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._-__ ABSTRACT _

_This thesis is concerned ;with investigating the production of thin film Bi-Sb alloys
by ion :t>ea[m mixing. Samples u;ere composed of a thin Sb film sandwiched between two Bi
layers: the thicknesses of the films were varied to p_rodu.ce composition range from 0 to
~45% Sb. The overall thickness was about 55 nm.

Anglysis of the films by Rutherford Backscattering Spectrometry (RBS) and Auger
Electron Spectroscopy (AES) indicated that ion be@ mixing can produce uniform Bi-Sb
alloys with doses of about 2.8 X 1015 cm =2 of 80 KeV Ar+ at room temperature. The results of
Electron Microscopy showed a grain 'g-rowth due to ion bombardment.

The mixing ;xas charscterized by the increase in the full width at half maximum
(FWHM) of the Sb signal in the RBS spectra. it was measured as a function of ion dose, dose
rate, mass, and energy. The dependence of mixing on the témperature wasg also investigated.
A square-root dependence of mixing on the dose confirmed a diﬁ'usioxfx like mixing process.
The rate of mixing per ion dose was found %o increase with the elastic energy depositéd at the
Bi/Sb fnterface. The mixing is temperature independent in the range of ~40 to ~266 K, i.e.,
collision cascade mixing dominates. An effective diffusion coefficient, D*, of about
4.9%10-28 eméfion was determined. At temperatures higher than ~266 K, the mixing
increases with the temperature. This suggests that a radiation enhanced diffusion
ﬁ:echanism is the dominant mixing process. An effective diffusion coefficient of
~1.7X i0-27 cmédfion at room temperature waslcalculated: an activation energy of ~0.15eV
was found. |

Thermoelectric chai‘acteri;;tiﬁ of ti"xe alloys were investignted by measuring the
thermal voltage, V, as a function of the tc::-::pera.tu:e, T, in th‘; range 300-500 K, for a.lloys‘

with various cormposition. The thermal voltage was found to have a linear dependence o;':‘



temperature. The thermoelectric .power, d-V,/dT. reaches a maximum of about 70 pV/deg, for
Bigr S'b_ls. The dependénce of the thermoelectric power on Sb concentration agrees with t;m v
:ﬁodel put forward w—;plain the transport properties of bulk Bi-Sb alloys. An empirical
model has been proposed to relate-the state of mixing with the measured thermoeleétric

power.

A

iv



R

‘ ,,{

v -

ACKNOWLEDQ:.}EMENTS

I am grateful to Dr. D.A. Thompson for his continuous encouragement, support,
and guidance that made this work possible. -

[ am indebted to Dr. J.A. Davies for the precious pieces of advice and sugg:estions
that [ benefited greatly from throughout this work.

I amThankful ta Dr. H.D. Barber for hi:continuous interest in my .work and his
valuable comments and suggestions.

I would like to thank Mr. D. Yaraskavitch for'his skiilful efforts in sample
preparation. .

I also thank Ms-D. Stevanovic and Mr. U. Akano for their valuable comments and
discussiomns.

I also thank Mr. B. McClelland for ion-inﬁplanting the samples used for electron
' !

" microscopy. oL

I acknowledge with gratitude the help of Dr. R. Underhill in the Auger analysis
and the help of Dr. B. Robertson and Mr. F. Pearson in the electrbn microscopy.

I would like to thank Dr, V. Tikku for useful discussions during the very early

stages of the work.

*



i1

881

v

TABLE OF CONTENTS

INTRODUCTION

ION BEAM MIXING
2.1 Introduction

2.2 Atomic collisions in solids
2.2.1 Elastc scattering
2.2.2 Inelasticsecattering -
2.2.3 The number of displaced atoms
2.2.4 Cascadedimensions
2,25 Spikeeffects

2.3 Theoretical framework of ion-beam mixing
2.3.1 * Cascade mixing
2.3.2 Radiationenhanced diffusion

2.3.3 Spike effects
2.3.4 Chemical effects

2.4 lon beam mixing experirﬁents

2.4.1 Temperature

2.4.2 - Beam parameters

2.4.3 Profiles and microstructure
THIN FILM THERMOELECTRICS
3.1 The thermoelectric phenomenon
3.2 The thermoelectric power

3.3 Materials assessment

3.4 Thin film thermoelectric generators

N

EXPERIMENTAL TECHNIQUES AND INTRUMENTATION
4.1 Introduction )

4.2 RBS and implantation

vi

Page

g L&) L]
o -1 ~1

e
|

59

59

59



TABLE OF CONTENTS (continued)

4.3 . Thermoelectric characterization
4.3.1 Thermeoelectric power measurement
4.3.2 Measurement of the figure of merit
4.4 Samples preparation
4.5 Auxiliary techniques -
4.6 Experimental Procedures
v RESULTS AND DISCUSSION N
5.1 Introduction
. . 6
5.2 {on beam mixing
5.3 Mixing mechanisms ‘
53.1 A measure for mixing
5.3.2 Dependence of mixing on dose and dose rate
5.3.3 Dependence of mixing on ion energy and mass
5.3.4 Dependence of mixing on temperature
5.4 The thermeelectric characterization
5.4.1 The thermoelectric voltage vs. temperatore
5.4.2 Thethermoelectric voltage vs. alloy composition
5.4.3 Annealing ___—
5.4.4 Typeofconductivity
5.4.5 The figure of merit
5.4.6 The output power
5.4.7 Dependence of the thermoelectric power on the mixing dose
5.4.8 Discussion of the analysis of the dependence of Son &
b-]
vl - SUMMARY AND CONCLUSIONS
6.1 [on beam mixing
% .
6.2 Mixing mechanisms
6.3 The thermoelectric characteristies
6.4 General ! .
REFERENCES s

79
82

86
g2
97

~~

106
106
106
106
108
116
118
118
118
119

118

121



Fig. (1.1)

Fig. (1.2)

Fig. (1.3)

Fig. (2.1)

Fig.(2.2)

Fig. (2.3)

Fig. (2.4

Fig. (2.5)

Fig. (2.6)
Fig. (2D
Fig.(2.8)

Fig. (3.1)

Fig. (3.2) *

" Fig.(3.3)

LIST OF FIGURES

Pagé

The basic idea of ion beam mixing. o
The role of sputtéring in determining the maximum aumber of retained

ions (Ref. [9]). \\ X
Calculated distribution of 150 KeV Sb implanted into BL.(5 X 10158b/em=). 5§
a) Binary collision in Laboratory Coordinate System

b} Binary Collision in Centre of Mass Coordinate Svstem. )
Nuclear and electronic stopping powers in reduced units (Ref. [28]). 12

Electronic stopping cross-section 8, vs. Z;. The solid curves indicate
caleulated values according to Lindhard theory (Ref. [301). 14

Schematic of sample geometries used in ion beam mixing investigations. 20
Schematic representations of A-, B-, and C-kinetics of grain

boundary diffusion. Vertical lines indicate grain boundaries and curved
lines are isoconcentration contours, The diffusion source coincides

with the top horizontal lines (Ref.[T9]). 25
Temperature dependence of mixing Nb and Si laj:'ers under Si+ irradiation
(from Ref. [58]). : .30
Dependence of mixing on dose and energy of the bombardment ions

(Ref. [65]). 32
The dependence of mixing efficiency, §, on the mass of the irradiating ions )
(from Ref. [66]). . 33
The thermoelectric phenomenon (See text for details) ' 38

a) Seebeck effect
b) Peltier effect
¢) Thomson efect

Dependence of the thermoelectric power, S, the elecirical concuetivity,
0, 2and the thermal conductivity, K, on the concentration of {ree
carriers (Ref [8S1). . 51

The lateral configuration of 2 module of 2 thin film thermoelectric
generator (Ref. [123]}. 52

vill



LIST OF FIGURES (continued}

Fig. (3.4) _

Fig. (3.5

Figd.1)
Fig. (4.2)
Fig. (4.3)
Fig. (4.4)

Fig. (4.5)
Fig. (& 1_)
Fig.(5.2)
Fig. (5.3)

Fig.(5.4)

Fig. (5.5)

Fig. (5.6)
Fg. (8D

Fig. (5.8)

The cutput voltage and the thermoelectric power delivered into a

matched resistive load as a function of temperature difference.

(See text for details).

The vertical configuration of 2 module of a thin filix thermoelectric
nerator; [ is an insulator layer, A and B are the junction materials

{. [126]).

A schematic of an RBS spectrum.

A block diagram of RBS/implantation system.

A schematic of the target chamber.

A block diagram of t:he data acquisition system.

Schematic diagram of the system used for measuring the thermoelectric

voltage.

RBS spectra before and after bombardment with 80 KeV Ar+
{room temperatare).

RBS spectra before and after mixing with 80 KeV Ar+ of BI/Sb
bilayer system (room temperature).

’\ES depth analysis
a) before mixing

b) after mixing using 80 KeV Ar+
Surface compositional analysis by AES.

