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Abstract

This thesis work focuses at Investigating the behaviour of diffused
Lithium atoms iInto the II-VI semiconductor ZnSe doped with the

radioactive dopant 111In using the PAC (perturbed 7wy angular

correlation) technique.

The atomistic information about defects surrounding the probe atom can

be obtained using this technique.

Inorder to investigate the p-doping problems in ZnSe, PAC experiments
were conducted on ZnSe after diffusion with the potential p-type
dopant Lithium using the PAC spectroscopy. Obviously, it was found
much more difficult to prepare a p~type sample by doping ZnSe with
Lithium atoms. The failure of p—doping after doping with Lithium may
be associated with the diffusion mechanism which prevents the Lithium
atoms from occupying lattice sites 1Iin the metal sublattice, a

necessary condition for Lithium to act as an acceptor.

However, Lithium induced effects were properly investigated through
special experimental treatments and the various dependence of the

diffusion of Lithium on the matrix temperature and the vapour pressure

of Lithium were noted.

From the PAC experiments, it was observed that Lithium diffusion
introduces vacancles in the metal sublattice which are observed by
their pairing with the In probe atom, The generation ofInzn— VZn
pairs is known to occur if both the sample and the Lithium source are

held at temperatures exceeding a characteristic value.

A better understanding of the mechanism of vacancy creation during Li
Incorporation might also shed new light on the problem of the missing

p—type conductivity after Li—diffusion.




Introduction

Wide band gap II-VI compounds of the Zn and Cd chalcogenides. (such as
CdS, ZnTe, ZnSe and 2ZnS) have been of greal interest to the scientific

community for many years, The potential of these compounds for

visible light emilting dlode (LED) materials emanates from the

excellent luminescent properties they possess and the nature of their

high band gaps which range throughout the visible spectrum into the

near ultraviolete (UV), producing high efficlency luminescence under

UV and electron beam excitation.

furthermore, II-VI compounds are direct band gap materials and,

efficient radiative recombination can be achieved in a
straight forward manner { 1 ] -~ 1l.e.,

therefore, an

band-to-band transitions since
no crystal-momentum—preservation problems exist.

The application of these materlals iIn p-n junction devices, however,

has been hampered by the problems encountered in making both - .

conducting n-type or p-type material (1,2].

In order to make efficjient blue light emitting devices, considerable

effort has been invested in trying lto fabricate p-n junctins in the

large band gap (~ 2.7 eV ) semicnductor ZnSe.Unfortunately, it has

proven very difficult to make this material p-type because of

apparently wunavoidable compensation{3]. Although II-VI compound

semiconductors have a long history with regard to their use, the
variety of the intrinsic polnt defecls are not known at a high level
of accuracy since their Identification and their mutual Iinteractions
as well as their Interactions with Impurity atoms still pose a major
puzzlel{4] However, the fallure of making p-n juhction devices out of
wide band gap semiconductors is attributed to intrinsic point defects,
The research work devoted to the Investlgation of the causes of
doping problems in II-V] compounds has been in progfeSS and the role

of compensating defects In the doping mechanism is being studied.

The atomistic struclure of defecls can be studied by employing
radicactive atoms which could serve as microscopic probes [5]. The

perturbed vy angular correlation technique (PAC) 1s a nuclear

technique that measures lthe defect specific electric field gradient

]




tensor (EFG) using the radloactive probe atom like M Employing

this technique, It is possible to Investigate the formation of probe

atom — defect complexes on an atomic scale [6].

Although ZnSe can easily be made n-type, the sitrong interaction of

intrinsic defects with possible p-dopants in ZnSe leads to the
self-compensation phenomena thereby causing a crucial problem In
making it p-type.

SincelLithium introduced on the Zn-site is regarded as a promissing

candidate for p-doping of ZnSe, this work was devoled to Investigate
the Incorporation of Lithium Into ZnSe on an atomic scale. Lithlum
atoms that occupy the Zn site and act as an acceplor should form
coulombic bound pairs with the donors thalt also exist in the crystal.
Such a pairing Is easily deteclable by the PAC ltechnique using the
radio-active donor “'In as a probe atom as has been successfully

proven for Si, Ce and several [II-V semiconductors [[5,7].

Chapter ] deals with the general introduction to 1I-VI semiconductor

compournds and thelr crystallographic form.As II-VI compounds are

optically important, an important aspect of their optical property is
discussed in Chapter II. Following this the self compensation
phenomena in 11-V1 compounds Is presented.

Chapter III discusses the basic principles of the PAC (Perturbed yy

Angular Correlatjon Technique) as applied to defect studies,

The experlimental work, upon which this thesis is developed, is fully

presented in Chapter IV. The experiments of diffusing Lithium into
111

In doped Z2nSe shed light on the posslbilities of p-doping ZnSe and

understand the challenges. Moreover, the application of speclial

thermal {treatments proved to be -an efficlent meihod In reducing
intrinsic defects, consequenily the separate observation of Lithium
induced effects was successfully accomplished. A conclusion Is drawn

by stating the major results and the appendices are devoted to

highlight specific subtopics in detail.




CHAPTER 1

I1-¥I Semiconducting Compounds

In this chapter a brief introduction to II-VI semicoenductors along

with the motivation for the research on compound semliconductors lis

presented. The varieties in the potential application areas of I1I-VI

compounds are also indicated,

A finishing touch to thils chapter comes after presenting the

crystallographic forms with which II-V] compounds are characterized.

1.1 General Introduction to II-¥YI Compounds

11-VI compounds are formed from the combination of the group II and
group VI elements of the periodic table. Included in such a broad

definition are the oxides, sulphldes, selenldes and. tellurides of

Berylltum, Magnesium, Zinc, Cadmium and Mercury [8].

The study on semiconductors has flourished since the research has been
extended to the realms of compound semiconductors In addltion to
studies on the elemental group 1V semiconductors. In particular, the
increased progress of semiconductor technology in the 1850‘s exposed
the limitations of Silicon and Germanium Iin connectlon with the
character and magnitude of their forbldden energy gaps.

A remarkable SUCCess has been achleved with the compound
semiconductors slnce the research on them has allowed the

Investigatlon of different ranges of the energy gaps.




Up to now, systematic studies have been accomplished on IT-VI
compounds parallel to similar studles in the III-VY compounds. The
research outcome on [I-YI compounds have revealed much more about the
general nature of these compounds, in particular the feature of

chemical stabllity at room temperature gained from the higher energy

gap characterizing these materials was noted.

A possible moltive towards the II-VI compounds comes in.the various
areas that these compounds are applled. For instance, among the II-VI
compounds, CdS and CdSe are highly photoconducting ZnS is strongly
luminescent and the compound that is studied in this thesis, ZnSe is a
promising candidate for the blue green laser diode 1f_1t is P-doped.

An optical property of II-VI compounds is studied in Chapter II,

1.2 Crystallographic form

The above menticoned II-¥I compounds take one of two crystalline
structures, zinc blende and wurtzite, both of which are characterized
by tetrahedral lattice sites. In general, the combinatlon of group II
and VI elements glves on average four valence electrons per atom; this
is a situation conducive to the formation of a tetrahedral lattice
site where there is a tendency towards sharing rather than the

transfer of electrons between atoms.

A tetrahedral lattice site in a compound AB is one in which each atom
A 1s surrounded symmetrically by four nearest nelghbouring B
atoms.This is possible when the B atoms sit at the corners of a

tetrahedron with the A atom sltuated at its geometrlcal centre. As




far as their tetrahedral nature is concerned, the A and B sites are
identical. The combination of the tetrahedral sites takes the two

possible forms shown in fig. 1.1 which are relevant to the compounds

of interest,.

Fra. L1, Tettahedral sites for a compannd. {n) Rases of (etrahedra paratle!
and in line vertically. (b) Bases of tetiahedsa parailel and 60 out of line
vertically,

These two combinations of the tetrahedral lattice sites lead to

the two crystal structures, wurtzite and zinc blende.

{(a) Wurtzite. The wurtzite structure which 1is in the hexagonal
crystal class has the combination of tetrahedral sites illustrated
in fig. 1.1(a). 1t consists of two interpenetrating close-packed
hexagonal lattices, as 1illustrated in fig. 1.2 displaced with
respect to each other by a distance 3 ¢ along the hexagonal

8
c—axis. For a wurtzite structure with ideal tetrahedral sites,

the nearest neighbour distance s % c or ¥ g a , which yields a
c/a ratio of Vv 8/3 = 1.832.

The 1I-VI compounds BeQ, 2Zn0, 2ZnS, CdS, 2ZnSe, CdSe and MgTe

have all been observed to take the wurtzite structure,

(b) zinc blende. This structure 1is derived from the diamond
structure and 1is composed of two interpenetrating cubic close-
packed lattices, illustrated in flg. 1.3, translated with respect
to each other by 1/4 of the body diagonal. It should be noticed

that this structure belongs to the cublc crystal class possessing

the combination of tetrahedral sites illustrated in fig. 1.2




FiG, 1.2, Wurlzite steacture, ftlusteating {ype (a) tetrahedral site,

The nearest neighbour separation for the Zinc blende structure lis

easlly seen ko be !:ga- The sulphides,. selenides, and tellurides of

Beryllium, Zinc, Cadmium and Mercury have all been obtained with the
zinc blende structure.

Fr, 1.3, Zine blende structure, Hlustealing type (L) (etrabedral site.




CHAPTER 11

Properties of II — VI Compounds

In this chapter, the luminescence phenomena in II-VI compounds is
discussed to highlight the enormous potentialities possessed by these

compounds for optical applicatlons which is mainly attributed to the
nature of their band gap.

Moreover, the self compensation phenomenon in II-VI compounds 1is
discussed since it strongly affects the physical properties of such
compounds. The alm of impurity doping is alsc stated and the typical

impurities In II-VI compounds are tabulated in table 2.3 together with
their state.

2.1 Optical Properties : Luminescence in II-VI compounds

This phenomenon describes the emission of radiation which results when

a material, previously stimulated, adjusts itself from an excited to a

ground state [8].

The prefix to the word luminescence describes the form of stimulation.
Photoluminescence, eleciroluminescence and thermoluminescence are
phenomena pertaining to II-¥! compounds. There 1is a somewhat
arbitrary dlvision of luminescent emission with regard Lo the amount
of delay of emission after the excitation. For instance, fluorescence
refers to emisslon which occurs within a microsecond of excitation and
phosphorescence to time delays exceeding a microsecond. As most

luminescent materials exhibit phosphorescence, the name ‘phosphors’ is

applied to them generally.

