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Abstract

Studying the nature of defects in semiconductor helps to minimize the undesired
behaviors they contribute. In this study, the perturbed angular correlation method
has used to understand the formation of the substitutional *!C'd— P pairs in silicon.
The pairs are characterized by a unique quadrupole interaction frequency of vy =
179MHz, that suggest a strong interaction between acceptor and donor atoms in
an elemental semiconductor silicon. The variation of the nearest neighbor '''Cd —
P population with the annealing temperature is discussed. Finally, the binding
energy and ratios of free and trapped states around the complex are determined
using the fraction of the probe atom that form the pairs at annealing temperature
intervals of 700°C' — 1000°C.



Chapter 1
Introduction

Semiconductor has contributed tremendously to the progress in the areas of commu-
nication, information technology, solar energy conversion and many other fields
[7]. The most commonly used elemental semiconductor materials are silicon and
germanium. Another interesting class of materials can be created by introducing
impurities in a controlled manner into the lattice of a semiconductor. The major ef-
fects of an impurity in a regular semiconductor crystal lattice is that it introduces a
low density of allowable energy levels into the normally forbidden region[10]. The
presence of such energy levels can alter the properties of the materials, that may
happen intentionally or undesirable during the material processes. Investigation
of the impurity properties are important on controlling the properties of the host
material. The impurities may create defects, which can change the properties of
the material, such as: the electrical as well as the optical properties of the host
material [12].

Generally, defects in solids such as, intermetallic compounds, metal oxides,
semiconductor and insulators, induce characteristic electric field gradient (EFG) at
atomic lattice sites. The EFG can be observed via the interaction of the field with
the nuclear electric quadrupole moment of a suitable probe atom. This type of in-
teraction is called Hyperfine interaction. Studies of hyperfine interactions may be
carried out by several methods using stable or unstable nuclei. High resolution op-

tical spectroscopy and nuclear magnetic resonance (NMR) utilize the ground state

1



of stable nuclei where as Mdssbauer spectroscopy and perturbed angular correla-
tions (PAC) uses excited states of unstable nuclei. All the techniques have proven

in the past to be versatile tools for studying a broad range of problems of nature [9].

The perturbed angular correlation technique is being used to measure the hy-
perfine interaction, that exist due to the presence of defects in semiconductors and
other materials. This nuclear technique relies on unstable radioactive probe atom
like "' In. The quantity measured is the electric field gradient (EFG), which arises
from the charges of the immediate lattice surrounding at the site of the probe atom.
The probe atom ('!'In) is used to extract information about the microscopic envi-
ronments of the probe. Information about the nature of defects trapped at the
probe site can be obtained through this interaction.

The formation of pairs and complexes between the ionized impurities or defects
in group IV semiconductors has been studied extensively by the perturbed v — ~
angular correlation spectroscopy. Besides, the interest in this work is to study the
properties of impurity pairs between a substitutional acceptor and other impurity
atom from group V donors in Si. Through PAC analysis, correlating changes in
microscopic configuration of the indium ions with macroscopic factors like temper-
ature can yield useful information about the behavior of defect-impurity complexes.

The theoretical background of the method used is discussed in chapter two and
three of this thesis. The experimental results of the indium phosphorous pairs in
silicon is presented in chapter 4. In the same chapter the population variation of
the In-P pair with annealing temperature and the binding energy of the complex

are discussed.



Chapter 2

HYPERFINE INTERACTION

2.1 Introduction

The microscopic environment of a solid is investigated by nuclear techniques whose
working principles are based on the interaction between the nuclear moments
(electric or magnetic) of the probe nucleus and the surrounding electromagnetic
fields. The fields are usually caused by the charges from atoms in the vicinity of
the nucleus or by the external sources. The interaction of moments of the nucleus
with electromagnetic fields is called Hyperfine Interaction. This interaction induce

changes in the nuclear and atomic energy level [7, 11].

2.2 Classical Electrostatic Hyperfine interaction

Classically, in solid the electrostatic energy of the nuclear charge, described by p(r)
under the influence of the potential qﬁ(?), which is created by the charges from the

atom in the vicinity of the nucleus [11], is given by:

Bine = / o(7)d(7)dr? (2.1)

Where [ p(7)dr® = ze is the total nuclear charge. Assuming that ¢(7’) changes

slowly in the region where p(r) is non vanishing it may be expanded in a Taylor



series in the vicinity of » = 0:

+Z( > 123:<82¢>xx+ (2.2)
0T, G 01078 /) atp '

a=1

Inserting equation (2.2) and the expression for the nuclear charge into (2.1), then

electrostatic energy has a form

1 3 82d)
- E 3
+ 2 B=1 <8xaaxﬂ>o/p(r)x0xﬂd T (2.3)

Then a monopole, a dipole and quadrupole interaction energy results; where the
monopole term will induce no degeneracy splitting and it is the coulomb energy
of point charges. The coulomb energy contribute only to the potential energy of
the crystal lattice. The second term corresponds to the dipole interaction which
vanishes for nuclear states with a well defined parity since the dipole moment of
a nucleus is zero. The third term includes the isomeric shift and the quadrupole
interaction. The expansion shows the characteristic way in which the various mul-
tipoles interact with an external field, such as the charge with the potential, the
dipole with the electric field, the quadrupole with the field gradient. So, the first
and second terms will not have any relevance on this discussion. The interaction

energy is left only with the quadrupole interaction energy, that is

3

1 0% 3
Ei = 3 zﬂ: (&Eaaxﬂ)(]/p(r)xaxﬂd r (2.4)

a,f=1

By adding and subtracting the monopole like term, which is

1 < 2 -
5 2 (i ), ] oo




with 72 = >~ z? into equation (2.4) and the result would be.