TEM micrographs of Bi/Sb marker system
a) before bombardment

b) after ~1X1015¢m -2 (80 KeV Ar+)
¢ after ~3X 1015 em -2 (80 KeV Ar+)

The dependence of the amount of mixing, A, on Az'; and Kr+
(doses)* for bombardment at room temperature.

The amount of m.:cmg, A, as a function of {dose)+ for various energies
of Ar+ bombardment at room temperature, :

Comparison of the calculated deposited energy (Fp) at the interface
and the amount of mixing (A) fora dose 0of 6 X 1014 Ar+/emlasa
function of Ar+ energy.

Page

53

62

654

66

30

81

35

88



LIST OF FIGURES (continued) - -

Fig. (5.9)

Fig. (5.10)

Fig. (5.11)

Fig. (5.12)
Fig. (5.13)

Fig. (5.14)

Fig. (5.19)

Fig. (5.16)

Fig. (5.17)

Fig. (5.18)

Fig. (5.19)

Fig. (5.20)
Fig. (5.21)

Fig. (5.22)

Amount of mixing, A, as a function of ¢t for Ar+ and Kr+

] bombardment at 40K.

-

Amount of mixing, A, as a function of ¢* for Ar+ and Ne+
bombardment at 40K. —-—

Variation of the amount of mixing vs. temperature for 4 X 1014

cm-20of 60 Kev Ar~. .

Temperature dependence of diffusion coefficients.

Seebeck voltage versus temperature for three alloys with dfﬂ'erent Sb
concentrations.

. Variation of the corrected thermoelectric power with Sb concentration

in Bi-Sb thin film alloys at room temperature.

Dependence of the thermoelectric power on the thickness of aBifilm
(Adapted from Ref. [140]).

a) Brillouin zone for Bi

b) Schematic of the dispersion relation for Bi near Fermi-energy
(from Ref. (141]).

The calculated dependence of the thermoelectric power on the reduced
Fermi energy.

Repeated measurements of the thermoelectric power for the two Bi-Sb
allovs with different Sb concentrations.

The thermoelectric power versus the square root of the ion dose
for 60 KeV Ar+ bombardment at room temperature.

The evolution of a Bi-Sb alloy due to ion bombardment.
The equivalent circuit of a partially mixed Bi/Sb system.

Schematic of some relations used in the anaiysis of S dependence on .
a) Dependence of Sg; on thickness, app"onmatechrom Ref. [1-.01

b) Dependence of alloy thickness on the ion dose. -

¢) Thermoelectric power of the alloy vs. composition.
d) Composition vs. ion dose. .

Page

- 89

30

93

96

98

- 99

100

.1a1

108

10%

108

110

111

112



;
!

).
)

-

—_—

!

Table (3.1)
3
Tal?le (3.2)

Table (3.3)

/
Table (3.4)

Table (5.1)
Table (5.2)
Table (3.3)
Table (5.4)
Table (5.5)

Table (5.6)

Table (53.7)

LIST OF TABLES

»

Seebeck coefficients for thin film metals and metallic alloys.
Seebeck coefficients for thin film semicond'uctor and semimetals.

Maximum values of the figure of merit, Z for bulk Bi-Sb and
some other semiconductors.

Output power for some cybernetic devices (from Ref. (2]).

Calculated ranges and elastic deposited energies for Kr+, Ar+, and
Ne+ in Bi.

Measured values of the increase in Sb width for adose of 4 X 104 cm -2
of 60 KeV Ar+ at various temperatures.

Caleulated values of diffusion coefficient and the corresponding i
temperatures,

Dependence of the characteristics of bulk Bi; _ ¢ Sby on the antimony
concentrations,

_Reported values of the maximum energy gap, Egmaz, occurring

in Bi-Sb alloys.
Comparison of ZT for pure Bi and Bi g7 Sh ;3 thin films,

The output power and the Seebeck voltage for a Bi g7 Sb 13 al!o_;'.

Page
48

49

54

58

91

95

95

102
104

104



CHAPTERI

INTRODUCTION

Thin fim thermoelectrics have a wide range of applications: they can be used as
sensitive surface thermometers, radiation detectors, cooling devices, and electrical power
gémerators [1,2]. Since the power produced by thin film thermoelectric. ge.n;e:;ators is in the
microwatt range, they became of increasing interest with the advent of low-power-
consumption microelectronic devices. Thin ﬁl;n thermoelectric generators are of special
value in aerospace and medical aﬁplications where light-weight, long-life power sources are
required for the microelectronic devices {2,3].

The possibility of producing thin film alloys that have favourable thermoelectric
characteristics using ion beam mixing technique was pioneered by Benenson et al. [4]. This‘
technique uses ion bombardment of a solid target to produce changes in the spatial
distribution oij the elemental species composing the target. The basic idea of producing a thin
film alloy by ion beam mixing is illustrated in Fig. (1.1}

In the present study, the formation of Bi-Sb alloys using ion beam mixing
technique is investigated along with the thermoelectric characteristics of the alloys produced.
Bi-Sb allovs were selected because thev bhave a potential for efficient thermoelectric
generation (for a recent review, see Ref. {51). The alloys are also of interest from the physics
point of view; Bi and Sb are semimetals, however, their bulk alloys were reported %o exhibit
semimetallic, semiconductor, or gapless behaviour depending on the alloy composition [5I.
Recently, hov:fever, it was reported [6] that doping single crystal Bi with Sb by direct ion
implantation, i.e., by bombarding Bi w:t"- energetic Sb ions and letting them come to rest

within the Bi erystal, did not lead to changes in the semimetallic behaviour of Bi towards 2
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semiconductor behaviour as anticipated: thermoelectric properties were not investigated and
only one dose (5X 1015 Sh/icm?) was reportad. lon implantation can only produce dilute alloys;
the limit is set up by the sputtering yield, i.e., the number of ejected atoms from the sotid per
incident ion. This is demonstrated in Fig. (1.2). The maximum achievable concentration of
ions A in a target Bis given by [T]:

Na/Ng = rf(y-.l] . ' | (L1
where, vy is the sputtering yield, and r is the preferential sputtering factor; r>1 if the.
probability of sputtering B atoms is greater than that of A atoms.

Fig. (1.3) shows caiculated distribution of 150 KeV Sb+ implanted into Bi for a2 dose
of 5X 1015 Sb+/cm? (to simulate the conditions given in Ref. [él); the sputtering vield is
assumed to be 5.0 [8]. .One can conclude that ion implantation is not only lirr}ited by the
sputtering yieldfbmill also lead to a depth-dependent alloy composition: ion impiantation
with multiple energies will be needed if a resulting uniform composition with depth is
requiréd.

lon beam mixing overcomes these difficuities and make it possible, in many cases,
~ to produce uniform alloys with any composition.. Comparison with conventional alloying

Fd

techniques can then be more informative, particuiarly for Bi-Sb alloys because Bi and Sb are
_oTE inormative ;

-
~

3
completely soluble in each other [9]. -

Ion beam mixing of various systems has been investigated. They can bg classified
in general, as: metal/metal, metal/serirhetal, and metal/semiconductor svstems (for a review
see Ref. [10]). Recently, ion beam mixing in' metal/oxide and metal/glass systems was
.
reported [11-13]. The present study is thus the first investigation of a semimetal/semimetal
svstem, [t is also the first detailed study. of the thermoelectric properties of the allo;_rs

produced by ion beam mixing technique [14]. The study mainly addresses the followinlg

questions:
k)
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Can Bi-Sb alloys be obtaine.d conveniently by jon beam mixing and what all?:y
composition can be produced? . |
What are the thermoelectric properties of the alloys produced?
What mechanisms are responsible for mixing m tlus system? -

The thesis is divided into six chapters. In Chapter II, the basic concepts of atomic
collisions in solids are presented. Models of ion beam mixing along with major experimental
findings are then reviewed. In Chapter III, the theory of therm;aelectricity is presented. The
criteria of determining the usefulness of an ailoy for thermoelectric applications are discussed
.and thin film thermoelectrics investigated up to date are listed. Thin film thermoelectric

generators are also discussed. In Chapter [V, the experimental techniques are discussed.

The experiméntal findings of the present investigation are presented and discussed in

-

Chapter V. Chapter VI gives 2 summary of the results and the main conclusions of the work.

e 3



CHAPTERII

ION BEAM MIXING . K

2.1 Introduction
It.m beam-mixing is the result of ion b'o_mbardmen't of a solid composed of unlike

-atoms that have a depth-dependent distribution. ‘The bombarding-ions transfer their energy

to the atoms o_f the solid through elastic and inelastic collision events. The theory of atomic

collisions in solids is well documented in the literature. The basic ideas of the theory will be

reviewed_ in Section (2.2). THe literature of ion beam mixing is still growing with various

authors adopting different approaches and nofations. A unified theoretical framework will be
_ i
presented in Section ¢2.3). The major experimental findings, reported by various workers,

" will be reviewed in Section (2.4).

2.2 Atomic collisions in solids
The collision theory treats the interaction between a moving Toﬁ"énd target atoms
R

classically. The collision is assumed to be binary and the struck atom is assumed to be

stationary before the collision. Also, it is assumed that'the incident ion loses its energy

through elastic and inelastic scattering events:; the two mechanisms are assumed to be
. L} -

~

independent (15].