A great modification of the luminescent behaviour of 1I-VI compounds
will be realized by the addition of impurities. Impurities added to
II-VI compounds are termed to be activators (acceptors) and

coactivators (donors). These Impurities form deep acceptor levels




above the valence band and deep donor levels below the conduction band
respectively, Therefore, a thermal release of electrons trapped at
these levels is 1impossible at room temperature, consequently the

levels are Lermed to be electron traps.

In addition to defects created by deliberately added impurities, there
always exist in crystals natural defects. These natural defects are
usually vacancles at the group Il and group VI site and they offer
respectively self activation and coactivation for the luminescent
IT-¥1 compounds. The metal and chalcogen vacancies behave as double

acceplor and double donor impurities respectively.

Fig. 2.1 shows the location of the activator and coactivator levels in
the forbidden energy gap and the energy transiticons which involve
luminescent emission can be represented fundamentally interms of three

general models

Conduction band

~o— —

Fig. 2.1 Energy models for luminescent emission in II1-¥I compounds [8]:

{a) Schsn-klasens (b} Lambe-klick (c) -Prener-Williams




According to the Schén—Klasens model (a) luminescence is regarded as
occuring by a radiative recombination of an electron from the

conduction band with a localized acceptor level above the wvalence
band.

The Lambe-klick model (b} explains the luminescent transition via a
combination of an electron trapped below the conduction band with a
free hole in the valence band. The Prener-Willlams model (c¢) stresses

the locallzed assoclation of activator and coactivator as a possible

description of the luminescent emission.

2.2 The Self Compensation Phenomena in II-¥I Compounds

Self compensation. designates the phencomena of impurity doping
limitation attributed to native defects generated in the considered
crystal [8]. This phenomenon has been observed in a large number of
high band gap semiconductors and among them in several of the II--VI

compounds: Zn0, ZnS, ZnSe, CdS, CdSe and CdTe.

A remarkable fact In the self compensaticn effects is the
intercorrelation which exists at high temperature between charged
impurities and native defects. Moreover, the varlous charged specles

are linked by the condition of electric neutrality.

Various authors [10]), [11], [12] have conducted these analyses thereby
offering a plausible interpretation of compensation effects in terms
of native defect properties: energy of formation and electronic
energy levels, which unfortunately cannot be preclsely calculated

apart from appearing as adjustable parameters.

Although the wide 5and gap possessed by some semiconductors like ZnSe,
Z2nS, CdS and CdSe is well sulted to optlcal applications using blue or
green light like in semiconductor lasers and light'emitting diodes
there 1s a fundamental problem with these materlals: some wide band
gap materials can easily be made n-type but not p-type [13]. The
failure of amphoteric doping (pn Junctions) 1is primarily due to
electrical compensatlon of the Intentionally added donor or acceptor

impurities by native defect centers of the opposite conductivity type.




According to this mechanlism, the wide band gap could promote the
formatlon of compensating native polnt defects because the formation
energy of the defect is recouped by the energy gained when electrons

are transferred between the defect’s electronic state in the gap and

the Fermi level.

As the above notlon 1s expressed In terms of a balance of energles, it
should be noted that if the energy required to form defects is large

compared to the energy galned by compensation, the compensation of

impurity centers by the defects becomes unavoidable [1].

The defect formation energy ls a function of both lattice temperature
and band gap; in wide band gap materials at elevated temperatures,
compensating centers are formed wlth relative ease. The energy
released to the sysiem through compensation 1is related to the
ionization energy of the acceptor center being compensated; therefore
the closer the acceptor level Is to the valence band, the more easily
compensation can  occur. For a glven material, the probability of
self~compensation can, therefore, be minimized by choosing a deep

acceptor and introducing it at low temperatures.

There has been considerable experimental evidence to support the
premise that compensation by native defect centers is a predominant

factor in the failure to achlieve amphoteric doping.

However, there are also additional factors that deserve attention: for
example, the solubility 1imit of some otherwise suitable shallow
acceptor impurities in sulphides and selenides may be too low for

compensation of the donor impurities accidentally introduced during

the crystal growth.

There is evidence that some other acceptor Impurities such as Li in
CdS [14], Ag 1in Cds [1i5], and L1 in 2nTe [16] may undergo
self-compensation by distributing themselves between various impurity
states. The dopants may also form electrically and optically inactive
complexes with impurities or native defects unintentionally Iintroduced

or created in the material during the growth process.
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It was noted that most II-VI compounds contalin a high concentration of
interstitial metal and chalcogen atoms, Such Interstitial defects
have not been demonsirated to exhibit electrical activity at room
temperature, but it 1is concelvable that the interaction of these
interstitials with dopants during diffusion may result in the
formation of stable neutral centers. These may occur in the form of
atomically dlispersed complexes, preclpitated second phases which

extract the added impurities, or electrically active compensating
centers {17],

For the II- VI semiconducting compound studied in this thesis, ZnSe
(Eg ~ 2.7eV) p-type doping is quite difficult. This may be
understood by the self compensation phenomena due to defects that
introduce electrons in levels near the conduction band. The
spontanecous formation of native defects would thus prevent the Fermi
level from moving below a fixed value that is determined by the
formation energles and electronic levels of  native defects,
independent of the dopant and the growth method used. It should be
noted here that compensating defects play a preliminary role in
affecting the electronic state density in the band gap of a wide band
gap semiconductor under investigation, which brings about significant
changes of the position of the Fermi level thét could have

characterized a particular type of dopling otherwuise.

This argument is very impressive. It would explain why the difficulty
in producing p-typel{or n-type) material, is universal, appearing for
all growth and doping technlques, and for all dopants. Also, the same
analysis describes why doplng problems occur less severely in medium

gap materials such as CdTe (EZg = 1.5eV}) which can be made in both
low-resistivity n and p-type form.

Whether the native defects with the lowest formation energy are donors
or acceptors could be well understood from the type of doping,

n—doping or p—doping, that causes more difficulty in a considered

ITI-VI semiconducting compound.

11




For instance, according to the suggestion of Jansen and Sankey [18],
the native defect mechanism can account for the difference between
ZnSe, which can be made n-type, and ZnTe, which can be made p-type,
eventhough it 1s 1impressively noticed that both materials have
striking similarities in other physical properties, 1like in their

crystal structure, lattice constant, and thermal expansicn

coefficients.

Large concentrations of native defects could be generated if there
exist stochiometric deviations, however undetectably small they are
Nevertheless, it is found that the defects formed depend on whether
the sample is n-type or p-type, but they always compensate. Hence
deviations from stochiometry cannot explain why ZnSe can be doped
n-type but not p-type, because thelir compensatlonal role stands on

equal footing for both n-type and p-type materials as well.

Therefore, potential dopants need to be examlned case by case inerder
to understand the specific mechanism for the compersation. This
approach is quite fruitful as it could shed light in understanding the

possible states In which the doped impurity exists in the considered

crystal,

2.3 Impurity Doping

Impurities are incorporated into semlconductors in order to achieve

electrically and optleally active centers [1].

Table 2.3 shows some of the well-known donor and acceptor impurities

in II-VI compounds in which consideration is given to substitutional

metal or chalcognide sites.

Usually, relations are established between the lonization level at a
particular sublattice site with the radius of the site; specifically,
deep centers are obtained from Lhe larger potential metal and
chalcogenide sltes. The behaviour of possible dopants from group III
such as Al, Ga and In is properly investigated — they substitute for
Zn or Cd and act as donors. In CdS (Eg=2.389V) low—resistivity n-type
samples can be prepared by doping with these elements, achievement

being realized with little difficulty.

12




As far as the [I-VI Zn compounds are concerned, these donors are

largely compensated by Zn vacancies, and as- grown bulk materlals

exhibit high resistivity.

Moreover, the halegen donors (F,Cl,Br, 1) play similar reoles to that of

group Il donors in that the halogen donors form a defect complex by

assoclating themselves with a 2n or Cd vacancy.

The group IA elements (e.g. Li, Na) are expected to act as p-type

impurities when they occupy the metal substitutional site. if
introduced on the 2n site, LI acts as a potential p-dopant and
investigating the possibilities and challenges along this line was the
central theme of this thesis work. The detailed ouktcome 1s fully
discussed in chapter IV from which the behaviour of the diffusant

Lithium atoms in ‘'In doped ZnSe s experimentally studied under well
def'ined experimental conditions.

Table 2.3 Donor and acceptor impurities in I1I-VI compounds (1]

Group impurity Sub-for Donor Acceptor
11IA B,Al,Ga, In, Tl Zn, Cd

VIIA F, Cl, Br, I S, Se, Te

IA L1, Ha Zn, Cd

IB Cu, Ag, Au Zn, Cd

VA N, P, As, Sb, Bl S, Se, Te

Group 1B (Cu, Ag, and Au) elements are known to diffuse extremely
rapidly as interstitlals, but they can also be Incorporated ln: the
lattice as substitutes for 2Z2n or Cd .Although in most cases tLhese
elements form complexes with native defects or other impurities, they

may also be lIncorporated as lsolated substitutlonal acceptors in 2Zn

chalcogenlides,

13




CHAPTER IlI

The Perturbed 7y Angular Correlation Technique

As a powerful nuclear technique for the microscoplic investigation of
solid state properties, the perturbed yy angular correlation technique
makes use of the hyperfine interacticn between a nuclear
moment-magentic dipole or electric quadrupole of a nuclear probe atom

and internal electromagnetic fields within the solid[21}.

The technique was originally developed and applied to the
determination of magnetic dipole and electiric quadrupole moments of
excited nuclear states[19]. Today, the precise determination of
electromagnetic field gradients in the 1local environment of

radicactive probes constitutes the main application of this nuclear
me thod.

3.1 Theory on the yy angular correlation technique

The central concept behind the angular correlation technique
originates from the fact that the probability of photon emission from

a radioactive nucleus generally depends upon the angle between the

nuclear spin axis and the direction of emission.

Attributed to the normal random orientation of nuclear spin, the
radiation from a radioactlive sample is lsotropic. However, in a
situation where there exist an ensemble of nuclel whose spins are not
randomly oriented, the radiation pattern will be quite anisotropic,
To realize the anisotropicity of the radiation, external factors like
low temperature and strong electromagnetic fields can be applied on

the sample thereby polarizing or aligning the nuclear spins, as it is

the case, e.g. In nuclear magnetlc resonance (NMR).