1 o 2 3
Eipny = 6 Zl <5Iaxﬂ>0/P(T)r d’r

3 2
+ % < A ) /p(r)(3xaxﬂ — 12805)d°r (2.5)
a,f=1 0

0,078

Where the second derivatives of the quantity ¢.5 = 9°¢/dx,0z5 form a symmetric
(3 x 3) matrix which can be diagonalized by a convenient rotation of the coordi-
nate system. The electrostatic potential ¢(7>) obeys the Poisson equation A¢ =
—4mp(r), where p, (r) is the electronic charge density, in holding particularly for
r = 0 we get: \

(A¢)o = (Z asaa) = dmel1)(0)[? (2.6)

a=0 0

where —e |1 (0)|? is the charge density of the atomic electrons at the nucleus. The

electrostatic hyperfine interaction is therefore:
B = SO F [y

1< o2
() frbn i an

Einy = Ey + Eg

The isomeric shift F); reflects the interaction between the extended charges of
the nucleus and the electronic density at the nucleus. The quadrupole term E
gives the interaction between the electric field gradient tensor and the quadrupole

moment tensor which describes the non spherical nuclear charge distribution.



2.2.1 The Monopole term Interaction (£,,)

From equation (2.7) the monopole term depends only on the mean square of the
nuclear radius. This term gives a shift but no splitting of the levels and it de-
scribes the electrostatic interaction of an extended nucleus with the electrons at
the nuclear site, that is the situation where electrons are present at the origin and
these electrons determine the external potential field, which subsequently becomes

spherically symmetric.
By = SO [ ) 2.8)

2.2.2 The Electrostatic Quadrupole Interaction (£()

In situation where a vanishing electron density at the origin occurs A¢ = 0, in this

case the particular term can be written as.

3

2
Eq :% Z ( A >O/p(r)(3xaxﬂ — 1%845)d’r (2.9)

of=1 axaaxﬂ

This is the quadrupole interaction energy. If the nuclear charge is distributed ac-
cording to a smooth function, p(?), then an analysis in multipole moments can be
made. These moments are quite important in determining the potential in some

point p at large distance compared to the nuclear charge extension. The potential

o(B) = / p(7)dr (2.10)

N 47T60 vol |ﬁ — ?|

For small values of |r/R|, we can express 1/|R — r| using the binomial expansion.

can be calculated as

1 1 1
_ _ ‘ : (2.11)
R-7] (R+r-2RB-7)F R+ 2E7)
1 _l[H?-ﬁ_ r? +§(?-ﬁ)2_§(ﬁ)2+6(?-ﬁ)2_ ]
ﬁg_ﬂ_R R? 2R? 2 R2 8" R? 274



When we expand the above terms, we can ignore these terms having the term

r!/R. Substitute the expressions in equation (2.12) in to equation (2.10), then

1 p(r)d 7 1 p(r)ﬁ CTFdT
o(R) = 4dTeq /m,l |ﬁ| + 47T€0/l |ﬁ|3
1 [ p(ry2d? 3 [ pr)(R-TdT)? .
871'60/l |ﬁ|3 + 4weo/l |ﬁ|5 d

— —
¢(ﬁ): ¢ 1 /p(r)rcosﬁd?,r+ 1 /p(r)(3cos29—1)r2d3r 2.13)

dmegR  4meg R? 8meg 73

From the definition dot product, ﬁ .7 = Rrcosf and this can be expressed using

tensor form as rcosf = Tz’].%? = Zf’jzl Y% and (ﬁ : 7)(? T = Z” | Xiwjz X

with the coordinate corresponding to x,y,z respectively for i,j = 1,2,3 using the

cartesian coordinates we obtain

1 q Qi
= = XX 2.14
() Areg T + Z 4’/T€0R3 Z 8Teo ( )

with
P, :/p(ﬁ)xidizr

Qij = /P(7>)(3l‘ifvj — 28, dr (2.15)

The dipole components and quadrupole tensor, respectively .The quadrupole tensor

()i; can be expressed via its nine components in matrix form as follows

Qij = | aye 32— 3y (2.16)



By choosing appropriate coordinate system the ();; can be transformed into diago-
nalized matrix in which the non-diagonal terms vanish and one gets new quadrupole

tensor
32 —p/2 0 0

sz = 0 3y/27r12 0 (217)
0 0 322 —r/2

The quantity Q... = [ p(7)(32'2' — r2d*r denoted as the quadrupole moment of the

charge distribution, relative to the axis system (x’,y’,z’)



2.3 Quantum mechanical treatment of the electro-

static hyperfine interaction

The interaction between quadrupole moment of the nucleus and the local electric
field gradient results in a splitting of the energy levels of the different states of the
nucleus. The nuclear eigenstates may be characterized by the angular momentum
quantum numbers I and m. In this representation the energy of the electrostatic

interaction is given by the matrix element of the Hamiltonian [3,5]:

Ey = (Im|Hgy|Im') (2.18)
with
Z CpCe (2.19)
|7y — 7]

the sum is extended to all the nuclear and extra nuclear charges p and c respec-
tively. Where ¢, is the point charges in the nucleus at the points (r,,0,, ¢,) and e.
are point charges (ions in the crystal lattice) at a position (r., 6., ¢.). For r. > r,,
the term o] of the above expression can be written as the expansion of Legender

polynomlals [22].

Figure 2.1: Nuclear and Extra nuclear charge distribution

o0

|rp — 7l Z

1pk cos(rp,7c)) (2.20)
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Where p;, is the legender polynomial. Now we use the addition theorem of spherical
harmonics, which states that; Two vectors r, and r., with spherical coordinates

(01, 1) and (0,9, ¢o) respectively are separated by an angle ¢ [4] and is defined

k

pr(cosf) = Y61, ¢1)Y, (0a, ¢2) (2.21)

Hence, we can write equation (2.21) by replacing Y, ¢ = (—1)?Y;Y . Where Y/ is a
spherical harmonic; which is defined by [22]

)/kq(e’ ¢) — (_1)11 (Qk + 1) (k — q) eiqd)

1—cos?6)?
2k}, I (gt Amcos )

i (cos’ 0 = 1) (2.22)
This is the explicit form for ¢ > 0. For negative q values, one has the relation above

and when ¢ = 0 equation (2.22) becomes

(2k + 1) d*(cos? 6 — 1)*

2.2
dr  2FkN(d cos@)F (2.23)