221 ° Elastic scattering -
The main features of elastic scattering are shown in Fig. (2.1}, The scattering

angie. 8 in the centre of meass coordinates is given by [16]:
: p)

=~}
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1 .Ll ) )
o=a_20l® du (2.1
i 2 212 — :
o [1 = V@E - p“u’]
where,
P = the impact parameter,
E = theenergyof the incident particle,
E' = ME/AM; + Md), Lt

M, and M» are the masses of the incident and.struck particles respectively,
u = VlUrandu, = l/ry, and

V(u) = the interatomic potential.

-

A number of appro:éiﬁ:ate interatoxﬁic potentials have been suggestéd [i65211 to treat a
SN

particular range of approach distance, r. They stem from a Coulomb interaction between the
charged nuclei, taking into account the effect of screening of the nuclear charge by the atomic
electrons. Firsov [22] suggested one convenient potential that has a sufﬁcient‘ range of
validity to describe interactions appropriate to ion implantation; it has the form:

ZIZ,,ez
Vir) =+ r“ ¢ (22, v/3)

(2.2

where, ¢ is the Thomas-Fermi function which has been calculated by Gombas [23], and a iy
the Thomas-Fermi 'screening length; given by: a = 0.8853 2,/(2,23 +Z22R)1%; a, being the
ﬁrst Bohr oribital radius for the hydrogen atom, and Z; and Zo are the atomic numbers of the
incident and struck atoms.‘.respectively.

Equation (2.1) has been solved by perturbation for smail angle scattering and the
results extrapolated to large scattering angles [24]. The scattering cross- section can then be

expressed, for all combinations 6f ion and target atoms, by (24]:

aatt~ ¥ de U

S

e ’ dg =
n
where,

-t = 2T/ Ty,



10

- \
o e = a/b (known as the reduced epei'gy). §
b = 22, Zy e2/E’ (known as the collision diameter),
e isthe electronic charge,
T  Isthe recoiling atom energy,
and Tr i3 the maximum recoiling atom energy.~

A useful approximation to f{tl/2), known as the power cross-section approximation, is

w
P ]

ekpressed as{24}: — '
:‘ R A =a_t"""  ; 0sms1 ' (2.4)
‘The'values of m for best approximation are chosen according to the value of e:
Fore 2 10.0,m=1, Xy = 0.5 ;this corresponds to scattering.
For0l <:e < ﬁ.O, m = 0.5, An =‘ 0.328 ; this correspon;ls to an inverse square
\ potential” | -
Fore < 0.2, m = 0.33, A\ = 1.309 ; this corresponds toan inverse cube potential.
Fore << 0.01,m = 0.0,y = 24.0 ,thxs corresponds to Born-Bayer potential (251
The stopping power due to nuclear scattering, (dE/dx)n, can then be written as:

d T
(—E) =—NJ " Tdo
dx a

]

t  gacdt
=-.\:J T —0 £
o 2t

Nnasz c
= - J d A e, )
o .

2
g

where, N is the atomic density of the targei:.

A universal nuclear stopping cross-section, S(¢) can be written in terms of a

dimensionless range paramer, p, as {26]: i /

d 1 (¢ .
S (8) = — (—c) == f Y de) (2.6)
B dp c

[



- i1
\ LY
where, v
> 2.7)
- p=4Rna’NM M,/ M, + M)’ ‘
R being the range gf the incident ion in the target material.
For the power cross-section approximation, Eq. (2.6) becomes:
(2.8)

S @@=\t ™2 1-m.
a m

Form = 1.0, S5(e) = [£n(1.28e)V2¢
for m = 0.5, Su(e) = 0.327,
form = 0.33, Sule) = 0.381(£)033, and

form = 24.0, Sq(e) = 12.0¢

2.2.2 Inelastic scattering

[nelastic scattering loss occurs dup to excitation and ionization of the struck atom.
This interaction depends on the projectiie velocity, vy relative to voli1; Vo being the orbital
velocity of the hydrogen atom electrons. At high velocities (v > > ;-021), the electronic

(inelastic) stopping power is given by [271:

dE . o «,
— | =N Z2 [4m (Zle‘)‘/me v;] L

. (2.9
dx /, B -
where, L = €n (0.2 M, v1%/Z3),
At low velocities (v < < voZy), the electronic stopping power is given by [28]:
d
(—E-) =S{a= Kgm (2.10
dp /. ¢

where,

0.0793 (2, 2" 01, M**

K =§
“e I L R
(Z1 —.-Zz) M1 \‘[2

Since x = x{Mj, Mo, Z;, Z2), there is no universal curve for Selc). Fig.(2.2) shows Sele) for

selected values of x; it shows also the universa‘l curve for Sq(e).
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Fig.(2.2) Nuclear and electronic stopping powers in recuced units (Ref. [28]).



The above theory (Lindhard theory), predicts monot(?nic dependance of the energy
loss rate on the atomic number of the incident particles. However, experimental results
[29,30] show a periodic dependance [see Fig.(2.3)]. In Lindhard theory, the monotonic
dependence of (dE/dx), on Z, arises because the atomic charge distributions and potentials
were smoothed as function of radius. More recent theories [31, 32] of inelastic energy loss
have treated atoms in terms of their more precise radial elect:ron density wave functions;
these lead to qualitative agreement with experimental data. The position of maxima and
minima of energy loss as a function of atomic number are reproduced {32], but the magnitudes
are not in agreement with the experimental data. In spite of the oscillatory behaviour of the
energy loss, Lindhard's theory is adequate as 2 first order approximation.

The total stopping power, (AE/dx), is given by:
(E)=(§§) +(§)‘ 2.11)
ax dx / dx /,
As shown in Fig. (2.1), nuclear stopping dominates at iow energies and electronic
stopping dominates at high energies.
For a uniform allov composed of two types of atoms, we have {331:
_ . (2.12)
&E)mlxuh =p SIQE) + q S,E)

where, p is the number of type (1) atoms and q is the number of type (2} atoms in a molecule.

This leads to: ]
P SI(E) +q Sg(E) (2.13)
SE, = .
atom p -— q
223 ‘The number of displaced atoms

Kinchin and Pease [34] proposed 2 simpie method to {ind the number of atoms
displaced by any energetic particle impacting a solid. It is based on the assumption of a
unigue threshold displacement energy, Eg, such that, ¥ an atom receives energy greater than

Eg, it will be pertmanently displeced. For an incident particle, with energy £, the model



14

caleulated values according to Lindhard theory (Ref. [300).

N .
L
Is_ T 1 1 751 7 J 7@t T T 1010 v 71 i H l. IR R L L L L =
= . L4
10: zz 7 «* -
8t v =0.63v, . 3
& . . -
al . i
— I5'— 22'5 s
g 10k v =0.9lvy «c® ® LI r - . . i -
S . 8f ]
N\ 6:‘ .__. 1
.5 a i
2 10k Z2=6 * -
< '8F v 063w Lestttt g I 3
2 S / - . ]
< 4_o . ® v _
=]
8E -Z,=6 o
C rd . -
6: v =0.4lvy «a® " * - . .
4_ » - [ ] o
- Cee . ¢ .
* 9 g * 7
2 1 I_ 1 11 [ 1 : 1 1 L.l LI 4 | 1 1 I L | 1 1 1 b 1 1 1 1 L L 1 1
ES) 10 15 20 25 30 35 40
Z
Fig. (2.3) Electronic stopping cross-section S, vs. Zl The solid curves indicate



predicts that the number of displaced atoms, Nkp, is: -

N = : ) (2.14)
Nep= E2E, . E>E,.

The model was modified by Robinson L35]. He generalized the assumptions to allow for

inelastic and elastic collisions with screened Coulomb potential. It was a.ssumec:l\ that only
- eldstic collisions produce displacement. This has led to the number of displaced atoms, Np,
being: | . _
- - N, =&m)v-E2E, ; E>E, . (2.15)
where, v is the fraction of energy deposited into elastic collisions, and
§(m) = 2(27-1)/ {w(1) - p(l-m)]

where,

d
p(x) = — €nTix).
dx .
Sigmund [36] suggested that the approximation m =0 should be used since it is.the number of
near-threshold collisions (E = 2 Eg4) of the higher generation of recoil atoms that primarily

L Y

det‘ermines N(E) and hence m. This leads to:

6 E U
: —_—y — _ 2.
.\DfE)— 5V Ufn(1+Ed). ) {2.16)
For U = E4, Eq. (2.16) becomes:
 NG(E) = 0.42v.EE,. (2.17)

Eq. (2.17) is usuaily referred to as the modified Kinchin-Pease equation.

2.2.4 Cascade dimensions

»

The cascade dimensions depend ‘on the spatial- distribution of the elastic energy
deposition. To find the equation governing the energy disposition {37], let an ion with velocity
v strike the target surface at ¥ = 0. The energy deposited in a volume d3r at r is given by

F{r,v) d3r.