The method for spin allgnment used by the angular correlation
technique is accomplished by selecting only those nuclel whose spins
are directed in a preferred direction, In a successive emission of
two y-rays, the preferred spin dlrection is fixed by the direction of
observation of the first y-ray and from the knowledge of this

14




direction a selection of an ensemble of similarly alligned nuclear
spins can be made, In doing so, we also fix the direction of
observation of the second y-ray and consequently the correlated second

v—quantum of the cascade displays an anisotropic radiation pattern,

The anisotropic radiation pattern rotates in response to the hyperfine
interaction taking place between the nuclear sping and the
electromagnetic fleld gradients within the lattice. The precession of
the nuclear splins caused by thls interaction is characterlzed with

typical precession frequency "w",

The schematic diagram in fig. 3.1 deplicts the basicprinciples of a
perturbed yy angular correlation (PAC) experiment [18].

Detector 1

Detector 2

L.. Initial ,l' ' Al ' Orientation
Orientation e}; Field~ 7+ ~w e of Spin | e
of | Spin | . . . . after At

Perturbed yy Angulor Correlation (PAC)

Fig. 3.1 In a PAC experiment, the 1iocal fleld at the site of a
radiocactlve probe atom induces a precession of the probe
9
atom’s spin 1. The probability to detect ‘3’1 and ’Jz in
colnclidence is modul ated by the precession frequency 5] as
the directions of the photons are coupled to the

instantaneous spin orlentation[ 19].
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As it 1is obvious from the above flgure, the electromagnetic field
inside the sample is detected by a radloactive probe atom, as the
probe atom’s nuclear spin ? precesses due to its hyperfine interaction

with the electromagnetic field. This phenomenon is common to other

PAC isotopes as well.

The radicactive probe atom will be excited by an electron capture
process and consequently it leaves thls excited state by emitting two
photons, v, and ¥, The spatial emission probability of the two
y-rays will be controlled by the Instantaneous orientations of the
nuclear spin f during the emission times t1= 0 for 71and t2 for 72.
Hence, the experimentalist knows the initial orientation of T and the
new spin orientation after the time At = t2 - t1 respectively from

detectors 1 and 2.

The change in the spin orlentation, Af as reflected by the oy
coincidence probability has to be observable for a range of At wvalues

that 1s comparable with at least one full revelution of the nuclear

spin [B].

In order to gel the necessary range of At values, the nuclear lsomeric
state with spin T and electric quadrupole moment Q has to posses an
adequate 1life time . Moreover, from the relative spin orientation AT
per time interval At, Information can be extracted about the spin
precession frequency, . Beslides, it should be noted that the spin

precession frequency characterizes the state of the sample.

During the emission of the y-rays, the respective angular distribution
of the emitted y-rays and the orientation of the resulting nuclear
spin are directed In accordance with the validity of the conservation
of angular momentum of the system (i.e. the nucleus and the emitted
y-rays). 1t should be noted that the successive detection of a
2-photon cascade allows a direct observatlon of the change in spin
orientation during the time interval between the emission of the
¥-rays, thereby estabilishing the precession frequency w. At this
Juncture, it must be attentively noted that the spin precession
frequency w s established by considering the decay of a statistical

ensemble of probe atoms within the host crystal,
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What information can be gained about microscopic sollid state

properties by employing the PAC technlique?

Using PAC, full information concerning the number of different
internal fields and thelr strengths, acting on probe atoms, Iis

transmitted by the frequency modulated radiation field.

In PAC experiments, at the site of a nucleus, the hyperfine
interaction of electromagnetic filelds with =2 nuclear moment is
observed. The hyperfine Iinteraction causes the energy shift of the
nuclear states and it is describable interms of the corresponding

Hamiltonian expressing this shift in energy.

As is contalned in eq.(1) below, the interaction part of the

Hamiltonian is composed of a magnetic and electric part(21].

H=*H + H (1

The first term in eq.(l) describes the magnetic part of the
interaction at a nucleus with spin T and magnetic moment 3 = ynh T.
It consists of the nuclear Zeeman term, caused by a magnetic field ﬁ,

and the hyperfine coupling between T and the electron spin §_ lock
eq. (2) below

# =-ynhHT+aT3 (2)
mag n

where 5y = guN/h (g:nuclear g factor; B nuclear magneton) and A is
n

the magnetic hyperfine coupling constant.

The second term in eq.(l) arlses from the interaction between the
nuclear electric charge distribution and the charge distribution of
the surrounding electrons and positive tons. From this part of the
hyperfine interaction, information is obtained about eleciric charge

distribution around the probe nucleus,

17




3.2 The Electric Field Gradient as measured by PAC

Defects, like intrinsic lattice defects or impurity atoms manifest

themselves by creating a typical electric field gradient (EFG) at the
sites of the neighbouring lattice atoms.

The EFG, which is used for the characterlization of a defect on an
atomic scale, is the second derlvative of the electrostatic potential.

The nine components of the traceless tensor describing the EFG are:

2
_ 8 v(r)
V” - axlaxJ (3)

It should be noted from edq.(3) that the presence of a defect causes a
redistribution of the electronic density which then effects changes in

the wvalues of V{(r) that then appear as a gradient in the electric
field (EFG).

In its principal axls system, the dlagonalized EFG tensor is described
by the three components Vxx. Vyy and V y with the conventlion

4
| = v | s v (4)

Yy zz|

Moreover, the three diagonal elements satisfy the Poisson equation
v + ¥V + ¥ = 0 (8)

From the tracelessness of the EFG tensor, it is evident that two

components are sufficient for its complete description.

Usually chosen are the largest component sz and the asymmetry
parameter m, which is defined as
Y - ¥

_ XX vy )

ZZ

Attributed to the convention in eq.({4), the values of n lle in the

range from 0 to 1, where m = 0 describes an EFG tensor with axial

symmekiry.
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The strength of the EFG tensor as measured at the site of the probe

atom is expressed by the nuclear quadrupole coupling constant

vy = hzz (7)

where Q Is the quadrupole moment and sz the largest of the three

components of the EFG tensor in its princlpal axes system.

The existence of the nuclear quadrupole moment Q along with sz in {(7)
above 1s a consequence of the quadrupclar part of the electrical
hyperfine interaction from which information 1is eXxtracted about
lattice defects surrounding the probe atom. The strength of this
interaction 1s proporticnal to the magnitude of VZ{ The coupling
constant, measured with a precision of about 1MHZ, and the asymmetry
parameter m guarantee the unique tagging of the respective environment

of the probe atom giving rise for the measured EFG [5].

Since V(r) ~ 1/r in eq.(3), the strength of the EFG falls with the
third power of the distance between the source of the EFG and the
probe’'s site requiring that an observable source has to be located In

the immediate neighbourhood of the probe atom.

A defect occupying a substitutional or Iinterstitial lattice site
perturbs the original ‘defect free’ electron density and
correspondingly this defect is characterized by an EFG, which Iis
termed to be the ‘finger print’ of the defect. Indeed, the strength
of the perturbation of the original electronic charge distribution by
the defect is contained in the magnitude of the coupling constant v
and the parameter 7 refelcts the symmetery of the formed probe atom -
defect complex. Simllarly, the orientation of the complex Iis
reflected by the orlientation of the EFG tensor’s principal axes

system; both are described with respect to the host lattice.

In general, an unambiguous characterization and lidentification of a
particular probe atom—defect complex will be achieved by completely
specifying the components of the traceless EFG tensor which is the
finger print of the defect.
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3.3 Spin Alignment

A proper understanding of how the orlentation of a nuclear spin can be
monitored via the detection of the emitted y-radiation will be

realized by recalling two phenomena:

The conservatlion of angular momentum, and the anguiar distribution of

electromagnetic radlation with respect to its angular momentum wvector
C (18]

It is well known from the latter point that electromagnetic radiation
is transversely polarized or using the particle picture, the photon as
a massless particle never has its angular momentum vector, © pointing

perpendicular to its flight direction ﬁy.

let’s consider a photon with angular momentum L = 1 .where the two
angular distributions of the y-radiation are displayed in fig 3.2,
The angular distributions show the probability to find a photon along

the direction 37 enclosing an angle 8 with the quantization axis.

Fig. 3.2 Angular distribution of y-radition with angular momentum L =}
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Notice that m = 0 and m = %1 refer to photons having their angular
momentum vector L perpendicular and parallel to the Z-axis
respectively. It is obvious from the above angular distribution that
the probability to find a photon in 2 direction is zero for m = O.

In light of the conservation of angular momentum, information about
the orientation of the nuclear spin T can be extracted from the

relationship between the direction £ and the flight directlon ?y.

In order to lliustrate this, for an isotope gX (A: mass number, 2Z:
atomic number) different states of 1ts nucleus are sketched in fig.
3.3 where each state 1s characterized by its exitation energy E and
angular momentum 1. Suppose that the nucleus is produced via the

B-decay of a mother isctope §+1X in its exited state E] with ?i = 0.

In order to reach to its ground state Er the nucleus can lose its
energy by emitting a ¥y cascade consisting of two photons with

energies E_. = E - E and E = E - E. Hence, an unambiguous
¥1 ¥2 £

i
detection of ¥, and 72 is guaranteed from their different energles:
E?l and Ewa'This decay scheme is a prerequisite for PAC.

Moreover, the validity of the conservation of angular momentum for the

entire system, that 1s the nucleus and the emitted ¥ radiation implies
(8) below

?i =T + fl | (8)
where ?1 is the spin of the initial (excited nuclear state, T the
spin of the intermediate state and ﬁl, the angular momentum of the

emitted photon (?1).

Fp == 'E — 1j=n .- - BRLYES:]
Y1y l ' K
. i -

SRR R
. 1
¥z TI?_H)I i ] 1 l

Fr—-- BN Y . myen
I ;X
Fig. 3.3 Fnergles and quantum numbers deseribing the level scheme of

a nucleus lhat emlils a :r!-q? cascade.
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For the corresponding projections onto the quantization axis (Z-axis),

we have

m1 =m + M1 {9)

Thus, it is clear from (8) that the first photon has to carry the

spin L1 = 1, since Il = 0 and the Ilntermediate state of energy E has
I =1.

Similar relations hold for the second transition:

T= T + 1 (10)
m=m + M (11)

Choosing the momentum direction P71 of the photon as quantizatlionaxis,
only photon states are possible with Ml = *1, With this restriction,
it is obvious from (9) that m = 1 since mo = 0, As a result, the
state m = 0O cannot be populated by this transition, Hence, by
observing v, along the chosen direction ({(the quantization axis) a
selection of an aligned subensemble in the same directlon is observed.
That means, the alignment of nuclear spins is granted from the
detection of v, and this 1s the basic spin alignment concept
underlying the PAC technique. It should be observed here that the
spin alignment is accomplished not by application of external fields
and lowering the temerature of the radioactive sample but only by
selecting a nuclear subensemble whose spins are oriented in a

preferred direction (direction of the detector).