Yko(ea ¢)) =

Therefore, substituting equation (2.21) and equation (2.22) into equation (2.20) and

then substituting the result into equation (2.19) one obtains

=1
HZ 2k+1 Z( z :el’r Y;Cq P7¢p) E k+1Yk q( cy ¢c) (224)
k=0 q

This may be written in a more compact way by introducing the tensor operators for

the nuclear moments 7, and the external field Vq ( k is the rank of the tensor ):
= Z eprgyk,q(epa bp)
p

€c

V;Ik = k+1 k q( cad)c) (225)
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From the definition of scalar product of two tensors of the same rank is given by [5]
k
THVE = Y (1) TV (2.26)

q=—k

the Hamiltonian may be written

oo

47 Ze 1
H, = Tkk_4— — —1)47y !
= g = O D ¢
1 1
SEPN SRS DD HAEI @27

The first term is the Coulomb term. The expectation values of 7! (electric dipole
moment) and of T? (electric octuple moment) are zero, since the nucleus is sym-
metric. Higher order moments are usually very small and can be neglected. We
are therefore left with the Hamiltonian operator for the electric quadrupole inter-
action:
47
V== (F1)TVY (2.28)
q
The electric field gradient tensor V2 can be expressed in an arbitrary cartesian
coordinate system (X, y, z) using coulomb’s law. Taking into account its symmetry
60
LYY

c

(2.29)

x2+y +22]%

When we differentiate V. with respect to z twice and express the result in polar

coordinate by substituting r cos  in place of z, one gets

0%V, 1
022 3

ec(3cos?f — 1) (2.30)

Similarly, differentiate with respect to x and y respectively. The results are

82\/
02

== Zec (3sin® f cos® ¢ — 1) (2.31)
;
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2
e 1 . .
aa‘g = —3260(3 sin” fsin® ¢ — 1) (2.32)
Y e
The results for the mixed derivatives are also obtaining
PV, 1 1 - |
iy 1 zc:ecmy = T—BXC:eC sin” 6 cos ¢ sin ¢ (2.33)
0%V, 1 1 i
mds zczecxz =3 zc:ec sin # cos ¢ cos (2.34)
2 1 1
gyg; =3 C Yz = - zC: e, sin 0 sin ¢ cos 0 (2.35)
By symmetry
V. 0%V,
oxdy  Oydx
o2V, 02V,
© = - 2.36
Ox0z  0z0x ( )
V., 9,
oydz 020y
Generally, one can express equations using matrix
3sin?f0cos2 ¢p—1 sin?fcos¢psing sinfcosgcosd
o*V e
or 8.’1?5 = Z T_3 sin?fcos¢sing  3sin?0sin? p—1 sinfsinpcosd (237)

c

sin @ cos ¢ cos 0 sin @ sin ¢ cos 6

3cos2f—1

The electric field gradient tensor qu can be expressed in cartesian coordinate sys-

tem (x,y,z). Taking into account its symmetry and Laplace equation AV = 0 (con-

sidering only the charge distribution which is external to the nucleus) only five in-

dependent components remain expressed. From the general definition of the field

tensor, i.e. from equation (2.25)

€c
‘/;12 - mYk,fq(aca ¢c)

c

(2.38)
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1
VE =4/ 16%7“_3 Zec(?) cos® — 1) (2.39)

Since from equation (2.30) V., = 5 3" e.(3cos? # — 1) and substitute this into equa-

tion (2.39) one can get

5
=y —— 24
Vi = gV (2.40)

2
Where V,, = £%

1 15 4
2 _ = Y a2 p ti2¢
Vi, = 3 Ec €ct/ 39 sin” Oe (2.41)

Here we have used Y; 15 = /2> sin” §e*?%. Taking the real part only

327

1 15
2 102 2 102
Vi, = 5 EC ect/ 39,7 5in f(cos” ¢ — sin® @) (2.42)
By subtracting equation (2.31) from (2.32), one can get

— 1
w =3 Z e.sin? @(cos? ¢ — sin? ¢) (2.43)

2 _ 15 Va::c_vyy 1 5 _ sz_Vyy
Therefore, Vi, = |/ 55- =5 = 11/ 5-11Vz2- Where n = =52

3
€c
Vi =) 5Yom
vh =Y % 15 40 6in 6 cos 0 (2.44)
. 3\ 8
Where, V5., =/ 52¢**sin 0 cos 0. If we consider only the real part

¢ [15 .
V2 = Z 7%’ / - sin @ cos 6 cos ¢ (2.45)

Generally, the electrostatic gradient tensor V can always be referred to a coordi-

nate system xyz (principle axis system) such that the off-diagonal elements vanish.
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Then, the number of components may be further reduced by a suitable transforma-

1 /5
V2 — _\/i‘/zz
0 4V

Vi =0 (2.46)

1 5
Vi, = 1\ 6—7T77sz

The electric field gradient is characterized by the parameters V,, and n. With the

tion to the principal axis.

convention |V,,| < |V,,| < |V.,| the asymmetry parameter ; has values in the range
0 < n < 1. When the field gradient has axial symmetry, as for hexagonal or tetrag-

onal lattices, the components V,, and V,, are equal and the electric field gradient

1[5
2= 2V 2.4
Yo 4\/;‘/ 24D

Substitute equation (2.47) into equation (2.28), then the Hamiltonian H, can be

Hy = \/gTOQVZZ (2.48)

With the quadrupole interaction energy given by:

is given by

written as

By = (Im| Ho|Tm) = \/§%2<1m|T02|Im> (2.49)

The quadrupole moment of the nucleus is defined as the maximum Z component

(I=m) of the quadrupolar tensor as [1, 18]:

eQ = (II|Y " py(32) — r))|II) = (I1| Y _ ppra(3cos” 6 — 1)|11) (2.50)

p p

But, the second rank tensor operator of the nuclear quadrupole moment was de-

fined in equation (2.26), using this equation, one can get

2
PpTy |5
T = E %\/;(300529 —1)
p
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Where Y,y = /12-(3cos® 0 — 1)

T2
05 = Z ppra(3cos® 0 — 1) (2.51)

\ 167 p

Using equation (2.51) into equation (2.50), then

1y

eQ = (I |[11)