. The probability for a'collision to occur when a particle moves a distance SR is
N&Rdo, where do is the scattering cross-section and N is the atomic density. The
corresponding deposited energy is: |

NG§Rdo [F(r, v) + F(r, v1d’r

where v' and v" are the velocity of ion and recoil, respectively. The probability for a collision
not to oceur is (1-NSRda). The corresponding deposited energy at (r, v) d3r would be:

(1.2 N§Rdo) F(r — 5R, v)d°r.
Hence, the total energy deposited F(r,v) is:

Flr,v)=[NSR J do [F(r,v) + F(r, v

. (2.18)

+{1 =N8R [ da)F(r -8R, V).
This leads to:
M 6%‘ Flr,v}= N.j do(F(r, v" + F(r, v — F(r, v1]. (2.19
v

Eq.(2.19) is the basic ixg:gro—diﬁ'erential equation for the spatial distribution of energy
deposition. Multiplicaton by r» and integration by parts leads to a recursive expansion for the
spatial moments [26,37]. The problem then becomes one of constructing the distribution from
a fnite number of generated moments. The Edgeworth expansion [38,39] is used for that
purpose. [t has the advantage of having a simple form and being a weighted-Gaussian

function. For incidence normal to the surface of the target, the longitudinal distribution may

be expressed in terms of the Edgeworth expansion, for the first four moments, as:

3

g - & (2.20)
FZ,E) = ————¢e (— —)KEJ
Vin Ve T\ 2 :

where,
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225 Spike-effects

The collision theory assumes that the collisions are binary between one moving and
- one statioﬁary atom. However, as the collision dé‘nsity beéomegg higher (heavy atoms or low
energy) the atoms interact collectively rather than discretely. This situation can not be

treated by the collision theory; new concepts known as "spikes” are introduced to model the

interaction.

A) Displacement spike

Brinkman [40,41] proposed that when the mean free path between

-~

displécement collisions approaches the interatomic spacing of the turget, a
violently disturbed region will be created where diplaced atoms move outward from
the center. The atoms come to rest at small distances from the center because of

their low energy. A vacancy-rich core will thus be created surrounded by a region

with excess interstitial atoms. Heavy ions (M; =100) with energies in the range 10



18

to 60 KeV will typically result in a displacement spike extending over essentially
the total cascade dimension_;. {42]. Many of the defects produced in the spike region

will migrate to take up a more energetically favourable configuration.

Nevertheless, a certain degree of disorder will persist.

B Thermal spike o
When the energy.of the prir;:!ary (and each displaced atom) degrades to less
than Eg4, it will be uriable to produce further displacements. In order to achieve
thermal equilibrium, it dissipates th:s excess kinetie energy as heat or lattice
vibrations. This type of dissipation is termed th‘\ermal spike [43]. The time
required for an ion with energy in the range 10 to 100 KeV to come to rest is about
10-13 sec. If the number of atoms involved in the cascade volume is large enough,
typically about 104 - 105 atoms [42], their e;lerg dist;-ibution can be described by
Maxwell-Boltzman statistics after ~10-12sec. The concept of local temperature
and heating become; practical. Brinkman [40] has pointed out that the thermal
-spike could occur after the pmpagatio;% of the displacement ghike.
The comn.aon assumption in a-ll theoretical spike models [43,457 is the

applicability of heat transport equation:

§T 5T ~ - (2.21)

where, K is the thermal diffusivity.
The usual thermal conductivity consists of two components due to lattice and electronic
contributipn. The coupling between the lattice and the electrons is not sufficiently strong to

permit appreciable exchange of energy in times of the order of 10-12 sec. [41]. Since the times

involved in energy spikes are of this magnitude or less, it is argued that the energy given to
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an atom will be dissipated in the lattice only, i.e., the effective thermal conductivity is the
lattice conductivity. Another approach for calculating K was adopted by Sigmund [36]; he
calculated K from kinetic gas theory assuming that the spike region can be treated as a high

pressure gas. Once a value is assigned to K, the temperature- time evolution of the spike can

be determined with the possibility of evaluating the resulting effects such as defect migration,

annealing ete.
- r
2.3 Theoretical framework of ion-beam mixing

The configurations of the systems investigated under ion-beam mixing conditions

arer
1) Thin layer of element A ::m a sem'i-inﬁnite substrate of élement B (bilaver),
if) Very thin layer of element A buried in an otherwise' uniform material B
_(marker). ‘
or i1i) Alternate thin layers of A and B (multilayer).

This is shown schematically in Fig (2.4). The interfaces between A and B regions are assumed
to be sharp and well defined. Bembardment with the mixiag io;':s leads to progressive
migration across the interface. )

A set of equations describing the mixing process will contain terms of three types,
corresponding to three types of processes involved [46]; ballié;ic, diffusive, an§ directional.
Ballistic mixing can be subdivided according to the number of collisions and damage cascade
density. Mixing resuli:ing ‘from non-overlapping cascades can be denoted isotropic cascade
mixing.

Diffusive mixing describes relocation processes that consist of a large number of

small jumps; the jumps being isotropic on the atomic scale. All these processes can be
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Fig. (2.4) Schematic of sample geometries used in lon lzéam mixing investigations.
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described in terms of “eﬁ'ecm;.iﬁusivitj\ s”. The overall éffect can be described in terms of a
SN .

resultant diffusivity which is the linear sum of the individual diffusivities. Directional
mixing denotes relocation processes;)'that are not isotropic in atomic scale. They are best

described in terms of chemical potential. However, models were proposed in terms of effective

diffusivities.
‘ A1

Some of the above processes will be less important than the others depending on the

particular regime considered.

2.3.1 Cascade mmng

Since most of the collisional displacements occur at the low energy part of the
cascade, which can be considered isotropic, the cascade mixing can be treated as a randpm-

walk process. This leads to the definition of a "diffusiorr coefficient”, Deas. “The diffusion

]
coefficient is given by (471

1 .

D - .‘LQN . " - {2.22)
cas 6 ) D

where, ) is the rms separation for vacancy-interstitial pair, and .\'D' is the rate of atomic

— v -
-

displacement.

An alternative derivation of D.ys has been proposed for dense cascades, it leads to

(471
where, T is the me#n free path between atomic collisions ’ .
N is the atomic density of t.hé ;olid
- d is the diameter of the cascade,

and ¢’ is the irradiation dose rate.
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Since A, r and d are in the nanometer range, both Eq. (2.22) and Eq. {2.23) will give

t

diffusion coefficients of the same order, of magnitude.

-

L]

Thg implication of the above equations is that the rate of mixing decreases if the

T nuclear stopping power, the ion flux, or tﬁe mean free path decreases. It is important to note
~ that the model does not descr?be diffusion of atoms within the microstructure of a developing
secondax;y cascade, but only their'diffusion averaged over times-which are very long compared

to the cascade life time. Thus, Deas can be made arbitrarily small by reducing the beam

current [43].
7

. 2.3.2 Radiation enhanced diffusion

- lon bombardment causes an increase in vacancy concentration resulting in a
. ;
L

proportional increase in diffusion by a vacancy mechanism. Also, substitutional atoms.are
ejected into interstitial sites, from which they diffuse rapidly. These two mechanisms lead to
. an enhancement in thermally activated diffusion. - The basic equations describing enhanced

diffusion in g erystalline solid #re [49,50]:

bl
&C, gC, D, o ] . 2245 .
— =D, — +aP- — € -CH-4nR ND _CC,,. 2
at 3x” & ' g
N a:in E::Cm in
=D +aP - —C_-~4noR _ND C C._, : (2.25)
at -1 3:(2 82 in v in v oin
_ 4 (2.26)
) Denh_Cva+CinDin . o
where, - - _ =
- B A -
Cy - isthetotal atomic fraction of vacancies,
S Cytt  is the vacancy concentration without irradiation,

Cin is the atomic fraction of interstitiais,
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- P is the production rate of vacancy-interstitial pairs per target atom,
) a is the fraction of point defects that escape the cascade to migrate freely,
¢ | isa characteristic diffusion length to fixed annihilation sites,
N ‘is the atofnic density, )

Riv is the vacancy-interstitial separation at which spontaneous recombination
and Dean 1S the enhanced atomic diffusion coefficient.
The terms on the right-hand side of Eq.(2.24) and Eq.(2.25) represent: defect
diffusion, defect production and defect annihilation. The equations can be solved numerically
{51] for i épeciﬁc case. However, an approximate analytical expression for ﬁ,nh can be

obtained. Assuming a steady state, where creation and annihilation are balanced, and

assuming that Cy and Ci, are constant over 2 distance £, we get [49]:

n 2

ks 2N (——-—D” o) )-+ _aP ] ’ (2.27)
“® 4nNR_& AnNR vUv/ T eNR L '
Eq. (2.26) can be simplified by considering three regimes?
i) At higzx temperzature, t/l:e norr:;al diffusion dominates, tk;en
D,,f,1 =D,Ct =D, (2.28)
where D is the unenhanced diffusiqn coefficient.
i) At lower temperatures, where diffusion is enhanced and point defects
annihilate mostly at fixed sinks:
Doar = 2a P €2, ¢ (2.29)