Similarly the second 7 radlation ¥s Jwill generally show an
anisotropic 1intensity distribution 1f the v, and ¥, quanta are
measured in coincidence. In fact, the consequence of the spin
alignment produced by 71 is studied from the second y-transition. As
it is implied from eq.(10) L2, the angular momentum of 7, must equal

to 1 since 32 connects the nuclear states with spin I = 1 and If =0
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As shown in fig, 3.4, 1t seems at flrst that no restriction exists
regarding H2 since a second detector can be placed at any angle 0 to
the quantization axis, and without a coincldence with 71 a super-
position of both radiation patterns shown in fig. 3.2 should be
observed which may appear to lead to a ’constant’ or isotropic

detectlon probabllity of v, for all angles 8.

However, because of the preceedling detectlion of yl a decay fromthe
state with m = 0 can not occur and from eq.(11) the photon 7, is
restricted to H2 = *] with the consequence that the v, photon displays
the radiation pattern shown in fig. 3.2. Eventually, the probability
W{B) to detect ¥, at an angle 8 with respect to ?71 and in coincidence

with ¥ becomes anisotropic and depends on the angle 9.

It should be noticed that the angular correlation between the twoe 7
radiations 71 and v, holds only if the two y—quanta originate from the
same decaying nucleus. Once a v, quantum has been registered in the
first detector, cne will try to detect the second ¥ quantum only for a
time Interval corresponding to several times the 1ifetime T  of the
intermediate state. The probabllity that another nucleus decays
within this time should be minimized, employlng a radioactive source
of sufficiently 1low activity so as to eliminate accidental

coincidences: 71 and ¥, originating from two different nuclear decays

which are of course uncorrelated.

As 1s sketched in fig. 3.4 the angular correlation W(8) between 7, and
7, shows a cos 8 or cos 260 dependence when the angle 6 between the two

detectors is varied, hence it can be calculated that [20]
1 2
W(g) ~ 5 (1 + cos“8) (12)

win)
_‘\///"
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i

Fig. 3.4 Schematic arrangement of two y-detectors for a 7Y angular

correlation.
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In general, for a spln sequence I| — I — If the angular correlation
is described by

k

max
Wie) = 1 + 5; Akk Pk(cose) (13)
k=2
where k = 2,4, ... and m;x is determined by the smallest of the three

angular momenta I, L1 and I_.2 which implies that an anisotropic

radiation pattern requires I = 1,

In eq.{13) above, the deviation of the coincidence probability from
the isotropic case W(8) = 1 is described by the angular coefficlents
Akk whose values can be positive, negative or zero and are governed by
the spin sequence and the multipolarity of the y radiation. Also,
note that the existence of the two indices in the angular coefficients
is an effect of the 7y cascade that involves two ¥ transitions. As a
result it can be formulated as a product of two factors, Akk = Ak(l)

Ak(2), one for each transition.

It is evident that corresponding to the increasing angular momentum of
the emitted y ray, the transition probability between nuclear states
decreases and consequently we consider cases with L = 1 or 2 so that

k doesn’t exceed 4, -For the spin sequence 0-1-0 dealt above

max

(k = 2) and employlng the ldentlity Pz(COSO] = (300520—1)/2 together
max
with egs.(12) and (13) can be rewritten as

Wig) = 1 + O.5P2(cose) (14}
From eq. (14) we obtain the angular correlation coefficlent Azz = 0.5,

The above mentioned process is called to be an unperturbed ¥y angular
correlation and it Is well-known in nuclear physics. This situation
is characterized with a constant population of the m-states created by

¥, until the emlssion of v, As a result, the qualifier "unperturbed"

enters in defining the phenomena.
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In the presence of an extranuclear magnetic or electric field, however
this population 1Is perturbed yielding a perturbed ¢y angular
correlation, a process labelled by the letiers PAC. Subsequently,
there is a change In the angular correlation functlon W(8) and from

this change the presence of the perturblng flelds will be noticed.

3.4 Spin Precession

In classical theory, a fleld present at the site of the probe atom
Wwill exert a torque on the nuclear spin resulting in a precession of
the nuclear spin about the field directicn with a Larmor frequency

which is proportional to the strength of the fleld [18],

Hence, from the frequency of the rotating aligned spins information
can be obtained about the strength and direction of magnetic fields
and similarly behaving electric field gradients as well.

However, it should be noted that the spin precession will be observed
through an angle A9 only if the emission of 7, is delayed by a time
At = A8/w with respect to 7. This requires the existence of a mean

life time T characterizing the intermediate nuclear state,

In the absence of magnetic fields and electric field gradients there
will be no precession and the probabllity to detect v, at a time t

after 31 becomes

t

1(0,t) = 1" T \(e) (15)

At t = 0, the coincidence probability is given by W(8) times a
normalization constant 10 whose value is determined by the number of
radioactive decays per second, the scolid angle subtended by both

detectors and the detection efficliency.
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For times t’ exceeding zero, the spin allgnment doesn’t change;
however because of the finite life time v of the intermediate state,

the coincidence probablility decays exponentlally with time.

In the presence of a magnetic field or an electric field gradient at
the nucleus, however the above sltuation changes and W(@) becomes time
dependent as a result of which eq.(15) reads

1{6,t) = Ioe“t/T W(e,t) (18)

The fact contained in the above equation is understandable Since the
aligned spins T start to precess about the field direction immediately
after the emission of 71. Since the projection of the spins onto the
field direction remains constant, the splin precessions will become
visible by projecting the spins onte a plane perpendicular to the
field direction from which the rotation of the spin alignment with
angular frequency ® will be noted. Hence, the spins are rotated by
8’ = wt’ after a time t’ thereby changing 8 to 8 — wt’. This
transformation can be preformed for every time t so that the time

dependent angular correlation function W{6,t) can be formulated as

Wie,t) =1 + z AP (cosle — wt]) (17)
k

Thus, the angular correlation, observed by two detectors under a fixed

angle 8, but as a function of time, oscillates as shown in fig. 3.4.

Note that the coefficients Akk determine the amplitude of the
oscillation. Moreover, the observed angular correlation is strongly
influenced by the field direction that affects the angular
distributlion of the radlation pattern emitted by ¥,

In fact from the sensitivity of the angular correlation function
W(6,t) on the spatial orientation of the flield, enough information can
be obtained about the direction of a fleld inside the lattice of a

sample under investigation,
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3.8 The PAC time spectrum

Defects at the site of a probe atom are studied from their
characteristic finger print, EFG eq.(3). This inference could be
achleved from the PAC time spectrum R(t) defined in eq.({18).

In the conducted experiments, the radlcactive probe atom "n s
employed. This probe atom decays with a half life of 2.8 days to an

excited state of the daughter nucleus ey,

From this excited state successively two gy-rays are emitted
encompassing an isomeric state with a half life of 85nS {Look fig.3.5)
The interaction between the quadrupole moment  of the isomeric state
and an external EFG generates three frequencies W, W, and W, in the
PAC time spectrum sketched 1in flg. 3.86. Quantitatively it |is
described by [23]

3
R(L) = AZE[F{SO + E: Sncos wnt] + (1 - F)} (18)

This spectrum is obtained by measuring the coincidence rate of the two
emitted y-rays as a function of the time which passed during the

detection of both y-rays.

2.8

Figure 3.5 Decay Scheme of the radiocactive probe atom Wi ttleq
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The different components Vll of the traceless EFG tensor are obtained

from the frequencies w . The largest component V is wusually
eQV ZzZ

expressed by the coupling constant ¥_ = ~—2= which is proportional to

Q h
w - The asymmetry parameter eq (6} is used as a second parameter and
it 1s deduced from the frequency ratio wz/wl. The coefficients So and
Sn depend on the orientation of the EFG tensor with respect to the

host lattice, i.e. on the orlentation of the formed 1“Iﬁ — defect

complex.

The relative fraction of probe atoms assoclated with the defect that

is characterized by this EFG enters via the parameter

[In - defect]
[In]

and accordingly, the term (1-f) describes the fraction of In atoms

without a defect. Thus, using the local concentration of In atoms
[In] the concentration of [In - defect] complexes can be determined
directly.

As it 1s clear from fig. 3.6, three frequencies w,ow, and ©_ are
observed from which the magnitude of VQ_ eq.(7) and the asymmetry
parameter n eq.(8) of the EFG are determined; from their amplitudes
the orientation of the EFG tensor is obtalned and the fraction of

probe atoms that is associated with the defect giving rise to this
EFG.

3.6 Experimental Set up

It is obvious from eq(18) that at least two detectors are necessary to
measure the angular correlation between ?1 and 32 as a function of
time elapsed between the arrival of both y-rays.The principles of the

vy-ray detection can be discussed in refrence to the schematic diagram
in fig. 3.7,
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Using the electronic set up {fig. 3.7), it is possible to analyze the
energy E? and the arrival time t? for each detected y-ray. As
y-detectors, Nal(Tl) or BaF2 crystals coupled to a photomultiplier,
are used; these have a time resolution of about 1nS, an energy

resolution of about 10% and accept counting rates up to 1058"{

Fig. 3.7 shows the main elements of an angular correlatlon set up,
Detector 1 is tuned to record the first y—quantum of the yy cascade,
and detector 2, to record the second one. After conversion of the
y-radiation Into a light flash (crystal), which subsequently produces
an electron avalanche {photomultiplier), the resulting voltage pulse

is split into two signals,E?, t? , and amplified {21].

Source

Deteclor Detector
1 2

Al

. T
START 5T0P
MCA

[Tigai‘. Electronic selup for recording a y—v angular correfation spectrum. ({: amplifier: E,:
s,nglc channel analyzer; Frigger: constant fraction discriminator; KO: coincidence, CLQCK:
time-lo-pulse-height-converter; MCA: multichanne] analyzer for storage of the y-y angular

vorrelation spectrun,
In this way, a slow energy signal Ear with good energy resclution and a
fast time signal t? with a fast, Jitter-free pulse rise time are
formed. The trigger creates a digital pulse which defines the arrival

time of the respective y-ray.

After the amplification, a slow energy signal E? possessing a geod
energy resclution and a fast time signal t? with a fast, jitter— free
pulse rise time are formed. The arrival time of the respective y-ray
is well—defined from a digital pulse created by the trigger, The
passage of the energy signal through the energy analyzer will take
place only If the energy matches the preselected value of Eyl

(detector 1) or Eyz {detector 2).
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The digital output signals of the energy analyzers open the following
coincidence units (KO) for the accompanying time signals t?' thereby
qualifying them as tyi or th. This procedure is often called a slow

(E?} — fast (t?) colncidence and is denoted by the letters SFC.