5

167

Q = 4\@ (T T2|IT) (2.52)

This equation is solved Using the Wigner-Eckart theorem and the 3 — j symbols (in
Appendix A.1 and A.2)[10, 15] and then equation (2.49) become:

Ep = (1) —m(f ’ 1><f||T2||f> (2.53)

-m 0 m

Q=1 %( 2 1><f||T2||1>
-1

0 I

eQ
I 2 1
4\/% (—I 0 1 )

Inserting (2.54) into (2.53) and evaluating the 3 — j symbols leads to the energy

(I17?)11) = (2.54)

eigenvalues of the quadrupole interaction

C3m2—I(I-1)

Eu="ar-n @ (2.55)

Due to the m?-dependence of the quadrupole interaction energy, there is still a

two fold degeneracy of each energy levels. The energy difference between the two
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consecutive sub states m and m’ is then given by

By — B,y = @V |m?

. o 12
= 741(21 Y m°—m ‘ (2.56)

The fundamental frequency of the interaction (wg) [15]is now defined as

3eQV

Em — Eml = 3th ‘m2 — le‘ (258)

6wg for half integral,
W =
3wg for integral.
where wj is the frequency which corresponds to the smallest non-vanishing en-

ergy difference.

Figure 2.2: The splitting of the intermediate energy level for the spin I = 5/2.

When the field gradient is not axial symmetric (n # 0) the influence of 7 on
the energies of the m states may be easily understood if we write the quadrupole
interaction with Hamiltonian as a function of the angular momentum operators as
[1,3,11]:
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Ho=312—I(I+1)+ g{ﬁ + 12 Viwg (2.59)

where I,, I, and I_ are designate angular momentum operators. The quantities w
and 7 are defined in Equation (2.58) and equation (2.44) respectively. In order to
calculate the energy eigenvalues, the interaction matrix (Im|Hg|Im') has to be di-
agonalized. This can be achieved by the unitary transformation of the Hamiltonian

(Hg). For the spin [ = g the resulting energy eigenvalues are [5,7]

1
Eis = Eo+ QOzth(garccos 3)

1
Eys = Ey - 2ath(§(7r + arccos f3)) (2.60)

by

o=

1
= Fy — 2ath(§(7r — arccos 3))

Where a and [ are

= — (2.61)

The corresponding expression of the spin precision frequencies are

1
w = 2v3awg sin(garc cos [3)

wy = 2V/3awg sin(%(ﬂ — arccos 3)) (2.62)

1
W3 = Wy + woy = 2v/3awp sin(= m + arccos 3
@73

The value of the asymmetric parameter defined by equation (2.44), in the principal
axes system with the convention |V,,| < |V,,| < |V,,|, is restricted to 0 < n < 1.
Therefore, the electric field gradient tensor can be described for most applications

by two parameters i.e; V,, and 7. The strength of the quadrupole interaction may
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Figure 2.3: The splitting of the intermediate energy levels of spin I = 5/2 and asso-
ciated transition frequencies as a function of the asymmetry parameter n according
to eq. 2.61 and 2.63

be expressed by the interaction frequency (v):

eQVz. 10

vo = g(n) = g(n)gwl (2.63)

which is independent of the intermediate level spin. If = 0, then ¢ = 1. In
the above theoretical considerations, the gradients are arising from charge distri-
butions at lower cubic symmetry that surround the decaying nuclei are mainly

responsible for the quadrupole interactions.



Chapter 3

The Perturbed Angular

Correlation spectroscopy

3.1 Introduction

Perturbed angular correlation (PAC) spectroscopy is a nuclear technique based on
nuclear interaction between electromagnetic moments of the nucleus ( magnetic
dipole moment and electric quadrupole moment) and extranuclear fields. These
electromagnetic fields exert a torque on the moments which results in a precession
of the moments.Measurements of hyperfine interaction in solids directly give the
quadrupole coupling constant of the nucleus, and can be determine the symmetry
of the field tensors.

The PAC technique requires the introduction of radioisotope probe atom that
decay through v — v cascades in the material host of interest. The directional corre-
lation of the two emitted v— rays provides information on the electric or magnetic
fields of the local environment of the probe. Quantum mechanically the perturbed
angular correlation method consists basically on obtaining an ensemble of aligned
nuclei in an excited state and measuring the angular distribution of the radiation

emitted from this state. Alignment of an ensemble of nuclei is obtained when the

19
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population of different magnetic sub-states are not equal but states with symmet-
ric magnetic quantum numbers, +m, are equally populated. The work presented
in this thesis involves only non-magnetic solids involving electric quadrupole inter-
actions. According to the time behavior of the fields at the site of the nucleus, the
interaction of the nuclear moment with the field can be static, periodic and time
depend interaction but in this work, the static extranuclear interaction is consid-
ered. Therefore, the subsequent discussion will be restricted to electric quadrupole

interactions in crystalline materials.

3.2 The Perturbed Angular Correlation

The perturbed angular correlation method consists basically in obtaining an en-
semble of aligned nuclei in an excited state and measuring the angular distribu-
tion of the radiation emitted from this state. Alignment of an ensemble of nuclei
is obtained when the population of different magnetic sub-states are not equal but
states with symmetric magnetic quantum numbers, +m, are equally populated.
When the nucleus decays by the successive emission of two y-rays in a cascade
as shown in Fig.3.1, detecting v, in a fixed direction selects an aligned ensemble
of nuclei and the radiation 7, shows an angular correlation relative to the first

direction.

Figure 3.1: Decay cascade of an exited nucleus

The first ray v, is associated with the transition from the initial nuclear state
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I, M; to the intermediate state IM which then decays to the final state 7,1/, follow-
ing the emission of the second gamma ray ~,. If the populating +, is detected in a
certain direction by detector 1, a group of nuclei with particular spin orientation of
the intermediate is selected. Due to angular momentum conservation, the distri-
bution pattern of the depopulating -, is spatially anisotropic. Since the anisotropic
radiation pattern can only be observed with respect to the first populating gamma
ray, the spatial distribution of the second gamma quantum is called an angular
correlation.

