = e ’ ' (4°3)
) Vig-W-H A
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If, in Eqn. 4.1, 'I' and 'VIR' are measured in practical units,
the resistivity 'p' will have the dimension ohm-cm. If the magnetic

field of strength 'H' is measured in Gauss in Eqn. 4;2, the Hall mobilipy

"w' will have the dimension cw?/V-sec.

Copper constantan thermocouples were used for measuring the
_ temperature of the sample. It has been assumed that the conditioné<are
" isothermal; that is to say that no temperature gradient exists in the

sample being studied.
) ?

The gamma irradiation was conducted in a cobalt 60 gamma cell
with a half lifetime of 5.27 years and an average dose rate of 1.23106tads/hf,
determined by ferrous sulphate dosimetry method. The temperature of the

60¢co gamma cell was about 35°C (irradiation temperature).
4.2 Experimehtal Results

All the experimental results are presented in ;his section.and
discussed in the next chapter. Fig. 4.5 shows the:voltage depeqdence of
the darkléurrent for the ZnSe sample at fields from 0 to 1kV/cm (0-400V)
for two temperatures before irradiation. 'Fig. 4.6 shows the vbltage de-
pendeﬁce of dark current fbr the crystal before and after irradiétion with
various doses of 60Co gamma rays. The current increases with electric field,
tand this increase becomes more rapid for fields larger'than O;SkV/cm; All
‘the curves are similar in shape, but the current decreases as the rédiation

dose increases.
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‘The results of the temperature dependence

|

thfee different applied'voltages (SOV, 200V and 400V) without and with

irradiations are plotted in Figs. 4.7, 4.8 and 4.9.

limitation of the instrument, the temperature range

ments'was>1imited to approximately'180°K'to1300°K.

the ZnSe crystal as a function of radiation dose is

The Hall mobility was measured in a wider

of resistivity with

Because of the
in all these measure-
The resistivity of

shown'in Fig. 4.10.

range of temperatures

(84°KAto 300°K). A magnitude of 4000 Gauss of magnetic field has been used

in the Hall effect measurement . - The Hall mobility as a function of temp-

erature before and after gamma radiation is given in Fig. 4.11, and that

as a function of radiation dose in Fig. 4.12.

The temperature dependence of the Hall coefficient can be cal-

culated from the Hall voltage, the'currént through the crystal, and the

"applied magnetic field, and it is shown in fig;'4.13 fbr.the cases before

" and after gamma radiation.
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CHAPTER V

 ANALYSIS AND DISCUSSION'OF EXPERIMENTAL RESULTS

i |

gfoup IV and III-V semiconductors the 60Co gémma radiation produées point

‘I£ has been shown by Billington and Crawford (1961) that in

defects which result in a shift of the Fermi level. Generally, a small
‘amount of lattice damage introduced by gamma radiation in these semicon-

ductors does not alter the lattice parameters, bonding stréngth, effective

mass, or overall baﬁd structure. The effect of gamma radiation is due
primarily to‘yacancies and interstitials which result in additional doping
levels, trépping centres, and vériation in carrier mobility. 'The effecté.
“of ﬁadiation upon the electrical proéerties of II-VI compéunds have not

yet been fully explqred. Chéstef (1967) reported that in n-type CdS and
n-type CdTe the radiation with ©%Co and !37cCs gamma ray at'room temperature
did not introduce any neﬁ energy‘lévels in the range‘from 0.02 to 0.2eV
below the conduction band, although the denéity of levelé‘initially present

in this interval was altered and, under certain conditions, deep-lying

acceptor states were produced.

Before discussing and analyzing the experimental results, it
will be necessary to assume a value for the effective mass for the catrrier.

On the basis of previous work (see Table 2.2), we take m¥% =’O;l7m as a

‘reasonable estimate of the electron effective mass.
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From the statistics for a multiple localized level and non-

degenerate'éarrier densifies, Blakemore (1962) showed that the number of
. 4 . - .th . V .
ionized donors in i~ level may be written as
- N

(N, = , B (5.1)
Di“ion : Di
o 1+ @ /8;8) exp(gr .