In order to measure the time difference At = th — t:l, one uses tql
and th to start and stop a clock (TPC : time to pulse height
converter), which in turn produces an analog pulse whose amplitude is

proportional to the elapsed time interval AfL.

Eventually, the multichannel analyzer {MCA) receives the analog pulses
and stores them in its memory according te their amplitudes, Finally,

a histogram ’number of events I(t) versus time t’ is created as shown
in fig. 3.8.
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Fig. 3.8 Coincidence spectrum of the angular correlation i{g,t) along

with the extracted PAC time spectrum

An  observation on the scheme in flg 3.7 sheds 1light on the
possibilities of improving the set up so as to obtain higher detection
efficiencies. The only requirement in this case will be analyzing
each signal for Eyl and Eyz by elevating the status of each detector

as a start and stop detector, so that two colncidence spectra are

simultaneously recorded.
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During the PAC experiments of this work a 4-detector set up was used
in which each detector can act both as a start and stop detector.
Apart from this, the aforementioned basic principles of the

correlation set up are quite identical.

The 4 detectors used for the experimentation are arranged in such a
way that each detector encloses an angle of 900 with its neighbour.
In this manner, up to 12 coincldence spectra are measured at the same
time from which the PAC time spectrum R(t) is obtained after the

subtraction of the time Independent background of accldental

coincidences,

3.7 Probe atoms for PAC

The PAC technique is known for its special capacity in observing the
vy angular correlation. The technique meets this objective by using
radioactive isotopes that emit as a cascade two y-rays which should be

easily distinguishable by their different energies Eyl and ETZ.

The property of the intermediate nuclear state strongly determines
whether a particular probe atom is suitable or not for a PAC

experiment. The intermediate state should satisfy the following
criteria [21].

(a) Its life time T should lie between 10 and 1000ns for
technical reasons. T determines the time window during

which the spin precession is observable.
{b) Its nuclear quadrupole moment should be large because it

determines the magnitude of the spin precession frequency

w whose period 2n/w should be not much larger than the life

time.

As regards to the excited state E1 of the y—y cascade (fig.3.3) it has
to be populated by a sultable parent isotope, which is often called
the probe atom, instead of the daughter isotope, which provides the

¥—¥ cascade.
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Moreover, the 1life time of the parent lsotope 1is very important
because it determines the time available not only for doping and
treating the sample before conducting the PAC experiment but also the

very performance of the PAC experiment itself,

The chemical nature of the parent isotope should also be considered as
it determines where and how the probe atom is incorporated into the
sample and whether there will be an interaction with the defects or
not. Hence, the aforementioned criteria restrict considerably the

list of candidates suitable as probe atoms,

3.8 PAC and Mssbauer Spectroscopy

It is interesting to compare PAC with other spectroscopic techniques

which also measure hyperfine interactlons.

The Mossbauer spectroscopy, like PAC, uses radiocactive probe atoms and
measures hyperfine interactions. It is found to be more than of

academic interest to distinguish between thelr methods and limitations

as well.

In PAC, the time window determines the largest and smallest

observable frequency w, = 2n/TO with

2t < T = 37 (20)
0 0

where T, is the time resclution of the detection system and t is the

life time the nuclear state.

In Méssbauer spectroscopy {MS), we have only the condition
ho > T or T < h/T =< (21)

where I' is the natural line width of the Mossbauer resonance line. As
it is readily seen In eq.(21) for MS a limlt only for low frequences
exists {19}, The lower limit 1s fixed by the width of the
experimentally observed resonance line. In cases of greater line
widths which could be attributed to absorber effects or unresclved

lines, the low frequency limit will Increase.
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Hence, one point of difference is that PAC is more sensitive to low w ,

whereas MS ls more suited to detect high A

Moreover, MS is temperature dependent while PAC is not. Consequently
it becomes more difficult to perform M5 at higher temperatures. On
the otherhand, temperature dependent dynamlic effects can be studlied by

1S whereas thls ls not posslible for PAC.,Measurement of alomic jJumps in
diffusion can be done uslng MS.

In contrast to olher spectroscopic techniques like NMR or ESR, PAC
doesnot require an external applied field, Isomeric shifts can be
detected by MS from the electric monopole term (Appendix A} On the
other hand the precession frequency v of nuclear splins can be detected

using PAC from the quadrupolar interaction (Appendix A }.

Hence, it can be seen that each experimental technique has a typical

domain of problems to which it is strongly applied.

From the illustrative comparison between MS and PAC, 1t could be

inferred that in many respects both techniques can be regarded as

complementary hyper{ine technlques.
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CHAPTER 1V

4. EXPERIMENTS ON THE BEHAVIOUR OF DIFFUSED LITHIUH ATOMS

IN M1In DOPED ZnSe

This chapter encompasses a series of experiments accomplishea by
diffusing Lithium into 111In doped ZnSe.The generalized experimental
objectives, procedural steps of sample preparation and motivations for
diffusing Lithium are presented as they stood to be basic
prerequisites of each experimental work which is fully discussed in
light of the specific aims and achievements. In all experiments

1

discussed here, the incorporation of 111n and Lithium atoms is done

by diffusion carried out under well defined temperature programmes.
Sufficient informaltion is exiracted from the PAC time specira of each

sample subjected to typical experimental conditions.

A separate realization of Lithium Induced effects was achleved using
reference samples and employing special thermal treatments. The
various dependences of the diffusion of Lithium on the matrix
temperature, and the vapour pressure of Lithium are also Investigated.
Moreover, isothermal experlments were conducted to understand the
time evolution of the In2 -V fraction obtained from ZnSe samples
n Zn
treated at constant matrix and Lithium temperatures so as to

investigate some aspects of the preceeding experiments,
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4.1 OBJECTIVES OF THE EXPERIHENTS

The Lithium diffusion experiments on ZnSe samples doped with the

111

radicactive dopant In were accomplished for the following

ob jectives:

1. To separately observe in particular Lithium induced effects from
those effects generated by temperature, g doping and

stochiometric deviation via special thermal pretreatments and a
systematic control of the vapour pressure of diffused Lithium

atoms and the matrix temperature in a number of ways.
2. To investigate whether or not the observed Lithium induced
effects on other II-VI compounds like CdS, 2nS and CdTe could as

well be extended to the II-VI compound ZnSe.

3. To identify the causes of P-doping problems in ZnSe and to

predict rectifying solutions for prospective work.
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4.2 APPARATUS

Detectors: Ban or NaI(Tl) scintillation crystal with photomultipller
XP 2020 philips

Amplifier: Delay line Amplifier Model 460 EG & G ORTEC

Single channel analyzer: SCA model 551 EG & G ORTEC

Constant fraction discriminator: CFD Model 2126 CANBERRA

Octal Discriminator: OD Model 623B LECROY

DUAL Mixer: DM Model AN308/NL EG & G ORTEC

Time to pulse height converter (TPC) Model 566 EG & G ORTEC

Level Adapter: (LA) Model 416A, EG & G ORTEC

A-D-—changer and MCB : ADCAM Multichannel-Buffer Mode 918A

OTHERS

Quartz ampoulles, dosimeter, heating oven, thermocouples, Digital
voltmeter, stop watch, a flame source, manometer, a Se chalcogenide,

absorber, InCl3 dissolved in HCl, tweezers, beambalance, and monltor
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4.3 Sample Preparation Procedures

The aims of sample preparation procedures were the following:

A. Te incorporate "1In into the ZnSe samples by diffusion
To conduct the experiments successfully by subjecting the
sample to well defined and measurablie initial conditions

C. To foster the reproduclbility and retracability of each of

the conducted experiments

As the above goals imply, preparation of ZnSe samples and subjecting
them to some physical pretreatments are crucial steps to be
implemented by the experlimentalist. In this connection, it is a well
confirmed fact that the quallity of physical Information obtainable
through an analysis of the respective PAC time spectra of the sample
strongly depends wupen the tidiness and orderliness of sample
preparaion steps. The factors noted for their role in maximizing the
safety during the radicactive steps are known to be called the 4A's in

German since they all start with the letter A and they are stated

below:

1. Time (to be minimized by an efficient procedure)
Aufenthal tsdauer
2. Distance {to be regulated appropriately)
Abstand
3. Activity (less activity to be maintained)
Aktivitét
4, Shielding (to be done to avold the damage from some activity)
Abschirmung

4.4 ACTIVATION

Activation is an experimental process with the help of which the 1I-VI
compound semiconductor ZnSe is diffused with the radicactive probe
atom ' ‘In before it is employed as a sample to be investigated using
the powerful PAC technique., Indeed, all thermal pretreatments in the
process are categorized under activatlon. 1In llteral terms activation

could mean adding some radicactivity into the ZnSe samples.
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4.5 ACTIVATION PROCEDURE

Slices of oriented ZnSe crystals were cut and their dimensions were
measured, Sample shapes and other particular feabures were noticed
as well, Moreover, the 1important equipments like quartz ampoulle,
pair of tweezers, absorber and other apparatus listed above were
arranged before-hand after which a regulated checking of left over
activity was accomplished. Afterwards the temperaiure of the healing
oven was adjusted to the value 1070K for the subsequent thermal
treatment of the sample which was etched in a saturated HCl soluticen
to remove some impurities. The heating oven was glven equilibrating
time to adjust itself to the above mentioned temperature. In the
meantime, a shori-sized quartz ampoulle (length=1Bcm) was made ready

inside which a small piece of quartz was inserted afterwards.

To clean the ampoulle and the quartz plece from some volatile
impurities, the Hz— 02 flame source {burner} was used. In this step,
the respective oxygen and hydrogen taps were opened and adjusted until
a flame having the right size, strength (intensity) and coler has
resulted. Then, the quartz ampoulle was rotated around its axis 1n
the flame, a passage belng made after a white circular ring is formed.
The heating helped to clean the inside part of the ampoulle from some
impurities which may vapor out during such a procedure. The cleaned
quartz pliece was removed from the quartz ampoulle so as to deliver the
(1IIInC13:HC1) onto  it. To absorb the

radioactive solution, the volume level was adjusted by setting the

radicactive solution

right sequence of digits on the wall of the absorber. Desired values
of volume 1in microlitres (1-3uf) were adjusted and a cone-shaped
plastic was plugged at the absorber’s tip for absorption. After the
solution was absorbed, 1t was dropped onto the quartz plece. From
this solution about 1011 In atoms were offered. In order to dry the
solution, the quartz plece was kept under a switched on lamp for aboutl
5 minutes. Afterwards, the quartz ﬁiece was inserted into the quartz
ampoulle containing the sample, and the ampoulle was kept at a lead

shielded corner to avold the damage from the radioactivity.