The diffusion coefficient is independent of temperature.
1ii) At still lower temperatures, where annihilation occurs mainly by

. recombination:

N



24

e
L

(2.30)

g aPD
v

D = .
enh aNR
iv

J
bl

'fhis leads to an activation energy, E 5 of one-half of the vacancy migratién energy.
Ina bulk-polycryst.alliﬁe material, diffusion along grain boundaries (GB) occurs. .
G_B diﬁusion can be seldom decoupled from the lattice diffusion [52]. -'I‘he diffusing sﬁecies
may "leak” into the adjoining lattice. This has led to the proposal-of three types of diffusion
kinetics (A, B and C) according to the extent of that leakage [53] as shown in Fig. (2.5). In A-
kinetics, diffusion fields from adjoining grains are assumed to be overlapping. In B-kinetics,
grain boundaries-are assumed to be isolated. In C-kinetics, grain boundary diffusion is
assumed dominant (i.e. lattice diffusion is assumed insignificant). The grain structuz:e can
influence both tize extent of coupling between lattice and grain boundary diffusion and tk:;
_iritrinsi:: ‘nature of grain-boundary diﬁ'usif)h. This aspect has not been. investigated
extensively [52]. As far as ion-beam-mixing ;nod.els are concerned, the GB and lattice
diffusion can be considered the components of an effective non-enhanced diffusion. If the
grain structure undergoes fundament.ai structural c}ﬁnges as a result of ion bombardment,
GB diffusion will be radiation dependent; the need may then arise to decouple the lattice and

,

" GB diffusion for improved modelling of ion beam mixing.

2.3.3 Spike éffects

A model considering the effect of spikes on mixing was proposed recently [54]. The
model considers marker atoms migrating over spherical region of the spike with a diffusivity
Dyp(t) whi_ch is spatially uniform but has a time depéndence of the form:
~ = Dgplt) = Dogp Ct) exp (-Ex/Kg T(). : (2.31)
wﬁere, B

Dosp  isaspike independent constant,
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C(t) ‘isthe time-dependent defect concentration,
T(t) . isthe time-dependent spike temperature (spatially uniform),
Kg is Boltrman constant,
“ -
and En is the marker-atom migration energy..
Displacements of marker atoms through successive spikes add up to a random walk with

isotropic jumps.

»

The contribution to mixing was measured in terms of the parameter Y, given by:
Y = <Ax2> /20 Fp Dogp (2.32)
whaere,
<AxZ>igis tﬁe variance of the mx;:ker spreading due to spike effects only,
and
Fp is the damage energy deposited per ion per unit Ienéth.
Dividing by $Fp gives a measure of the effectiveness of the ion in promoting the n}Lring:
dividing by Desy helps to determine the effectiveress of spike characteristics. &It was
explained [54] that the model predicts little variation in the mixing parameter, Y, from ion to
ion for a given target, or from target to target for metal hosts. The model‘predicts that mixing
is sensitive to the value of defect migration energy. The authors [54] pointed out that direct
comparison with experiment is very difficult because'of the difficuity in finding an accurate
value for Dogp. ‘ ;
) An alternative model was proposed earlier [55] where normal thermal reaction
processes were assumed for the duration of the spike. The temperature is assumed constant
. for time t,, followed by an instantaneous drop to ambient temperature. The reactidn rate in
each spike volume is thus proportional to exp (-Eo/Kg(To+T)) where T is the sample

temperature.



Applying the conventional furnace annealing formula:. modified to account for the
repetitive nature of ion irradiation, the thickness of the formed compound, x, will be:
2 = Ayd tya, exp{ER/Kg(To+T) (2.33)
or — X = Bod ty agexpA{En/Kg (To+T) (2.34)
where, &, is the spike duration, ¢ is the ton flux and a4 is the effective area of the spike. A and
Bare pre-expo;xential factors for parabolic and linear growth rates, respectively.
This model predicts that the apparent activation energy of mixing is a function of
the temperature of the material, Tq.
The most important model paramters, for Cr/Si system, w.ere calculated to be
Em =02eV
To = 1250 K

to = 5X 1011 sec.

2.3.4 Chemical effects

Chemical effects can influence the mixing process. This was put forward to account
for differences in mixing in collisionally similar, but chemically different systems [56].
Johnson et al. [57] considered the enhancement/inhibition of mixing of binary metal alloy due
+o0 chemical effects by introducing a diffusion coefficient D, The main idea is that the mixing
of an A/B system can be described by a diffusion equation of the form:
% -p_viC, (2.35)
where, C4 = 1-Cg is the fractional concentratioh of A. The diffusivity Dy is given by:

D = D° C ~c ) (2.36)
Cu

'KBTA

where, Dou = Do Cg + Doglhy,

Doy and Doy are self-diffusivities,



. 1 ,
and .5=ZWAB—EWAA+VBB))'

" The Vs are pair enthalpies and Z is the coordination number (assumed consf:ant).

Thus, § represents the che:;:nical preference of A—az:oms to be surrounded by B-atoms and vice
versa.

Although mixing rates ‘calculated by Eq. (2.36) give reasonable correlation with

heats of mixing [57], nevertheless, the form of Eq. (2.36), for $p::a.t:iall;§r dependent D, does not

conserve particles (561 because it does not have the forj:n:
3 i = div (D gradc) @30
Also, the equilibrium distribution in one'dimensioﬁ as (t — ® and éc/dt — 0) is independent of
8, i.e.: the equilit:;t'ium state is independent of the chemical preference. This represents a seli-
inconsistency in the model.
2.4 lo& beam mixing experiments
Se.veral experimental techniciues have been used in the study of ion-beam mixing.
The main techniques are:
—_—
Rﬁtherford Backscattering Spec':rometx.-}r (RBS) for measuring the amount of
mixing and average composition.
Auger Electron Spectroscopy (AES) for determining the composition
B . X-rays for detecting compound formation and crystai-structu:e changes.
Transmission Electron Microscopy (TEM) for microstructure investigatons.
RBSis phe dominant technique in all ion-beam—:;.rﬁxing investigations.
Various parameters are used to characterize the mixing process: primary
parameters measurable by an experimental tgchnique, and calculated parameters using one

or more of the models discussed in Section (2.3) or similar models- The primary parameters

include:



The number of. atoms crossing an interface; this parameter is mainly used for
bilayer systems.
The mean-square value of the spreading of a marker.

The ratio of the square-value of the thickness of the mixed layer, (Ax)2, to the |

corresponding ion dose, . This gives a measure for mixing efficiency. The
parameter can be more informative when normalized Eo the efficiency of a
selected ion A, i.e., when expressed for an ion Las:
’ [(Ax)zltplif[(Ax)fllq;]A
The parameters calcm;lated to fit 2 model are mainly an effective difi'usic;ﬁ coefficient, D, or an
effective diffusion length, (Dt)1/2. An ;:fficiency parameter (Dt¢ Fp) is alse used (where Fp is .
the elastic energy deposited per unit length). )

I;‘l the following paragraphs, major experimentaltﬁndings will be c.i-iscus_sed. The
aspects that will be addressed are:r t};e effect of the temperature of the target during
irradiation, the influence of beﬁm parameters, the changes occuring in the spatial
distribution of elements‘(proﬁles} and the microstructure.

-

2.4.1 Temperature

Most of the reported systems show a temperature dependence of the type shown in
Fig. (2.6) for NW/Si system [58]. The temperature dependence can be divided, approximatel v,

into two regions: low temperature (below certain critical temperature, T.) and high

~

temperature (above T.). Below T, mixing is independent of temperature for both markers
and bilayers [59] with the exception of Fe/Pt system which shows a step in the temperature-

dependence curve at about 25 K (60]. For SU/Ge system, some results show temperature °

a+

variation [61], while others {62,63] show no temperature dependence. At high temperatures
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mixing increases with increasing temperature The critical _temperature, T., occurs,

generally, in the range from about 160 K [64] to abOut 470 K[58].

rl

These findings can be understood in terms of the models discussed in Section (2.2):

at high temperature, radiation enhanced diffusion occurs and at low temperature cascade

mixing dominates.

2.4.2

Beam Parameters
A) Mass and Erxergy

The mass and energy of the mixing ions determine their range in a given
target and accordmgly théeenergy density dlstnbutmn The general trend is that
the mixing proceeds faster as the energ'y‘ deposited at the mterface increases.
Fig. (2.7) shows, for example, the case of A/Au system irradiated with 140 KeV and
200 KeV Kr+ [65]. The compound formatinn occurs faster for irradiation with
200 KeV than for 140 KeV Kr+. For 140 Kr+ bombarding Al"‘and Au, the
calculated values of the reduced energy, ¢ (see Eq. (2.3)) are 0.47 and 0.2
respectively. These values will be 0.6 and 0.3 for 200 KeV Kr+. For Al-Au alloys,
the values of ¢ depend on the composition, but it will not etceed the values for Au.
Then, it can be seen, from'F ig. (2.2), that S, is larger for 200 KeV Kr+ than for 140
KeV Kr+. The variation of lthe mixing efficiency, § with ion mass irradiating PYSi
system (66] is sho\'.vn in Fig. (2.8); §; increases as the atomic mass of the irradiating -
ions increases.