‘where 'N..' is the density of the ;™ donor with a binding energy 'EDi'

Di
below ‘the conduction band.
. . k)

The sum of all ionized donors is equal to the conduction band
electron density plus all eiectrons in compensating‘acceptors. Thus, the
carrier concentration 'n' is given by
M ' .

n+ NA % T . - : Di E - (5.2)
i=1 1+ (n/B:'.LNc) exp( Di.
o : R kT

"where 'M' is the total number of donors, 'NA' is the total density of

acceptors, 'B' is the spin degemeracy of the ith energy level, 'T' is

the absolute temperature, and

N = z%zﬂfz | 6
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where 'm*' is the effective mass of electrons, 'k' is the Boltzmann's

constant, and 'h' is the Planck's constant. In the foliowing, wevtake
 the carriér'concenfratibn 'n' to be given by.r/[RHqI where 'RH' is ;hg
Hall constant, 'q' is the electronié charge and-'?'>is the‘ratig of.Hall
to drift mobilities (r ; uH/uD) whigh is determined by the opefative

1,1

scattering mechanisms of the carriers, and for simplicity, 'r' is taken to

..t

be uﬁity.l In fact, it is é fairly good‘apprbximation since 'r' is reason-
ably élose td.unity for polar scattefihg which méy be shown later to be the
prinéipal séatteriﬁg.mechanis? in. the temperature raﬁge of our priméry
interest.. The_experimentaliy meésured parameters are 'Rﬁ', the Hall co-
fefficient, an& 'T', the absdlute temperé£ure.:'Parameters 'NDi', 'EDi',
and-fNA' were determined by the 1eastrsquafeyanélysis. The energy level
spin degeneracy 'Bi'-which debends on the.hature'ofvthe impurity state and
the band edge involved, was sét.equél to'ﬁnity..JIn general, 'Bi"is unknown

-unless’ the detailed electronic structure of a centre is known.

'InvKn; (5.1), the donor levels are all assumed-to be indepéndent.
. This assumption is reasonable because ;here is no'coﬁclusively experimental
Ae&idence Fhat associafes closely_spaced ehergy levels with a single donor
.centre. Also, it has been.shown by Blakemore (i962) that multivaleﬁt
.:donor or acceptor é;oblems_axe not too differént from those of independeﬁt
qonors preéent_in identical_amoqntsiwhen the energy leveis are well separated.

‘In order to obtain information about the donor ionization
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energy and the concentrations of donors and compensating acceptors, the
carrier concentrations are analyzed om the basis of single level and non-

degenerate conditions. From Eqn. (5.1), the carrier concentration 'n'

-can be written as

|

! n(NA + n) | ED . S -
o, - N = BNgexp (- gp 6w

AT

By fitting this expression to the experimental data with the computer aid,

the values of N,, Ny and E, can be found. From Fig, 4;13, the carrier

A’ D

concentration can be calculated from the relation n = l/[RHqI. E, can be

AN
1

‘estimated from the slope of In(n) vs 1/T in the low temperature range. (Blakemore

1962); The method Qf leést—squares can then be applied tQ'Eqn,;S.B, to find

the values of the parameters which give the best fit over the entire

temperature range. The data are fitted satisfactorilfvusing ND =1.19 x 1011lem 3,
N, = 3.94 x 1010cm 3 and Ej = 0.316eV for tﬁe‘condition befpre>gémma |

radiation; and ND = 1.17 x 10%m 3 , NA = 3.71 x 108cm 3 and ED = 0,377eV

after gamma radiation. These results indicate that a deep-lying acceptor

level was produced by irradiation.

Qualitatively, support to the correlation suggested by gamma

ray irradiation is given by charged particle bombardment data. If charged

particles, such as electrons, protons, etc., bombard a binary semiconductor,
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generally both'types of atoms will be displaced; If the two types of

atoms have the.same displaeement threshold and if the incident particle’
energy is a few MeV then the atom w1th the largest atomic number will have
the greatest dlsplacement cross -section. ' The scattering law for charged
particles favours low-energy transfer. In 7ZnSe, Kulp and Detweiler (1963)
shoﬁed that at 240KeV an eiectron can transfer a maximum of 8.2eV to a

: seleniumiatom and 10eV>to a zinc atom. As a result; electrod‘bombardment
should produce preferential Se displacement in ZnSe. Thus, it would be

expected that charged particle bombardment of ZnSe would produce preferential

acceptor introduction in ZnSe.