39




To accelerate the incorporation of Indium into the II-VI compound ZnSe
sample, few milligrammes of the chalcogen Selenium (Se) was added

into the quartz ampoulle behind a lead shield.

The added selenium used to offer the required chalcogen over pressure
{about 86 mbar) and it used to create stochiometrliec deviations in the
sample by creating Zinc vacancies in the metal sublattice of the ZnSe
crystal. It was a remarkable fact that, in general, the chalcogen
amount to be added depends upon the particular I1-VI system one is
dealing with and on the type of chalcogen as well. In my case, about

0.6 mg of Se was added while activating the ZnSe samples,

As Selenium is a fine and slippery powder, it was a successful method
te melt and collect it in a solidified form as this helped 1in

measuring its mass in a controllable way.

In the next step, the quartz ampoulle was evacuted up to a vacuum of
10 " bar. This evacuation process helped to distinctly realize the
over pressure of the added chalcogen (Se) from the pressure of the air
preexisting in the quartz ampoulle. After a regulated rotation of the
ampoulle at one fixed polnt, the glass was getting thinner and thinner
at the heated reglon and eventually it was detached from the other

portiocn of the glass.

/

/ /

Se ZnSe QAR

EVa.cuated

Fig. 4.1 A schematic diagramof the Sealed quartz ampoul le inside
which the ZnSe sample, the '''In: HCl solulion and the

molten Selenium are placed side by side
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The quartz ampoulle’s part containing the sample and the added
components was then sealed by the flame. Fig 4.1 shows the schematic

diagram of the sealed quartz ampoulle.

After the sealed portion of the ampoulle was cooled, the sample Inside
and the quartz plece were localized to the unheated edge of the quartz
ampoulle. Eventually, the sealed quartz ampoulle was inserted into the
preheated oven at the site of the right thermocouple. 1In the oven, the

sample was kept overnight for 15 hours at the equilibrated temperature
of 1070 K,

Following the completion of the long heating process, the sample was
quenched (cooled}. The type of quenching depends upon the value of the
starting InZn — VZn paired fraction that is aimed to be achieved. The

faster the type of quenching, the smaller will be the Inzn - VZn'

fraction due to the freezing of the vacancies, V_ , . After the quenching

Zn
process was done, the PAC time spectrum measurement of the "as diffused"

sample was taken. The term "as diffused" refers to a sample which is

freshly activated. Indeed, the above mentioned procedure is common to

all PAC experiments,

1

4.6 Results of ''‘In Diffusion

The diffusion of ''‘'In into ZnSe was successfully accomplished with a
transition rate of 854, that is 85% of the offered Indium atoms on the
quartz plece were transferred to the sample. This was obtained by
comparing the activity of the "as diffused" sample with the activity
offered on the quartz plece. The diffused Indium atoms penekrated to a
depth of about 5um as etching experiements showed, and that yielded a
local concentration of In atoms to be about 1015/cm3 for a characteritic

sample dimension.

As it is depicted in the PAC time spectrum of the "as diffused" sample

in fig. 4.2 most of the 111In probe atoms salt on regular lattice sites

and evidently the goal of Incorporating 1“In atoms on the Z2inc site was
achleved. This result is in acoordance with the observation that In
acts as a donor in I1-VI semiconductors[23}. The coupling constant VQ
was found to be 72 MHz, and the asymmetry parameter n = 0,05. These
values characterize the metal vacancy, V .Moreover, the largest

Zn
component of the EFG is observed to be oriented along the <111> lattice

direction 1n ZnSe.

1]




-0.15

T}
0.10 ”wwﬁiﬂ%%hfg%ﬁq%ﬂ '?l l| { i!l{}““ﬂ
§-005L 'N’ ”HH” _
I
0.00 } T] | .J
0.05 - ' | : |
: 200 400 600

t [n1s]

Fig. 4.2 Results of ''In diffusion into ZnSe. In,_ is achieved

"2




4.7 Hotivation for diffusing Lithlum atoms into ZnSe

The central scurce of motivation for choosing Lithium atoms as possible
dopants in i doped ZnSe samples was the fact that ZnSe can easily be
doped n-type, whereas 1t is difficult, if not impossible tc make it
p-type.

The difficulty in p-doping Z2nSe 1s atiributed to the strong interaction
of P—dopants with intrinsic defects leading to the self compensation
phenomena. However, 1if ZnSe can be made p-type, 1t becomes an
attractive candidate for the blue green laser diode and this has been a

strong moltive for researchers in thls area.

If successful, Lithium atoms intreduced on the Zinc site will serve the
desired task of p-doping ZnSe. As to inquire and investigate the
possibilities and challenges of this Lithium-doping, a series of Lithium
diffusion experiments were conducted to investigate the incorporation of
Lithium into ZnSe 1n an atomic scale. As donor-acceplor coulombic
interactions were observed from PAC experiments conducted on Silicon,
Germanium and several other 1II-V semiconductors[24] it was the main
motivation for diffusing Lithium into ZnSe so as to prove if there was
also donor (InZn) — acceptor ( LiZn) interaction cobservable by PAC from

the specific finger print of the defect, Lizn.

Fig. 4.3 shows the atomistic picture of a unit cell of the ZnSe crystal
doped with M. From the figure it 1is clear that, if successful
Lithium atoms taking the substitutional Zn site guarantee the p-doping
in ZnSe. If this is possible, the PAC technique should be able to
observe it from the coulombic donor-acceptor interactions. Some
observations were made from the PAC spectra of Lithium diffused ZnSe
samples in Lhe past. Whether new Lithlum specific finger print ls
observed or not is answered in the subsequent section by displaying the

observed PAC spectra.
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Z1

Fig. 4.3 A unit cell of the ZnSe crystal.
(InZn — Liz

Donor—acceptor, 1i.e.

n) Interactions are expected to be observed by PAC
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4.8 Observations

As a preliminary accomplishment to study the effects of diffused Lithium
atoms into 2ZnSe, 1t was necessary to start with the observations of such

effects from published results[23].

Such a preobservation laid the basis to devise a consistent strategy for
the investigation of Lithium induced effects using the PAC technique,
The observed effects are represented in fig. 4.4. Shown in this figure
are the R{t) spectra and thelr corresponding Fourler transforms of two
M doped ZnSe samples: top (without Lithium), bottom (with Lithium)

where other thermal treaiments were the same in both samples.

From a comparative observation of the two graphs it is noticed that:

(1) No Lithium specific finger print (i.e. Lithium taking a

substitutional Zn site or Lizn) was observed as there was no

strange pattern in the PAC specira of the Lithium diffused sample

when compared to the reference sample (sample withouh Lithium)

. Tt P ¢ ] 21 tor I [ i
1 i' . P : [ L ‘
R

(2) The PAC spectra of the Lifﬁiﬁmz Bi?ﬁuééd ééﬁpig’:éﬁoﬂ;df a
pronounced modulation of thelR(tt vagura and tne enlalgement of
the amplitudes of the frequencxes 1n the FouFJPr trancforms

Both effects stand on the same foo;xng and‘ thPy (anirﬁ the

formation of a maximized Inzﬁ - V“ paired fraction' following
Lithium’s diffusion. Indeed, in both cases, VQ“72MHZ and
n = 0.05 were obtained still characterizing the same defect

( Vou )

Hence, from the pronounced increase of the InZn - VZn pair fraction in
the Lithium diffused sample it is concluded that Lithium induces
vacanclies (Vzn} and subsequently its incorporation is visible as an
enhancement of the In2n - VZn paired fractlion. Previous measurements
[23] also confirm the observation of the same effects in other L1t
diffused II-VI compounds like CdS, 2nS and CdTe. In this project, a
series of experiments were conducted to indirectly investigate the
incorporation of Lithium (the "cause”)} from the values of the In2n -
Vzn pair fraction (the "effect") by employing special thermal

treatments which led to new interpretation of the results.
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Fig. 4.4 (Top): The R(t} spectra and its Fourier transform F(w) of a

ZnSe sample doped only with .
(Bottom): R(t) and the corresponding F(w)
sample doped with both “‘'In and Lithium

for the ZnSe
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4,9 POST TREATMENT

Post treatment is a subsequent physlical treatment of the sample after
a first hand ("as diffused") PAC time spectra measurement is taken.
It can be regarded as a transitional treatment of the sample via pre
subjecting it to contrellable factors for the forth coming
experimental goals. As how to post treat the sample depends upon the
particular objectives the experimentalist wants to realize in the
subsequent experiments to be done on the same sample. Thls treatment
offers new physical conditions to the sample. Temperature is one such
condition and it affects the vacancy distrlbution in the sample. The
process also helps to separately 1identify responsible factors for

changes in the numbers of InZn — VZn pairs in the planned experiments.

Specifically, post treatment helps to separate between metal vacancies
created by self compensation due to My doping or chalcogen over
pressure induced vacancies by stolchiometric deviations from those

generated by self compensation due to a dopant like Lithium,

4,10 BReducing intrinsic defects

Before diffusing Lithium inte ZnSe samples, they were heated to a
temperature of 900K for 30min. The principal goal of this post
treatment was to reduce intrinsic defects existing in ZnSe by making
use of thermal dissociational effects of the InZn — VZn palirs as it is

well established from the dissociation curve shown in fig. 4.5.

It must be attentively noticed that such a post treatment enables the
experimentalist not only to set a well defined initial condition for
the Lithium diffusion but also to realize the reduction of intrinsic
defects thereby standing at a safer position to separately observe
Lithium induced effects via excluding some possible superimpositlions

of similar effects generated by other facters.
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4.11 Diffusion of Lithium into ZnSe

The metallic Lithium was cut in a small piece and its surface was
smoothly scratched to clean some clinging impurities. Moreover, the

Lithium plece was soaked in a dlluted HCl acid to remove some oxides

from it.

The metallic Lithium and the activated ZnSe samples were arranged

inside a sealed and evacuated quartz ampoulle as it is depicted in the

schematic diagram in Fig. 4.6,

Since Lithium in the vapour phase must diffuse into the ZnSe sample,

the diffusion process was carrled out by preparing well defined

diffusion conditions 1like diffusion temperature and diffuslon
duration. The effect of the diffusion was studied for restricted
temperature ranges. In these experiments, special attention was

devoted to studying the effects of the vapour pressure of Lithium
(PLi) which 1is controlled by the temperature of Lithium and the
effects of the matrix temperature (i.e. the temperature of ZnSe) in

governing the solubility of Lithium atoms into ZnSe.