An external electromagnetic field (i.e. EFG) at the site of the decaying nucleus
will interact with electric quadrupole of the probe nucleus. These hyperfine interac-
tion lift the degeneracy of the intermediate states. The amount of energy splitting
is related to the strength of the local field. The intermediate state I is present only
during the time between its formation and successive decay. This results in a time
dependent angular distribution of the emitted radiation. This is characterized by
the perturbation function Gy, which is related to the amount of energy splitting. If
AFE = E,, — E,, is the energy difference between the two substates m and m’, G,
[3] has the form ‘

G ~ wp[%nAE]

~ exp|—iwt] (3.1

In a polycrystalline sample the electromagnetic fields at the site of the probe atoms

have random orientation. In this case the angular correlation [3,5,23] is given by

Kmaz

W(@,t) = Z Akkak(t)Pk(COS 9) (32)

k=0
The value of K are in the range of 0 < K < minimum of (21, L, + L, Ly, + L))
Where 6 is the angle between the successive direction of emission. Ay, is angu-
lar correlation coefficient (depends exclusively on the nuclear property), which de-

scribe the deviation of the coincidence probability from the isotropic case W (¢) =1
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[15]. Py(cosh) is legender polynomials, and it describes the spatial angular distribu-
tion of the v — ray.

Equation (3.1) suggests that the perturbation function G, will result in the time
dependent oscillation of the angular correlation with the spin precession frequency
w. The hyperfine interaction between the nuclear electric quadrupole moment with
an external electric field gradient with axial symmetry [1,3,5], can be describe by

the perturbation function in (3.2):

3
Gri(t) = Z Skn cos(nwot) (3.3)

n=0
Where wy is the smallest precession frequency which can be observed (see equa-
tion 2.59) and n is a positive integer (including 0) with values |m? — m”?| and §|m? —
m'?| for integer and half-integer I respectively. The coefficients S, which corre-

spond to the transition probabilities between sublevels are defined by.

2

SmZ(I b ) (3.4)

mm’ \m'  —m —m+m/

Numerical values for S;, are tabulated for several values of the intermediate
spin I in [15], for k¥ = 2 and I = 5/2 the Sy, coefficients are sy = 0.2000, 591 =
0.3714, 595 = 0.2857, 593 = 0.1429[7, 14].

For a non-axial electric field gradient, The perturbation function can still be
written as in equation (3.3) but the Sy, coefficients and transition frequencies de-

pend on the value of #:

3
Gkr = Z Skn (1) cos(ny (n)wot) (3.5)
n=0

In case of single crystal source Eq (3.2) is now no longer applicable because
the angles, which the detectors 1 and 2 form with the direction of the V,, compo-
nent, have to be taken into account, and the angular correlation function has to

be calculated separately for each detector arrangement. On the other hand, using
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single crystals, the orientation of the field gradient tensor with regard to the crys-
tal lattice can be determined by the measured amplitudes ss, [7,6]. The correlation
function of axially symmetric field of the single crystalline source of spin I = g is
defined as

3
R(t) ~ Go =Y _ S (01,61, 02, 62) cos(nwt) (3.6)

n=0

Where S¢// (6, ¢1,0s, ¢) coefficients are drived using the function Y}V (0, ¢) and
ratios of the anisotropic coefficients [15]. Hence Y, (6, ¢) of the correlation function
determines the modulation pattern of the orientation of the EFG with respect to
the detectors.

3.3 Determination of R(t) function

In this section we will discuss how the data are measured experimentally and com-
pared with appropriate theoretical perturbation functions. In measuring the angu-
lar correlation between 7, and 7, as a function of time elapsed between the arrival
of both photons at least two detectors are necessary. The simplest form of the ex-
perimental set up is a two detector system in which one is fixed and the other one
is movable (see figure 3.1). By detecting both ~; and 7, in coincidence, information
can be obtained on the orientations of the same nuclear spins I at the times of
the emission of the two 7 rays, from the measured change of the spin orientation
ATl during the time t, elapsed between the emission of both gamma rays for an
ensemble of probe atoms, the spin precession frequency w is deduced. From such
arrangements eight coincidence spectra N;;(6,?) are possible like the arrangement
of four fixed detectors that each form 90 degree to each other. The coincidence count
rate between two detectors i and j, whose axis form an angle # with a radioactive

at the vertex is given by [14].

Nij(0,8) = Noeap(—2)W (8, 1) + By (0, 1) 3.7)

™~
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where t is the time interval between the detection of 7; and ~,, N, is the number
of cascades per unit time occurring in the sample, 7y is the lifetime of the interme-
diate state, 17 (0,t) is the correlation function of the v cascade and B;;(f,t) is the
background coincidences count rate. The first step in the evaluation of the exper-
imental data is the subtraction of the background coincidences count rate. From
the measured coincidence counting rates the ratio function R(t) was obtained by

the following relation.

N(180°,¢) — N(90°,¢)

o 2 N13(1800,t)NQ4(1800,t)
Rt = 5[\/ N14(900, £) Nos (900, 8) 1] (3.9)
But
N13(180°, ¢ 1809, ¢
_[\/ JIVl 900, ¢ E90° )) 1] = AGo (3.10)

Hence R(t) ~ AyG. From the theoretical considerations, the perturbation func-
tion of axially symmetric field of the single crystalline source of spin I = 3 is fitted
with the experimental R(t)[7]

R(t) ~ AgaGaa(t) = Agy Z S0y, 1, 0a, ha) cos(nw,t) (3.11)

once we know the relation between the experimental measurable quantity R(t) and
the perturbation factor G(6y, ¢1, 62, ¢2,1t). It is possible to determine v and 7 from
the measurable spectra. R(t) is proportional to the perturbation function Ga(t)
which contains all the information regarding the hyperfine interaction between

the nuclear moment and the crystalline field gradient.