The calculated parameter Dt varies lingarly with ¥p at low temperatures
(belbw T,) for W markers in Al and Au markers in AlzOg and $i05 for irradiation
with Ne+, Ar+, and Kr+ [67]. These findings agree with the collisional cascade

models {see Section (2.2)). However, recent results of mixing Au markers in 5i show

L
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a non-linear relation between Fp and Dt. This deviation from collisional models

may be due to diffusion by interstitial mechanism [67,68].

The results of mixing Au markers in Niusing N+, Ne+, Ar+, Sb+ and Xe*-

[69] suggest that the deviation from collisic;nal models is substantial for light ions
implying a mgjor role of interstitial-diffusion mechanism. For heavier ions, the
deﬁse collision cascades seem to suppress the influenceblqi mechanisms other than
collisional ones. | .
- B)  Doseanddose rat;e
- For furnace anneeling, the spread, Ax, of a marker is given in [70I:
(Ax)2 = 2Dt . ) T -(2.38)
wherg, D is the diffusion coefficient and t is the time.
Eq. (2.36) can be used for the case of a marker spreading due to ion irr#diat.ion. The
irradiation time t is (¢/¢"), where  is thé dos:e and &' is the dose rate. This leads to:
(Ax)2=2Dt = (o . (2.37)
where, Bisa c:t‘msta.nt. - .
Eq. (2.37). was found to be applicable in most of the investigated systems
71]. Fig. (2.8) shows an example of such findings. However, a linear dependence of
Ax on ¢ was reported for AwS: and AwGe bilayer systems [72]. The simple
explanation of this "deviation” is that the model applies only for dilute alloys in
homoge.nous matrix. It is important to-note that for Au marketis in Sx it was found
;;reviougly {73] that Eq.(2.37) is applicable. Linear variations of Ax with ¢ was
reported also fér Ti/Si bilayer system [74], and Ax = ¢0.7 wa;c, reported for TY/Ni

bilayer system [2,75]. Again, the model is not applicable in these cases,



Dose rate, ¢, was found to have no effect on Dt at low temperatures (T <T,)
for NUSi bilayer system [76], Pt markers in Fe [77], and Au markers in Ni [78].
Simﬂ;u' results were founci for Ni/Si bilayer system at high temperatures (T > T.)
{78]. A decrease of about 20% in'Dt thh increasing ¢ was reported for Au marker
in Ni. This effect disappeared above T, +100 K [78]. ' '

2.4.3 Profiles and microstructure * -

The profiles of marker systems are nearly always Gaussian after ion irradiation
:2'1]. The exceptions are Pd(Si) systems [79,86] and Si(Pt) at 500 K [80]. The profiles of bilayer
systems are of the form of error functions, after irradiation at low temperatures [71]. The
N/Si [76] and Nb/Si [58] systems appear to have smail steps superimposed on them after low
temperature irradiation. These correspond to layers of fixed compositiori'. Compo‘und
formation has been reported only for AVAu [65]. [t is important to note that the lanaiys{s of
this syste-m was done at room temperature. At T. and above, many bilayer sys:tems develop
well-defined Iay;.rs‘of fixed composition which have been identified by x-ray diffraction to
contain single c:-ysta-lline phase {71}

Amorphization due to ioln-beam mixing was observed in some systems (e.g. AwWY

wCo [81], and Ni/Mo [82])! retained crystallinity was observed in some other systems

(i [81), and Ag/Cu [83]). Liu et al. [82] proposéd that-it is the crystal-structure
of the two constituent metals that plays the key role in ion-induced amorphization;
atomic sizdand electronegativity effects are minor. Brimhall et a.l [84] suggested that a
limited éom_positional range of solubility is a better criterion for amorphous phase formation.
Jaouen et al. [85] proposed that the ratio of irradiation temperature to solidification.

temperature can be an important factor, since at a given temperature the stable phasé resuits
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from thq:balance between thermal ofdering and radiation induced disordering; amorphization
will occur when the disordering is high. , ‘._'. i
Anoth'e"r‘lstnmtural feature that was observed to occur due to jon-beam mixing is

grain growth. For example, in AwNi multilayer system [86], irradiation with 300 KeV Xe+
leads to an'increase in grein size from-sbout 200 A to about IS00'A. This growth was
attributed to the increase in film thickness from about 100 A for as-deposited Au and Ni
lﬁyers to about 800 A AwNi alloy film [86]. It was observed [87], however, tl’zat'grain growth

oceurs due to irradiation while the fiim thickness is not increasing but rather decreasing due

to sputtering. This implies that there may be more than one mechanism contributing to grain

- —

growth in ion- mixed systems.



_ CHAPTER III
. THIN FILM THERMOELECTRICS

¢
3.1 The thermoelectric phenomenon

The reversible thermoelectric phenomenon reveals itself in either of three related

effects [88]:

i) Seebeck effect -

-

The Seebeck effect is the creation of an electric potential difference, Vy, between the

terminals of a conductor as a res‘ult of the application of a temperaiture grédient.
-across it. In order to observe the effect, we have to have a circuit composed of two
different ﬁ:aterials or perhaps the same material in two different states, e.g.,
different doping (See Fig.(3.1a)). It should be emphasized, howevér, that the
thermoelectric properties are intrinsic characteristics of a material as much as
electrical and &eﬁal conductivities are. The necessity of two materials for.the
measurements arises because of technical reasons.

Seebeck coefficient, or the thermoelectric power of amaterial, S, is defined as:

\ .
\ | | v, ,_ (3.1)

T 4T

where T is the temperature.

i) Peltier effect .
The Peltier effect is the reversible generation or absorption of heat at the junction
between two different conductors due to an electric current passing through the

junction. The direction of the heat exchange depends on the direction of the electric
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The thermoelectric phenomenon (See text for detailsy
a) Seebeck effect
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¢) Thomson effect
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scurrent; the magnitude depends on the junction temperature. Peltier heat at the
junction, nag, is defined as the reversible heat developed per unit time per unit

electric current in the direction A to B (See Fig. (3.1b)).

-

Thomson effect’ o ) N -3

The Thomson ‘effect is the reversible generation or absorption‘ of heat due to an
electric current passing through a conductor across which a temperature gradient,
dT/dx, exists (See Fig. (3.1e)). The total heat produced in a conductor per unit

volume per second, Q’, due to an electric current of density Jy passing through the

conductor 1s given by:

J2 dT (3.2)
X .
o = g d — .
QZ o O1%s dx - . - .

where, o is the electrical conductivity and or is defined as the Thomson heat of the

conductor~ The first term of Eq. (3.2) is the irreversible Joule heat. The second
term is the reversible heat due to the Thomson effect; 1t depends on temperature

and increases linearly with the electric current, the directien of which determines

the direction of the heat exchange.

Thomson derived the relations between the thermoelectric power, S, the Peltier * |

-

heat, i, and the Thomson heat, oT; they are given by [-88]:

TdS
_ 1ds (3.3)
GT dT ) - .
n=TS: i (3.4)

Since Seebeck effect is the manifestation underlying the conversion of heat into

electrical power, it will be considered in more detail in the following section.
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32"  Thethermoelectric power

An electric potential difference, V,, develops between the t'.er_minals of a conductor
across which a temperature g‘radien;: exists. This is because electrons at the hot end acq%//’
hig.he'zl-’,,a:l;e_rgy than those at the cold end and diffuse toward the cold end. Hence, an
-si.ccﬁzé::ulation of negative charge occurs at the cold enﬁ, resulting in the creation of an electric
potential difference. Th'e temperature gradient leads also to the creation of a phonon fiux
flowing from the hot to :'he; cold. end. A -phonon can ipteract with other phonons and with
electrons and an appropriate mean free path,le, can be ascribed to each of these interactions.
_ At low temperatures, the phonon-electron interaction exceeds the phonon-phonon interaction;
fp.p>€1’,_e. The electrons can receive energy from phonéns. The phonon flux in effect "drags”
electrons with it towards the coid end leading to an extra contribution to tﬁe thermoeléctric
power, known as the phonon drag component. At high temperatures (T>815,(where Bp is '
Debye temperature = 119 K for Bi), the phonon-phonon interaction exceeds greatly the
- phonon-electron interaction; €5 ;<. Phonons will not then create“ an extra component of
the therr;melectric power. However, the la;tice stil! influences the thermoelectric 'po;ver by
scattering electrons moving under the influence of the teﬁpemture gradient. The total
therﬁaoeléc?ric power can be expressed, .in general, as [89):

S=Sp+ S (3.5)
where, Sp and Sg are the contributions from electronic diffusion and phonon drag,
respectively. At ordinaz:y temperatures (300-400 K),'S = Sp, the term Sg will not be referred
to any further.