Hence, it was planned to carry out the diffusion experiments by
monitoring the two temperatures: the temperature of ZnSe and the
temperature of lithium independently. To realize this indpendent
temperature contrel, a 2-zone oven whose schematic diagram is showed
in fig. 4.7 was employed. The oven posseses two heating reglons: the
main heating zone and the additional heating zone. The adjolning graph
below it shows the temperature distribution at the various positions
in the oven.In this connection, the experimentally accessible
temperature range is shown to be the region bounded by the trapezium

drawn in fig. 4.8,

it is a remarkable fact that TZnSe > TLi within the bounded region {
explained in fig.4.8 jJexcept the technical restriction that limits
>
TZnSe not to exceed TLi by more than 350K. The region for which TLi
TZnSe is a forbidden region since it results in the undesired over

condensation of Lithium onto ZnSe.
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Fig. 4.8 The accessible temperatures lie in the region bounded by the

trapezium in which TZnSe)’TLi‘ This was done to avoid

the over condensation of Lithium onto ZnSe. The temperature region

defines favourable diffusion conditions .For technical reasons,

- ~<
TZnSe TLi #Z 350K The orlgin corresponds to a room

temperature value.
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4,11.a Preparation for PAC measurements

Preceeding to every PAC measurement and after each Lithium diffusion,
the ZnSe samples were heated to 550K/for 30 min. As is depicted in
the "formation-dissociation" curve shown in Fig. 4.9 this thermal
treatment effects mobllization of isolated vacancies created by a
pretreatment like heatlng or doplng. Subsequently, most of the Zinc
vacancies will be trapped by the Indlum atoms, ylelding a high value
of the InZn - vZn fraction that delivers a vital information on the

absolute number of vacancies created by a pretreatment,

4,11.b% The Investigated temperature range

The triangle drawn in fig 4.10 shows the investigaled temperatures for
the diffusion experiments. These temperatures were adjusted in the two

zone oven. The diffusion time was 30 min.

The three diffusion conditions were:

Lo T = Tonse

2. TLi = const,

3. TZnSe= const.,

4.12. EXPERIMENTAL RESULTS AND DISCUSSION

Experiment 1; Diffusion of Lithium into ZnSe with the

condition TLi = TZnSe

This experiment was conducted on two ZnSe samples: a lithium diffused
sample and a reference sample. The ZnSe single crystals were first
diffused inside an evacualted quartz ampoulle with the radicactive
H1rn  atoms (1070K/15h, 86 mbar Se overpressure). The sample was
cooled by a vacuum quench via a fast immersion of the closed quartz
ampoulle into water. Both samples were subjected to a post treatment
of 900K/30min to reduce intrinsic vZn defects. The diffusion of
Lithium was accomplished after thls step and both samples were heated

at 550K/30min to mobilize the created vacancies after each

Lithiumdiffusion andthecorrespondingthermal treatments,
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vields large values for {In-V}/[In] [23]
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Fig. 4.10 The investigated temperature range which lies 1in the

accessible temperature region of Fig. 4.8,
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Fig. 4.11 The result of exp, 1.The result of exp.1.with the condition

TZnse = TLiwhere the diffusion time, tD = 30 min, The open circle data

points (0) represent the Lithium diffused sample where as the

reference sample is represented by the closed circle data points (@).
This is the back bone result of our experiments.

Notice that the pronounced increase in the fraction in the Lithium

diffused sample ls caused by Lithium ( Li induces Zinc Vacancies, Viﬂ‘)




The graph shown in fig. 4.11 shows the result of this experiment. As
it is seen in this graph, the Lithium diffused sample is represented
by the open circle data points where as the closed circle data points
represent the reference sample. The starting temperature was 575K and
a temperature interval of 25K was selected to observe the effect of
Lithium diffusion in a smooth manner, The reference sample (closed

c¢ircles} underwent the same thermal treatment without the presence of
Lithium.

It is noticeable that the InZn - VZn fraction in the Lithium
diffused and reference sample were comparable up to the temperatures
575K, B00OK and 625K.

However, in the Lithium diffused sample {open circles) there is a
remarkable increase in the fractions starting from T = 650K until
saturation is reached at 725K The highest value for the fraction was
41% and it was observed at T = 725K. Mereover, it is remarkable that
the treatment of the sample with Lithium at only 725K produces four
times as much InZn — vZn pairs compared to the reference sample
treated at the same temperature, Since the fractional increases are
evidently absent in the reference sample, the presence of Lithium is

the cause for the accelerated In2n — VZn fraction observed in the

Lithium diffused sample.

Furthermore, it should be noted that thermally created VZn defects can
not be the causes for the strong increase of the paired fraction in
the Lithium diffused sample as this was not observed in the reference
sample undergoing the same thermal treatment except the absence of
Lithium. Since the reference sample showed no increase in the InZn -
V2n fraction, no lisolated Vanefects were left in it and this fact
confirms the success of the special thermal post treatment at

900K/30min. in reducling the intrinsic VZn defectks.
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The observed decrease in the InZn - Vzn paired fraction for the higher

Lemperatures at T = 750K and T =

BOOK can be explained by a thermal

dissociation of. the preexisting In2n - VZn pairs. This dissociational

effect is more serious in the reference sample than in the Lithium
diffused sample as Lithium induced vacancies replace the site of the

thermally migrating vacancles in the latter,

4.12.a Discussion

The experimental graph depicled In fig. 4.11 is the "backbone"

result of the diffusion experiments. For the investigated temperature

range 575K = T = 8UOK no donor - acceptor pairing of the type
InZn——len is observed by PAC which implies thal Li
measurably populated. As is observed,when Lithium is diffused into
111

In doped ZnSe the formatlion of the InZn - VZn pairs is enhanced

slales are not
Zn —

and from the special thermal treatments, 1t can be concluded that the

deep i1ncrease in the In7“ - V?n palrs must be caused by Lithium

induced vacancles. HMoureover, thls effecl is quite remarkable and may

shed new lipht on the mechanism that

is responsible for p-doping of
ZnSe.

A reaction governing the incorperation of Lithium in a II-V1 crystal

can be stated as:

o + .
Lig c= VT Yy

where the subscripls M and | respeclively denote Lhe mebtatllc
site and an interstitial site.

lattice

For ZnSe, the above reaction can be written as

P— -+ __
LlZn e-—l le + VZn

Indeed, Lhis reaction 1s sbtrongly shifted to the right hand side for

the Invesblipaled temperatures In GU0K = T = gonk, -

The complex defect
at the right hand side of the above

reaction, formed by the
interstitial Lil

and the Zinc vacancy, V?“ can still act as a single

acceplor and, Lherefore, con produce p-conduclivily tn ZnSe [231],




Hence, it can be Iinferred that Lithium induces new vacancles, VZn

which consequently leads to a pronounced formation of the Inz
Vznpairing. For the Lithium in ZnSe, Sasaki and- Oguchi [24]

at the conclusion that the acceptor

arrived

LiZn ls unstable against

disintegration Into a vacancy VZn and interstitial Lii. Moreover, PAC

experiments done on CdS, ZnS and CdTe show a common behaviour of the

Lithium aloms despite the variatlons of these 1[-VI compounds in the

band gap energies and bonding mechanisms{23]. Indeed, the same

intrinsic defect, the metalllic vacancy vZn determinies the state of In

atoms to be a donor state (Inzn) and minimizes acceptor states of
Lithium (LiZn). This could possibly mean that the thermodynamic

stabllity of the Lithium Induced acceptor 2inc vacancles {VZn)

requires the existence of Lithium atoms in Interstitial donor states

{Lil ) For electrical neutrality.

4.12.b Hotivation for new experiments

Since the first experiment was accomplished with Tane = TL‘,
obviously the effects of the sample’s temperature and the temperature

of Lithtun are superimposced in causing Lhe pronounced Increase tn the

InZn - VZn pairs.

However, the extent of thelr individual effect in governing the

incorperation cof Lithium was not observed. Hence new experiments were

designed by varylng TLl vhere the matrix temperature, TZnSeiS kept
constant. Similar experiments were also conducted by varying TZnSe
and fixing TLl at a constant wvalue. The results of these experiments

illuminated the lndependent effects of the vapour pressure of Lithium
(P ) and the watrix temperature (T ) in

1 ZnSe
incorporation of Lithium atoms into ZnSe crystal.

governing the

4.12.¢c Experiment 2

Independent Variation of Pui by fixing TZnSe

The alm of this experliment was to lnvestigale the effect of increasing
the vapour pressure of Lithium in governing the diffusion of Lithium

atoms into ZnSe sample kept at 700K. The motive for choosingTane =




700K {(look the result of exp.1 in fig. 4.11) was the observed fact

that in the nelghbourhood of this temperature, the InZn - vZn fraction

wasS progressively increasing without yet reaching the saturation
value, Lithium was diffused starting from TLl = 450K up to TL =

i

525K in 25K steps. The diffusion time was tD = 2hrs. Conducting the

diffusion process beginning from a small TLi and on small temperature
increments guaranteed an observation of the smooth evolution of the

Pri. The result of this experiment is shown in the graph in fig,.
4,12,

We conclude from this graph that the region 400K - 500K is a dynamic
range, i.e. a range in which a steep increasing in thfhlnzn - vZn
pairing is noticed. Nevertheless, comparison of the 4 data point
with respect to the 3"? data point on the same graph shows a
saturation tendency for the effect of the vapour pressure of L1 on the

In, -~ V, fraction. (Look the result of experiment 4)
Zn Zn

4.12.4d Experimént 3

Independent Variation of Sample’s temperature by fixing

Lithium's temperature

This experiment was designed to Investigate the effect of varying the
sample temperature on governing the solubillity of Lithium atoms at a
fixed temperature TL1 = BOOK into ZnSe sample whose temperature was

varied over 75K steps from 500K to 800K.

The result of this experiment is plotted in fig 4.13. As 1t is
noticeable from this graph, the temperature region BOOK = TZnSe s 800K
is seen to be the dynamic range since the InZn - vZn fraction value

showed a corresponding increase.

However, the fractional Increase s observed to be a very slow one

compared to the result of experiment 2.

Hence, 1! can be concluded that the law governing the incorporation of

Lithium atoms In ZnSe has different dependences on P and T :
L1 ZnSe
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Fig. 4.12 Result of exp. 2

The steep increase in the InZn— Vzn fraction is caused by the

vapour pressure of Li. Here TZnSe was fixed at 700 K Observe that

since tD = 2 hrs, f = 40% tis already reached at TLi = 500 K

( compare it with exp.l.)}
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Fig. 4.13 Result of exp. 3
A slow lncrease in the InZn - VZn fraction

is observed when TZnSe is varied. Tu = 800K
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In this connection, the pronounced increase of the In2n - VZ

observed in the first experiment under the condition T = T in
ZnSe Li

the Lithium diffused sample seems to be caused more dominantly by the

fraction
n

increased vapour pressure of Lithium in the range 650K = T = 725K.