Chapter 4

Result and Discussion

4.1 Introduction

Crystalline solids with atoms, ions or molecules of which they are composed falling
into regular, repeated three dimensional patterns. Defects such as missing atoms,
misplaced atoms and the presence of impurities have a considerable play role the
physical properties of a crystal[16]. In semiconductor, it is common to find impuri-
ties, which are doped intentionally or undesirably during material processing. So,
such situations can change the electrical and optical properties of the material by
creating impurity energy level in the forbidden energy gap of the host material.

In the current presentation, silicon material is used which has diamond struc-
ture. In crystalline silicon, each atom makes covalent bond with the surrounding
nearest atoms to form cubic environment. When we incorporate atoms, such as p,
As, and Sb, which are donors in silicon, one extra electron will be in the vicinity and
forms an energy level inside the forbidden gap. Similarly if we incorporate group
three atoms such as B, Al, and In, their presence leaves vacancies called holes in
the electron structure of the crystal lattice. Besides the existence of extra charges
(i.e. electrons and holes), the entire charge distribution will be disturbed near the
sites of impurity due to the size difference and change of different lattice parame-

ters near the impurity. The formation of complexes of group three and five in silicon
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semiconductor is by columbic attraction of oppositely charged atoms. The forma-
tion and the effects of group V (P, As) impurities on the behavior of indium atoms
implanted into silicon single crystals was studied by Rutherford back scattering or
ion channelling spectrometry, perturbed v — + angular correlation, Infrared spec-
troscopy and resistivity measurements for high dos indium ion implantation on the
past [6,7, 8].

Using perturbed v — v angular correlation, we can measure the fraction of the
total numbers of probe atoms in a particular environment. One can, therefore,
determine the fraction of indium atom involved in Cd-impurity complexes, which
is proportional to the impurities and a Boltzmann factor involving the complex’s
binding energy. It follows that, in a given material, at a given temperature, the
measured fraction of indium -impurity pairs is directly proportional to the concen-
tration of impurity. In the present discussion, results of the perturbed v —~ angular
correlation (PAC), which is sensitive to the nearest neighbor defects. The popula-
tion measurements of In-P pair in silicon at various annealing temperature will be

presented.
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4.2 Formation of In-p pairs in Silicon.

The samples were prepared from a Czochralski (CZ) grown silicon wafer with
< 110 > surface and the implantation were carried out in two steps, first the in-
dium atom was implanted in a specified profile and then secondly the phosphorous
impurity would implant on the same profile with that of indium. now, we are in a
position to deal on the formation of In-P pairs in silicon crystal. we made the im-
plantations using the ion implantation method. The impurity atoms, which are In-
dium and phosphorous were implanted or incorporated in the crystal silicon. Since
the concentration of the dopants have an influence on the formation of pairs In— P,
for the present work the impurities implantation dose were of 4 x 10*atoms/cm? at
60kev and 8 x 10'2atoms/cm? at 160kev for P and In respectively. The implantation
has held at the university of Bonn in mass separator facility. After the implanta-
tion of each impurities, there were formation of defects near the probe atom and
these may create defects due to the high energy implantation. Such radiations
damage would be recovered by annealing the samples at different temperature us-
ing the isochronal annealing program. In case of this work, the radiation damage
was recovered at annealing temperature of 627°c with well defined interaction fre-
quency of the In-P pair [7]. All the measurements were performed by the perturbed
angular correlation technique, which is clearly discussed in the previous chapter
of this thesis. In the current work, one can able to see the formation of In-P pairs
at different annealing temperature as well as the variation of the population and

other important parameters of the Hyperfine interaction.
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4.3 Result and discussion

After the post-implantation of phosphorous, a typical R(t) spectrum is shown in
Fig 4.1, for the annealing temperature of 700°¢, 900°¢, 700°, 1000°¢c and 700°c at

annealing rate of 10, 10, 30, 10 and 40 minutes respectively.

t 700°c/10min

s0 100 150 200
time[ns]

900°c/10min

= o.05

0.0s - _

R(Y)

50 1600 150 200

s0 100 150 200

Figure 4.1: PAC time spectra modulated by the interaction frequency of In-P pair
in silicon.Measurement are taken along < 110 >
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700°c/40min

50 100 150 200

Figure 4.2: PAC time spectra modulated by the interaction frequency of In-P pair
in silicon.Measurement are taken along < 110 >

The measurements observe the interaction at the intermediate state / = 2 and
the population of the pair '!'Cd-p has been influenced by the annealing tempera-
ture T,. The Cd-P implantation at room temperature causes radiation damage and
starts amorphization of the Si crystal. During annealing up to 700°C', recrystalliza-
tion occurred and the formation of Cd-P complex was formed with the observation
of the well defined quadrupole interaction frequency [7, 13]. When the sample
is annealed at temperature of 700°C for 10 min, the fractional population of the
complex would be 27(2)%. For the annealing temperature 7, > 700°C, the '''Cd-P
complex starts to dissociation because the thermal energy attained by the complex
at high temperatures exceeds the binding energy that keeps them together. Hence,
After annealing the sample at 900°C for 10 min, the fractional population dropped
to 16(1)%. whereas, the fractional population of the tetrahedrally symmetric sub-
stitutional site of indium grows to nearly to 66(1)% at 900°C. The sample was then
annealed again at 700°C for 30 minutes, and the PAC data showed an increase in
the pair fractional population to 21(1)%. This change can be seen in Fig 4.1 by
the amplitude change of the modulation in the PAC time spectra. The results are

summerized in table 4.1.
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T, In-P substitutional | Cubic | undefined
700°C'/10 min 27(2) 57(1) 16
900°C'/10 min 16(1) 66(1) 18(1)
700°C'/30 min 21(1) 60(1) 19(1)
1000°C/10 min 5(2) 76(2) 19(2)
700°C'/40 min 7(1) 73(1) 18(1)

Table 4.1: Fit results of In-P pair in Si

All the Panels of fig 4.1 and 4.2 shows the PAC signal modulated by a well de-
fined interaction frequency of vy = 179(1) MHz and this result is in agreement with
previous report [7, 8]. The observed frequency modulation resulted from the forma-
tion of a unique probe defect complex in the sample is assigned to the formation
of the substitutional ''Cd — P pair in the silicon. Since, this frequency has never
been observed in any intrinsic silicon or even there is no report of the frequency of
this nature in Other impurity doped silicon at these 7,.