‘The introduction of acceptor type defects due to gamma ray irrad—
iation is responsibie for,tbe increase of the resistivity of irradiated
7znSe. The Fermi level moves downward and the ﬁumber of vacancies in the Se’
' eentre inereases, whicﬁ gives rise to the observed decrease in the effective
iifetime (i.e. decrease in the Hall ﬁobility) of the majority carriers.
.in'ZnSe, the simplest aceeptors will be Zn vacancies or Se atoms in inter-"
stitial sites.l Since the threshold energy needed to displace the Se atoms to
idterstitial sites is smaller than the energy needed to displace Zn'atoms,.
it is reasonable to assume that the seledide atoms will be displaced b%
the Compton electrons into 1nterst1t1al sites more frequently than zinc atoms..

: Therefore, it is likely that the production of acceptor type defects by

gamma rays in ZnSe is associated with interstitial Se atoms.




Y
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| Before rediation, the'Hall mobility 'uH' increases with decreasing
tem eratufe, reechee a meximum at ebout 150°K and then decreases with
dec}easing tempereture as shown.in Eig.-4;ll. It‘appears that as RHvin—
creases rapidly with deereasing'temperature for T > 150°Kvthe mqbilities
are.defermiﬁed by fhe intrinsic prepertiee-of the materials rather than

by fhe crystal defects; On the othervhand,AbeloW about 156°K, charged
impurity scateering becomes.important ae is iﬁdiceted by the increese in
mobility with temperaturé. It should be‘noted thet a_study of the mobility
of ZnSe will, in geﬁeral, pa;allel the corfesponding etddies of the.more
tﬁoroughly investigated semieonductofs in the III-V compound family.
Ehrenxeieh (1961) suggested that at least fqr the 34£ype IIIfV'compeunds,
the 501ar cﬁeracter plays ; major role in their-transport freperties. This
would also be expected to be true for the II-VI eempeunds'because of their

strongly polar nature.

in‘order to have a reasonably complete study for the infrinsic
mobiiity ef this material, four scatteriné mechanisms’ should be considered.
:These are scattering by the piezoelectric actiVity, the deformation potent-
e.ial, and theﬁnon—polar and polar interections-with the optieal modes. For
all these four scattering mechanisms; the mobility will drop off with
Tincreasing>temperature. With a suitable m*&hl]m)'thie should pfovide us
'with.results Which are et least semiquantitiﬁely correct.  The mobility
' ef'carriers in-a simple baqd with the interaction';f the scattering by

.piezoelectrically active acoustic modes (Segall, lorenz and‘Halsted, 1963)




-81-.

= 1;05p<u2£>€sze14"2(m*/m)—3/2T_1/2cm2/V—sec ‘ (5.5)

11piezo

'E‘

s

1

where 'p' is the demnsity, uz' is the longitudinal sound velocity,

is the static dielectric constant, 'e;,' is the piezoelectric constant

(in esm/cm?) and 'm*' is the effective mass. The values of the various

parameters used in Eqn. 5.5 are: = 8.1, ey = 1.5 x 10%stat.coul/cm?,

m*/m = 0.17, and p<p22> = 1,06 X lOlzdynes/cmz. Then, the resulting mobility
is

~ 2.67 x 105 @g—°>1/2 cm?/V-sec g (5.6)

upiezo

This value well exceeds our measured Hall mobility (see Fig. 5.1 ). Thus,
it indicates that this mechanism does not play an important role in deter-
mining the mobility for the ZnSe crystal.:

The mobility for the scattering by the deformation potential can

i

be expressed (Brooks, 1955) as - : ‘ ) | 1

Hap = 3.0 x 1075 (m¥/m)5/2 p<u22>T-1/zEb'—zcmz/V-sec | (5.7

where 'EB"denotes the deformation potential for the relevant band edge.
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b
- Unfortﬁnately, there is no direct information about,these qqéntitigs fof
ZnSe. Hoﬁever, Aven aﬁd Segalll(i963)-suggested that there is a reasonablé
approx1mat10n by taklng the value of 4eV as the deformation potential for