4.12.¢ Experiment 4

Variation of PLi over a wide temperature range

After the steep Iincrease of the InZn - VZn paired fractlon in
experiment 2, there seemed to be a saturation tendency for the effect
of PL‘. Subsequently, this experiment was conducted to observe
experimentally whether the predicted saturation tencency was reached
or not. The sample employed in experiment 3 was reused in this
experiment by fixing TZnSe at 800K and varying the temperature of
Lithium over a wide range of temperabture, i.e. 500K = TLl =< 800K. The
strategy in choosing this wide temperature range was to investligate
the effects of higher vapour pressure of Lithium on the fraction and
carrying out the diffusion of Lithium over 75K temperature gaps was

vital to cobserve the effect of PL‘ in a smooth manner.

The graph in fig. 4.13 shows the result of this experiment. it is
evident from this graph that there was no further increase in the InZn

- VZn pair fractien irrespective of the increases in PLf
Hence, it can be firmly concluded that the saturation value for the
Inzn — VZn pair fractions was reached and higher values of

PLlshowed noc further effect on this fraction.

4,12.f Motivation for isothermal experiments

In the above mentioned four experiments, the effects of the sample
temperature (TZnSe) and the Lithium temperature (TLll on the diffusion
of Lithilum atoms into 2nSe was Investigated for a fixed diffusion

duration, consequently the effect of varying the diffusion time was

not considered.

Hence, new Lithium isothermal experiments were planned te investigate

the time dependence of Lithium diffusion.
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The sample in exp.3 was reused here.
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4.12.g Experiment 5

Investigation of the time dependence of Lithium Diffusien

This experiment was conducted on two different ZnSe samples in both of

which the temperature of Lithlum was fixed at TLl = 500K where as the

sample temperatures are kept at TZnSe = B50K and TZnSe = 725K
respectively.
The motive for choosing the temperatures 650K and 725K for TZnSe is

contained in the result of exp. 3 (look fig. 4.13). As it is evident
there, the temperatures 650K and 725K belong to the dynamic range.
Also, since the diffusion time In exp.3 was 30 min, the increasing
tendency at the graph was interesting to investigate the effect of

elongating the diffusion time on the incorporation of Lithium atoms

into ZnSe.

The result of this experiment is graphically presented in fig. 4.15,
At the top of this filgure, the result of the isothermal experiment at
TL1 = B00K and TZnSe= 650K is presented. The graph below it displays
the result of the isothermal experiment at TLI= 500K and TZn = 725K.

Se
Notice that the two samples have comparable "as diffused" values. It
is also observed from both graphs that a longer diffusion time of
~Lithium yields a pronounced increase in the fraction f. Hence the

incorporation of Lithium atoms over a widened diffusion duratlon 1is

ensured.

1t shouild be attentively noticed that the sample with higher matrlx
temperature (TZnse = 725K} showed a larger saturation fractional value
{36%) when compared to the value obtained from the sample with a lower

matrix temperature (TZnSe = B50K), which was only 27% (look fig. 4,16

for comparison),

A comparison of the fractional values observed at Tane = BS0K and
T, . = 725K (i.e. the 3" and 4™ data points of exp. 3) (fig.4.13)
with the above saturation values obtained from the isothermal

experiments confirms that there is no considerable difference between
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a diffusion duration of 30 min and a longer time in the observed
fractions. Thus it can be concluded that a 30 min. diffusion duration

is sufficient to observe the influence of Tznse on the fractions.

Moreover, it is worthwhile to notice in fig 4.15 that in both samples

the fractions converge to the equlibrium value after a comparable

time. In other words, the time constant T of the two diffusion

processes is observed to be independent of the two matrix temperatures

(T = BS0K and T =725K ). T = 15 min. In both cases. Further
ZnSe ZnSe

investigations are necessary to extract the dependence of T upon TLi

and other matrix temperatures as well.
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4.13 COHNCLUSIONS AND GUTLOOK

1. It is noted from our experimental results that no donor-acceptor

pairing of the type InZn - Li was observed by PAC. In all

Zn
experiments, the values of the hyperfine parameters specify the
same defect: the metal wvacancy, VZn in ZnSe characterized with
VQ = 72MHz, % = 0.05 and the lattice direction of the EFG (VZZ)

~ being along the <111> lattice direction.

2. Lithium doping for the investigated diffusion temperature range
has only brought about an Iincreased concentration of the

relative fraction of InZn - vZn pairs by a facter of 4.,

3. As a consequence of our special thermal treatment, it can be
concluded that Li induces new vacancies — a new result explaining

the enhancement of InZn -~ VZn pairs after Lithium diffusion.

4, The different influences of vapour pressure (TLJ and sample

temperature (TZnSe) were noticed in governing the incorporation

of Lithium into ZnSe.

5. The enhanced vacancy creation, [25] observed during
Li—-incorporation might also shed new light on the problem of the

missing p-type conductivity after Li-diffution.

6. These types of experiments should be continued since they could
lead to interesting results, Indeed, the vacancy creation
following Li-diffusion can as well be investigated using positron
annihilation experimentis. Moreover, hall effect measurements
could also supplement the PAC studies of Lithium doped ZnSe

samples.

66




Appendix A Electric Hyperfine Interaction

In reference to the second term in eq(i1) of chapter 3, the
electrostatic interaction between a nucleus with charge Ze and the

surrounding charges is characterized with the interaction energy:

_ > ey
E,, = J pn(r) v(r) dr (A1)

where pn{?) is the nuclear charge denslity at a point having a relative
position vector R = xli + x23 + xsi with respect to the center of
symmetry of the nuclear charge. V(?) is the coulomb potential at the
same‘point £ due to all other charges. dr = dxl'dxz-dx3 represents

the volume element.

Choosing the origin of the coordinate system to coincide with the
center of symmetry of the nuclear charge, V(?) can be expanded in a

Taylor series at the origin P = 0, yielding:

3 3
2
2 av 1 ay
V(P)—VO+Z[5§']X1+§ Z[aan]xlx]+.'. (A2}
170 h 5o

i
i=1 i, )=

Upon substituting A2 into Al, we obtain

_ 3 ay 2
Eel = VOJ pn(r)dr + Z [ &1]0 Ipn(r)xidr +

2
a’y ]
[ % axj]o [pn(r)xlxjdr + ... (A3)
1
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where an(?)dr = eZ is the nuclear charge and it makes the first term

in (A3) to be eZVd Contalned In this term is the elecirostatic
interaction between the nucleus considered as a point and other
charges in the material. It contributes to the potential energy of
the crystal as a whole, and it is not interesting for our goal. The
electric dipole interaction is expressed by the second term, however
symmetry arguments show that 1t doesnot exist [25]. Higher odd-order

terms do not exist for the same reason.

Moreover, even-order terms higher than the third term in (A3) are
negligible because their interaction energies are too small to be

observed.

Hence, the only term in (A3} which is interesting to us is the third

one,

The quantities (62V/axlaxj) = VU form a (3x3) second-rank tensor
(eq(3) chapter 3). By a cheice of a coordinate system, ‘it is possible
to realize that all tensor elements Vlj vanish except the diagonal
ones, Vll(principal axes system}. In so doing, the third term in (A3)

can be formulated as

3 3
2
1 Sy 2 - 1 < 2 r
E = 5 E: Vti Jpn(r)xl dt 5 }; Vli J pn(r) [xl 3 ]dr
=1

q -

3 3
Zv“ Jpn(?)rz dt , with r° = fo (A4)
1= 1

1 t=

3
By adding and subtracting the quantity é }E:Vii [pn(?)r2 dt in (A4)

1=1

we Introduce into the first term the definition of the nuclear
guadrupole moment, the diagonal tensor elements of which in the

principal axes system are given by
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Qii = Ipn(?) [3x? - rz]dr (AS)

The elements of the tensor are generally given by,

_ 3 3 2
Q11 = Iﬁn{r) (xlxj 6lj ro)dT (AB)

where summation is performed over the repeated indices and 61J is the

kronecker symbol,

In many nuclei the nuclear charge distribution deviates more or less

from spherical symmetry; the deviation may change in going from one

state of excitation to another,

A measure of the deviation Is given by the electric quadrupcle moment

eQ whose elements are given in (A6)

To see the value of the electrostatic energy in (A4}, let us introduce

the Laplace differential equation
AV + 4Hpc =0 (A7)
_Applying (A7) in particular at the point =0 (center of symmetry of

the nucleus) we obtain

(av), = Zv“ = 4me [¢(0)]%, (A8)
where p_ = —e]l,lf(O)]2 is the charge density exerted by the surrounding

electrons at the nucleus (¥ = 0) with ¥{(0) being the Schridinger wave

function at ? = 0.

Substituting (A8) into (A4}, we get

3
2
2 1
E = §ﬂe[w(0)|szn(?)rzdt + 5 Z\(Hlpn(?) x? _ %]dr =E +E (A9)

1=1
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The first term of (AS8) represents the electric monopole
interaction. It causes a shift of nuclear energy levels. The second
term in (A8) represents the electric quadrupole interactlon from which
the PAC technique extracts sufficlent information about defects
surrounding probe atoms. It is worthy to notice that this interaction
energy will be better resolved for larger wvalues of the EFG and for
probes having a large value of quadrupole moment. This conclusion is
a direct consequence of the proportionality of EQ in (A8) to the
EFG (Vll) and the nuclear quadrupcole moment (Q[iL
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Appendix B Data Analysis

The extraction of the hyperfine interaction parameters is accomplished
by fitting the experimentally observed R{t) spectra into the equation

3

R(t} = A [f[?o + [1 + Sn Cos wnt ]+ (l—f)] using a least squares fit
n=

me thod.

Consequently, interesting parameters will be obtained from the
measuraed spectra: the quadrupolar interaction frequency VQ eq.(7), the
asymmetry parameter n eq {(6)and relative fration, f eq.(19) of Mg
probe atoms which coupled themselves with the defects is computed

using statistical methods. This is analyzed by a computer program and

the errors in the above mentioned parameters are computed over the

atomic time scales.

It should be attentively noticed that in all experiments presented
here a data polnt Jjust represents one single experimental result. The
same experiment is not repeatedly done for the same data point. - In
this case, the errors are computed over time scales for the same data
polntvia comparisons of observed and fitted values before the specific
experiment is finished. 1In other words, it is the time average of the

above mentioned parameters that ls computed with an error.

In fact, from the statistlcal nature of the preblem, several
instantaneous values will be exiracted for the above parameters before

the completion of a single experiment which takes about 7-8 hours
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