The orientation measurement also characterizes the pair '!Cd-P and we mea-
sured by directing the major crystal axis toward the detectors, (i.e. < 100 >, <
110 >, < 111 >). This measurement suggests that orientation of the major compo-
nent of EFG tensor (V) lies along < 111 > [20], but it’s symmetry is determined
from the value we observed in the fit result, (i.e. (n = 0)). In this measurement,
we observed only one frequency for the values of the T, shown in fig 4.1 and then
the frequency eventually disappears above 1000°C [7]. More phosphorous clusters
could be observed when phosphorous is doped at the time of crystal growth [6, 7, 8].
So, the results we observed here is only one, since phosphorous was incorporated
using the implantation method. The two possible sites are

Site 0 stands for an indium surrounded by four identical host atoms and form
cubic environment. In this site the indium can not experience an EFG, as the
charge distribution at the Indium probe is symmetric in diamond lattice. The
second site with one impurity atom next to the probe atom and this breaks the

symmetry of the charge distribution , which leads to a unique EFG.
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Figure 4.3: Models representing possible substitutional indium environment in Si,
where the black balls are host atoms

The anisotropy coefficient of as A5, = —0.1050, this is the effective spatial anisotropy
of the v — v angular correlation. This result is some what deviated from theoretical
values given in [3]. The frequency of modulation of the R(t) signals is proportional
to the strength of the electric field gradient at the probe nuclei (!!'/n), which is
clearly discussed in chapter two of this thesis. The EFG can be calculated through

|
Vo = th 4.1)

The measured frequency corresponds to the EFG (i.e. 8.9 x 10'"-Y%;) is the result
of an asymmetric charge distributions caused by either the presence of near by
defects and/or unpaired localized charge at the site of the probe atom. In general,
the magnitude of the EFGs vary with the type of impurities [7, 8, 13]. The measured
EFG also affected by the size of the impurity incorporated in and lattice location of

an impurity, since the EFG depends on r3[7,8,9].
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—m— [n-P pair (site 1) pe)

70 | —O— Subst. Site /

Population of probe atom [%]

700°CM10 min  900°C/10 min  700°C/30 min  1000°C/10 min

Annealing temperature (°C) on different time rate

Figure 4.4: The fractional population of indium at different environment in differ-
ent annealing temperature with different rate.

4.4 Dependence of the defect fraction on anneal-

ing temperature.

Temperature dependence of the fractional population f of In-P pair in silicon was
studied for annealing temperatures above 700°C'. A decrease in f with higher an-
nealing temperatures is shown by decrease in the oscillation amplitude in R(t)
spectra (see figure 4.1).

In the following sections based on the thermodynamics of the equilibrium con-
centration of acceptor-donor pairs and the binding energy of the site 1 was calcu-

lated using the fraction of the pairs obtained from the PAC experiment in table
4.1.

4.4.1 Determination of the binding energy for Impurity pairs

The fraction of the probe atom forming the complex '!Cd-P was determined at
each annealing temperature see table 4.1. The impurities were incorporated to the
silicon crystal with dose of 4 x 10atoms/cm? and 8 x 10*2atoms/cm? for phospho-
rous and Indium impurity respectively. Using the concept of free energy, one can

describe the ratio of number of impurity pair in silicon to their constitues or free
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state. The free energy F of the whole crystal after incorporating the impurities is
given by [14,17].

Nin—p (TLP - nln—P)(nIn - nIn—P) Stn—p — Sp — S
N N? Zeap| K )
—(Em-p—Ep—FEp,
X exp| (Er PKTP ! )] 4.2)

Where E;,_p — Ep — E7, = ¢ is the negative of the binding energy which is equal
to the energy difference between the trapped and free state. N is the number
of lattice sites of the sample in which the impurities as well as the pairs can be
arranged on. np,n;, and n;,_p are the number of isolated atoms P, In and In-P.
Stn-p — Sp — S, = AS, which is the difference in vibrational entropies for the
pair and for isolated impurity sites. Z is the coordination number of the lattice
(for tetrahedral lattice, Z = 4 ). If the vibrational entropy effects is neglected and

N>> np,nr,. Equation (4.2) can be written as

C]n p = CpC]nBel'p[ (43)

=]
KT
Where C represents concentration. Commonly, the binding energy E is defined
as positive (i.e. E=-¢). Measurements of the temperature dependence yield the
information on the binding energy. The slope of the Arrhenius plot In( 7% CI _— ) Vs

gives the binding energy. Equation 4.3 can be written as

CIn—P - E
In( ) =In(B) + 77 (4.4)

Where E is the binding energy and B is the ratio of free and trapped state
around the complex formed. Therefore, using the fractional population of the pairs
obtained from PAC data with the annealing temperature interval of 700°C'—1000°C,

one can be able to calculate the binding energy of the pair in site 1 (see figure 4.3).

InP

The observed ratio +* is equal to , 1.e., to the ratio of the Indium atoms bound

f
with one phosphorous impurity to the concentration of Indium atoms surrounded

by the host atoms only. Knowing the nominal phosphorous concentration C, the
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Annealing temperature (7,)[K] | reciprocal of T,[K '] Cg‘ﬁp
973 0.00103 0.37
1173 0.00086 0.19
1273 0.00078 0.05

Table 4.2: The ratio of fractions of the pair to fraction of the impurity

g’" CP was determined. This is taken under the condition that the equilibrium state
is reached at each annealing temperature. The ratio of fractions paired to fraction
of the probe atom obtained from fit of PAC data given in table 4.1 is tabulated in

table 4.2.

1]
0.36788 .
O 0.13534
o
=

& 004979 T

CI

0.01832

0.0008 0.0009 0.0010 0.0011
1UTIK"]

Figure 4.5: Relative fraction of In-P complexes in silicon as a function of the inverse
temperature. The straight line is a fit of (4.4) to the experimental data.