In order to obtain a general expression for 5, we can start by writing the tranSpon‘
equations using the definitions of Section (3.1). Tﬁen, we derive the transport equations from
_ Boltzman approach. A comparison between the two sets of equations obtained by the two

approaches leads to a general expression for S [891..
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The transport equations, assuming a temperature gradient in the x-direction, can

be written as

dT
o J =eo0-80c— (3.8)
I X dx -
_ dT -
(Ju):—- —Kd—; *STJ: . (3.7

where, Jy is the electrical current density,
¢z is the developed electric fleld,
gisthe electricai conductivity,
Jy is the heat current density,
and K is the thermal conductivity.
Now, if a steady §tate exist} under the action of temperature and potential

gradients, and if fis the electron distribution function, then Boltzman equation ¢an be written

as:
a‘ af ! : ~ o
—_ - =0 . (3.8)
® lheia L% lcoltisional
The second term of Eq. (3.8) can be expressed as: )
[;_i{ _ =6 . (3.9)
at T

collisional

where  f, is the equilibrium distribution function under no®Xternal forces,
and 1is the characteristic relaxation time related to some mean time between collisions
‘ of t,he particles involved: it is a function of energy and momentum in the cryst;'a.l.
The field term can be determined by considering that under the influence of an

electric field, eg, electrons with mass m, and charge e will have an acceleration given by:

% - i (3.10
dt ™

where u. 15 the velocity of the electron.

It follows that:
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. ee,
[a‘_ f(ux—i- —-;dt,x + uxdt,t-f-dt) —f(u:, x, t) (3.11)
w_ tdigae de
or
of - 8E, o & '
[_I =S =g S (312)
| Rlggg & m & :
Eq. (3.12) can be rewritten in terms of wave number k, where mu = hk/2m, leading to:
' afl Zmee o . & (3.13)
< = 2. &
: Hlgaa B & T
Egs. (3.8, (3.9), and (3.}3) lead to:
2ne - o & _ - (3.19
h ok Tax -t | -
x -
or v
af af . '
- 2me o 0 ‘ (3.15)
f-fo-_‘.“"[zr%akx*_%;] |

The electric current density, J, and the heat current density, Jy, can be expressed in terms of {

ast . .
N . . __-'-J_“ .
J= if J [ u fdk (3.16)
4n3 .
1 o o
J =—J”uEfdk (3.17)
u ‘4n3

Egs. (3.15), (3.16) and (3.17), with some mathematical manipulations, can lead to [89].: '

E
=fe® ‘ Puo+ iy | (3.18)
J:—[e Moltx'-‘IEI —?MO*EML ; .
and )
E
= P+ 2y | 2T (3.19)
@)= —teMle, |- =+ 2o | S 319

where, Ep is the Fermi energy,
. 72 s q2 |
M=o Bp 5 ED = g B + oo
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with A being the Fermi surface area.
%

Comparison with.Eq. (3.6) leads 5 A0

o= e% 3 @20

and " _ .
’ - " M ’ v .

U__'“’H(ﬁ)%fmdﬁx 3.22)
- ah? dk_ VkE
Then, it can be shown, for E¢> >KgT, that
' 2 .2
KT (3.23)
S= 1 — no(E)
3 el 3B Eaf -
. . . F .
In the case of a spherical Fermi surface with isotropic t, we have: -
2 .
(aE)g_(h“:) _l(hu-)2 (3.24)
ax/ \ 2n T 3\ 2n
and V.E = hu (3.25)

This will lead to:

2

e urt-
o(E) = ps [ J da
‘ §nh

a
-

e . ‘ . 2
_ oA (3.26)

6 a°h

where, ¢ = tu is the mean free path of all the electrons.
The thermoelectric power will then be given by:

KT

Je

.82

S= i
- sE

1 &
A )

1
A

E=E



or

22 ' :

¢ T -
' 3.28)
- v §=° KB U=+V) (

3e EF .

where, ‘ ) ' . - .
. ( dlné )
glnE E=g, ’

and

(ahm) ’
V =

If t(k).and U are anisotropic, the Ferm:i surface may be divided intb regions

F

characterized by isotropic velocities and relaxation times. The conductivity may then be

written as [89]:

9 ’ .

e” = T 9

L N (3.29)
6no°h

and the thermoelectric power:

2.2

KET 5
={>ea)ea

3e aE"(Z =A1) i

i

(3.30)

« S=

It should be noted that if we write S; as the thermoelectric power of the ith regicn

defined by: _
.2 '
o T
d . 3.31)
N L RN (
. t 3e a3 Lo
Then, it follows that: ' .
A S= ( > oiSi)/ > o, - (3.32)
= i .

This result may be applied directly to the case of a single conductor which has & number of
independent groups of charge carriers 1,2,... with conducti\{ities; 01, 02,..., and such that

- each group, if acting alone, contributes thermoelectric powers 5y, Ss,. . ., respectively [90].

1
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This result will be used later for the case of a partially mixed alloy to find & value for S as a

function of the mixing dose.

‘ -
The analysis of the thermoelectric power given above is quite general. The resuits

apply even for non-spherical surfaces in the k-spacé. To obtain more tangible results (but

approximate), we can use in the Boltzman equation the Fermi-Dirac distribution given by

where

and

where,

.y BE=E_y1-1
fE) = [1 + exp( F)l . (3.33)

KT

Eris the Fermienergy,
Kpg is the Boltzman constant.

Then we assume that:

t = Eb ; (3.34)
1 ) L
-3 for lattice scattering.
3 . . : :
+= for ionized — impurity scattermng.

This leads to an expression for the thermoelectric power given by {911

where

" and

- “_KB[ b +5/2)F
=-—1l-7

. b3t (3.35)
b+3/)F

€ b+ U'Z(q)

o

I

F= [ T,
0 g ¢ 1 +expll—n+1)
_ e
= KBT' .
B

(Y]



- For intrinsic and moderately doped serniconducbors, where || > 4, Eq. (3.35) can be

simplified to {91]:

1

L | |
S = _.t_B[b - __q] (3.36) .

2
Eq. (3.36) shows that the larger the value of the reduced Fermi energy, n, the larger the value
. w
of S (1 is negative). The thermoeiectric power increases.as the Fermi energy moves further

3 .
into the energy gap from the bottom edge of the conduction band. *.

In & thin film, where thickness is camparable with the electron mean free path, a
geometdcal limitation is imposeci on the mor.iop of electrons by the film boundaries. The
physical effects arising from this Iimitat:?;n are kr;:own as "size'effectg.". A specularity
parameter, p,, was used (93} as a measure of the deviation from bulk beh;.viOur due to size
effect. This parameter becomes unity for perfect specular scattering and zero for diffuse
scattering. An expression for the thermoelectric power in 2 thin film, Sp, relative to that in

the bulk, Sg, was obtained assuming scattering of charge carriers at the surface and in the

b;lic are additive processes. It is given by [93]:

’ 3 l-p, U -
S. =85 [1_ - -—--—o._: ., oy>>1 (3.37
F B 8 v 1+U
and
: lny—1.42 U
Sp=8; |1+ , y<<p =0 (3.38)
F B[ Iny—0.42 1+U ¥S5P,

where v is the ratio o'f the mean free path to the {ilm thickness.

The validity of Egs. (3.37) and (3.38) has been verified experimentally [94].
However, it should be noted that for very thin films quantum size effects {95] may appear and
produce appreciable effect on the physical characteristics of the film.

A summary of the reported values of the thermoelectric power of various materials
prepered in the thin film form is given in Tablés (3.1) and (3.2). The thermoelectric powerofa

material in & thin film form is usually less than that of the same materizl in the bulk form
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with the exception <l)f Pb-Se (see Table (3.1)). It is interesting to note that the values of S for
chromium, given in Table (3.1), §how the first reported change of the sign of the thermo-
electric power with thickness in metals. A comparison 'behveén the values of S given in
Tables (3.1) and (3.2) leads to the conclusion tha“t' semiconductors, ?emimetals. and their

1

- alloys bave, in general, higher values of S than metals and metallic alloys.
-

-

3.3 Materials assessment

For energy conversion applications, the efficiency, n., is a parameter that one
desires to maximize. The efficiency of a thermoelectric generator, working between

temperatures Tg and T, can be expressed as:

T.-T :
_ =T (3.39)
N =g £(Z} .

1

- where, f{Z) is a function of the material parameters and becomes a maximum when Z, the

figure of merit, is maximum. The figure of meritis given by [881: g

s°o (3.40)
7= — e
K .

where K is the thermal conductivity = K.+Keg, and K¢ and K. are the lattice and carrier

thermal conductivities, respectively.

From Eq.(3.40) one can conclude that to maximize Z, the ratio (¢/K) has to be

maximized. This occurs in materials that have relatively low phonon conductivity, few

-

carriers and high mobilities.
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Table (3.1) Seebeck coefficients for thin film metals and metallic ailoys.

<.