' tbe'cOnducFion band edge of ZnSe. With this value, the calculated moblllty
e |

|

i .
H, = 1.37 x 103 x (;QQ 1/2 em?/V-sec . S (5.8)
dp : T ]
Since this value is still mucl larger than our measured vaiue, it appears

‘that acoustic mode scattering is not-important for ZnSe,

The scattering by the non-polar interaction with the‘optiéal
phonQné can be completely ruled out for n-type ZnSe fof two reasons. First;
the'effective mass is small but the mobility scattered by this mechanism
is proportional to (ﬁ*)_slz. The second reason isvthat for the T'j(s-like)
conduction Band minimum the mafrix element for séattering between electronic

states k and k' vanishes to lowest order in the phonon wave vector q=k - k',

The reduction in'the scattering due to this selection rule is ~10 3.

The last and most important mechanism to be considefed is the
scattering of the carriers by the electric polarization associated with the
optical modes. The strength of the interaction_depends on the polar coupling

constant o (Segall, Lorenz and Halsted, 1963) which is
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o = @i/m 2 @ym)/eE - e (5.9)

where 'Ry’ ;s the Rydberg of energy, ﬁwz (70.0314eV for ZnSe) is the
enéfgy of the longitudiﬁal optical mode for long waﬁelength; and ew(”5.75)
is the high frequency or optical dielectric constant. Using the relevant
barameters, given above, we find that a = 0.46 for electrons in ZnSe.
Then, Ehe mobility due to this scatteringvmechaniém can be Wfitten
(Segall,'torenz and Halsted, 1963) as

0.870 (m/m¥*) ‘;z -1

up’olar = ofiw ' 2172 G(z) e_E (5.10)
. 3 : e |

g

where z}; hwzlkT, ﬁm£ -is in eV, gnd G(z) g— is a fabulated function
which has been evaluated by Horwarth and Sondhemier (1953) and géneralized
by ﬁhrenreich (1959). The value obtained from Eqn. 5.10 is shown in Fig.
5.1. In éontraét to thelother mechanisms considered, poiar scattering |
leads'to results which are very close to the experimental ones. The
‘difference between these méy be due to the témperature dependence of the
relevant;Parametegs such as € €. and'hwzf 'The pqiar optical ﬁode
écaﬁte;ing cleaély dominates the intrinsic scattering of electrons in
ZnSe, the écattering from allvother mechanisms such as the piezoelectric
'aétivitf of the acoqstic ﬁodes, the deformation'potenfial, aﬁd the non-

- polar interaction with the optical modes being less important.-
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CHAPTER VI

CONCLUSION

In ZnSe, the simplest acceptors will be Zn vacancies or Se atoms

in interstitial sites. It is well known that the threshold energy which |

.an electron must have to-displsce the Se atoms to interstitial sites is
§ smailer than the energy needed to aisplace Zn atoms. Therefére, if we
take into account the possibility of multiple production.of defects By a
single Compton'electron, it is reasonable to assume that the Selenide atoms.
will be dlsplaced by the electrons into interstitial sites more freqﬁently
than Zinc atoms. Since the decrease in the dark resistivity and the con-
centratiqn of majority carriers, it can be concluded‘that gamma irradiation
produces acceptor_type defects in ZnSe single erystal and that these

acceptor type defects are associated with interstitial Se atoms.

The Hall ﬁobility'deta in the present srudy strqngly suggest that
the ﬁobility for T 2 150°K is determined by‘rhe intrinsic'properfies of the
crystal. Simple analyses indicates that polar eptical mode'scattering.
clearly doﬁinates over the scatterings by the pieeoelectric scrivity of
the acoustic modes, by the deformation ﬁqtential, and by the non-polar
interaction with the optical modes. ‘The decrease in mobility over the
whole range of temperatures is a good indication that a large number of
‘scatterlng centres were 1ntroduced 1nto the single crystal by gamma

irradiation.
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Further studies on the effects of gamma radiation on the optical
P operties of ZnSe, the radiation damage on the electronic properties at 
lower temperatures and at different irradiation temperatures, will be

required in order to obtain a'better understanding of the effects of gamma

radiation in ZnSe crystal.
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