Figure 4.4 show Values of 1" o plotted on a logarithmic scale verses % The

straight line in Fig. 4.4 is least squares fit of Equation 4.4 to the experimental
data with B and E being free parameters. Therefore, the slope of the plot in fig 4.4
gives the binding energy E of the In-P pair, that is 0.64eV and. The result deviates
from the value obtained using coulombic attraction between a single donor and
an acceptor as nearest neighbors in silicon (0.5¢V). In literatures [7], the binding

energy of the different group five donors with Indium atom was reported (see table
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pair In-P | In-As | In-Sb
vo(MHz) | 179(1) | 229(1) | 271(1)
Ep(eV) 0.69 0.54 0.32

Table 4.3: Binding energy of the indium donor pair in Si [7]

4.3). The value obtained in this work is near to the result reported for In-P pair
in previous report. The binding energy calculated in this thesis is based on the
fractional population obtained from the PAC data, as given in table 4.1 and 4.2.

From table 4.3, one can see group five atoms bound with Indium atom. The
values show that the strength of the chemical bonds they have. From this point
of view, one can observe that the binding energy decreases with increasing atomic
size. We can also conclude that the re trapping of donors after dissociation of the
pairs could successfully be observed for the donors having less binding energy.

From the results discussed so far, the binding energy of the pair formed in site
1 is 0.64€V, this result is nearly similar to the previous report in Table 4.3 [7]. The
second free parameter in equation 4.4 is also found from the fit of the experimental
data (i.e., B) and its value is 7 x 10%2. As B represents the ratio of free and trapped
states around !'!Cd-P complex.

In this thesis, the proposed structural model, the measured electric field gradi-
ent using the PAC method have shown a remarkable agreement with theoretical
calculations as well as with others previous reports [7,13]. The measured binding
energy using the PAC method also have shown a remarkable agreement with the
previous report [7]. Specifically, knowing the number of fractions in the sample can
help us to understand the effects of the pairs on electrical or optical properties of
materials [6]; that’s why this technique is applicable for material science. So, from
this nuclear technique, one can be able to study the properties of semiconductors
by investigating the microscopic environments of the atoms such as crystal field
gradient,(i.e. EFG).

The study of problem dealing on the variations of the population of the '!'Cd-P

complex with annealing temperature enable us to determine the binding energy of



the complex and the ratio of free and trapped states.
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Conclusion

In this work, the formation of '!Cd-P complex was studied using the perturbed
angular correlation spectroscopy. By fitting the experimental data with the the-
oretical perturbation functions, we have determined the interaction parameters.
From the time spectra taken at various annealing temperatures showed unique
quadrupole interaction frequency associated with the presence of phosphorous in
silicon. All the spectra shows an interaction frequency of vy = 179 MHz, which is
associated to the complex. This frequency represents the formation of '!Cd-P in
silicon. The measurements suggest that the orientation of the major component of
EFG tensor (V,,) lies along < 111 >. The frequency damping 6 = 0.86% is deter-
mined for spectrum taken at 700°C'/30 minutes and § = 0.29% for all other spectra.

The variation of the population of the '''Cd-P complex with annealing temper-
ature was observed. Therefore, from the fraction of probe atom at site 1, we have
determined the binding energy of the complex by taking the temperature interval
700°C' — 1000°C. The value of the binding energy and the ratio of free and trapped

states are obtained as 0.64eV and 7 x 10? respectively.
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Appendix A

A The Wigner Eckert theorem

Matrix elements (jm|T}|j'm’) separates in to two parts, one of them contain-
ing information on the magnetic quantum numbers, and the other part containing
more the characteristics of the eigen vectors and operator. The Wigner-Eckart the-

orem separates this dependence in a specific way by the result.

. . e N . .
(m|Tg]j'm') = (=1) ( ’ ’ ) G5
-m q m
The double-barred matrix element is the reduced matrix element. Its value does
not depend on the z components m’, m, and q. Whereas the angular momentum

dependence expresses through the Wigner 3j-symbol.



39

B The 3-j symbols
Calculation of the 3 — jsymbols for k¥ = 2 and spin I = 2 For any angular mo-

mentum j;, js, jswith projection mq, ms, ms respectively is given by relation.

<j1 J2 J3 ) = (—l)jl_jZ_mSA(jl,jQ,j3)W3(j1aj2aj37mlamZam3)

mi m2 m3

where
. NV NV . N
Ay o o) = (L2 = 30 = o + N 2 4 o)Ly
(j1+ o + js + 1)!
W3(j1,j2,j3,m1,m2,m3) = [(j1+m1)!(j1—ml)!(j2+m2)!(j2—mg)!(j3+m3)!(j3—m3)]%
(=1)”
X ; ; ; ; ;
z,j:”!(]l +j2 — Js — V) (J1 — m1 — ) (ja — my — v)!
1
X

(j3 —jo +my +v)(j3 — j1 — ma + v)!

Where the summation is over zero and positive values of v for which the factorial
is not negative. Using this formula we can evaluate the 3 — j symbols as wherej; =

jz =1, jo = 2,m1 = —m, my = 0 and m3 = m follows

(I ? I) = %Qﬁg;;i?ﬁmﬂu+nm@y@m1—mm1+mm‘

(=1)"

ZV:V!(2+I—I—1/)!(I+m—1/)!(2—0—1/)!
1

(I-2—-m+v)(I-1—-0+v)!

N

X

Where v = 0, 1, 2 (since the other terms make the factorial negative).Therefore we

can write the matrix as follows

o=

T2+ 3)(21 + 2)(21 + 1)(21) (2] — 1)]

-m 0 m

<1 2 1> 2(3m? — I(I + 1))



The same is true for the following matrix

(1 2 1): 21(2 — 1))
oo 1) RI+3)2I+2)20 + 1)(21) (2] - 1))

The quotient of the two matrix is
( 1o )
-m 0 m
( 1o 1>
-1 I

2(3m? — I(I +1))

- [[(21 +3)(21 +2) (2] + 1)(20) (2] - 1)]7

]

o

21(21 — 1)
[(27 +3)(21 +2) (21 + 1)(21)(2] — 1)]7

(I 2 I)
“m o0 om )  3mE—I(I+1)

<1 , 1> o I(2I-1)

=

]

Therefore
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