Material

Thickness Seebeck Temperature References Comments
(nm) Coefficients (K)
(RV/K)
Copper — 16.0-500.0  3.2-5.5 100-350 {96]
Copper allovs .
CugsAlps 50.0400.0 2.5-.5{) 300 -[97,98] u = annealed -
1.2-.3 (a) o a = annealed
CugsAl g 300.0 3.0(w)
) 0.6
Cug9Snor - 300.0 2.2(u)
CuggGen 300.0 2.2(u) [99]
. 1.0 (a)
Silver 71.2 1.165 300 (1001 Calculated from
data givenin
. Ref. {100}
‘Tin . -+ 40.0-150.0 1.8-4 298 {101,102}
" Chromium 100.0 +8.0 2398 {103}
10.0 -8.0 '
¢ 33-40 50.35 [104]
Nickel
chromium .
(10% Cr) .
Palladium 60.0 -32.3 280 (103}
10.0 2.0 20
Pd-Au 10.0 0.3 20 [106]
Ytterbium 60.0 9.0 298 {107]
120.0 18.0 298 .
Samarium .60.0 -15.0 298 (107]
120.0 0.0 298
Tantalum 100.0 -9to +1.5 298 [108] Film prepared
' : by rf sputtering
Sdependson

the conditions
of sputtering

0



Table (3.2) Seebeck coefficient for thin film semiconductor and semimetals.
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r

 Material

Thickness Maximim S Temperature References Comments
(nm) (uV/deg) (K)
‘ -
p-Ge 92.5 62 600 (109
n-Be-Sb 460 172 600 [109]
a-Ge-Te 200.0 88 175-375 [109] a=amorphous
a-Ge-Cu >2.0 —26 340 [110]  Thickness was not
- — S clearly specified
a-Ge-Al - >20 470 300 {1101  at10/% Al
a-Ge-Fe | >2.0 75 150-450 (110] at5% Fe.Sis
. constant in the
range 150-450 K.
a-Si:H 1.0 . =200 150-400 [111] :H=hydrogenated
- + and - for
- p- and n- types,
respectively
Te ~ 50.0-170.¢ 100-400 170 -[112)
Bi-Te 40.0 498 . 300 (4]
Pb-Se 200.0-500.0 Sg/Sg =2.3 7.7-350 {113] F=film, B=bulk
. (2.3)is the
highest ratio
Bi-Sb 1000.0 - 80 373 [114]
Te-Se-Sn 265.0 500 250 [113]
Boron- o
Phosphide 16 um -300 500 {1186] n-type
13 um +500 500 (116] p=type
30 pm -300 300-1000 [117) n-type
Gallium _
aitride 5-30 pm 70 300 (118
a-CdyAss 0.5-10.0pym -500t030 - 100-350 (119]
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Fig. (3.2) shows schematically the cie—:g_:éndence of S, 0 and K on the concentration of

-

free carriers [88]."One may conclude that semiconductors are probably the best candidates for
thermoelectric enérgy conversion. Never;.heless, no material is known which exhibits both
high Z and high temperature capabilities.

. " " Bi-Sb alloys.c.an be useful in thermoelectric energy conversion because Bi is a
semimetal that has a relatively low lattice thermal conductivity; alioying with antimony can
create an energy gap leading to reasonable values of Z. Table (3.3) gives a comparison
between the maximum reported values of Z of Bi-Sb and other semiconductors at m-om

temperature; it shows that Bi-Sb alloys have the potential for efficient thermoelectric energy

conversion.

3.4 ° Thinfilm thermoelectric_ge.nerators
Thermoelectric generators are usually composed of several modules connected in

parallél; each module is made up with segments of thermoelectric materials connected in

series. The series connection establishes the output voltage; the parallel connection raisesthe
6utput current level. An example of a thin film module is shown schematically in Fig. (3.3).
The series connection is achieved using a zig-zag pattern with alternating p-type and n-type
legs of the selected alloy. Thin filmthermoelectric generators are capable of delivering power
in the microwatt range. Fig.(3.4) shows the open circuit output voltage and the power is
delivered to a matching resistive load for a generator composed of three parallel modules like
the one shown in Fig.'(3.3). The alloy composition for this exa.m;ﬁle _1_5__ ' |

75 wt%® BigTes + 25 wt% B.iQSeg . for _the n-type leg
and 25 wt% BioTez + 75 wt% SbaTes for the p-type leg
The alloys were formed by coevaporation E)‘f _constituent components followed by heat

treatroent at 250°C [123].
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Fig. (3.2) Dependence of the thermoelectric power, 5, the electrical conductivity,
o, and the thermal conduectivity, K, on the concentration of free

carriers (Ref, [88]). »
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Table (3.3) Maximum values of the figure of merit, Z for bulk Bi-Sb and some other

semiconductors '
Semiconductor Zeaax(10-3deg—1) - References
Bi-Sb 1.8 [120]
BiTeq 290 o £120]
. AgSbTes 1.2 (121]
Pb-Te | .12 [122]
InSb 0.47 . [122]

Ge-Si ' 0.9 [122]
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-- Fig. (3.4‘) shows that the Seebeck voltage increases linea:rly with teﬁxperature in
the range 100 to 260°C, giving a Seebeck coeﬂicientl of ab;)ut 137 wV/deg. The power delivered
to the matching load ranges from 2.5 to 16 uW.

Tl;e series connection ;)f the p-tyr:»e and n-type legs does not have t,o be lateral, as .
shown in Fig, (3 3) itcan be vemcal as shown in Fig. (3.5). The vertical conﬁgurauon has the
advantage of redligi.ng the area the thermoelectnc module occupies. The basic experimental
problem with this conﬁguration\xs current leakage through the insulatbrs [124].

The heat sources for thermoelectric generators are mainly fossil fuel, or radioactive
" isotopes. When periodic refuelling is possible and oxygen is available, fossil fuel can be used.

Sir;ce the energy per unit weight produced by fossil fuel, if the conversion efficiency >'2%. is
_about fifty fimes that of a chemical battery, the thermoelectric system will be still lighter and
le‘s;s bulL_:y than a system using‘chemical batteries [125]." If periodic refuelling is not poséible,

or oxygen is not available, radioactive isotopes can serve as the-heat source enabling the

' generatbrs to operate unattended for extended periods, longer than 15 years in.some cases
(1251. |
| t Table (3.4) gives the required output power for some cybernetic devices, an area
wheré radioisotope thermoelectric generators find an immediate application [2]. |

It is informative to compare thin film thermoelectrical generators with thin film
solar cells. For a Si thin film p-n junction solar cells, it has been reported that [126,127]:
Voc = 0.58 V and ne = 9-12% where Vg is the open circuit voltage, and 7. is the power
efficiency. The highest performance parameters-are those of p-GaAlAs/p-GaAS/n-GaAs: the
reported values are {128): Voc = 0.99 Vand n = 12.8%.

Keeping in mind the data of Fig. (3.4} and Tables {3.1) and (3.2), it can be seen that
thin film thermoelectrical generators can compete only marginally with thin film solar cells.

They cannot compete with the more sophisticated thin film solar cells. Nevertheless,
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thermoelectric generators have unique advantages: illumination, and hence exposure to an

~external atmosphere, are not required; no electric energy storage equipment is required to

ensure a continuous electric energy supply.

I

Thus, it is concludedTIIgt, as far as power generation is concerned, thin film
~ .

+5armoelectrics cannot replace solar cells in tHe near future. Nevertheless, they have their

important role in speciahzed applications such as in deep space missions, satellites, cardiac

_pacemakers, etc. .
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- Table (3.4) Output power for some cybernetic devices (from Ref. [2]).

Device - Power
Cardiac pacemaker _ 3 9W~
Carotid sinus nerve (and pump) 300 pW

"Sphineter muscle 1.0 mW
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CHAPTER IV
EXPERIMENTAL TECHNIQUES AND INSTRUMENTATION

4.1 Introduction

Several experimental techniques and numerous instruments have been used
during the course of the experiméntal inﬁestig'ationé reported in this thesis. The techniques
can be classified, as f;u' as the present investigation is concerned, into two groups:- major anci
auxiliary techniques; m addition to sample preparation techniques.

{1) Major techniques:
These are ion implantation, Rutherford backscattering spectrommetry (RBS), and
thermoelectric characterization.
{i1) Auxiliary techniques:
These are transmission electron microscopy (TEM), Auger electron spectroscopy
(AES), and various electrical measurements such as Hall eﬁ'e;:t and resisti\_rity
measurements. | g
In the following sections 2 sho'rt discussion of the physical concepts of the major
techniques will be given, followed by the instrumentation. Sample preparation and auxiliary
techniques will then be described briefly.
4.2 | REBS and ion impiantation

When a beam of energetic ions hits a thick solid target, the majority of the ions will
come to rest w’it—hin’tﬁ'e target, they are said to be implanted; a small fraction will be
backscattered. For RBS analysis [129-131], the sample is bombarded with a beam of light -~

monoenergetic particles, e.g., He*, and one measures the number of backscattered particies

59
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.

“as a funection of their energy. Such a spectrum carries information about the masses of the
elements constituting the target and their spatial distribution. The light, MeV ions penetfate
the target much deeper than heavy elements imp?anted at lower energies; they also displace
‘much fewer of the target atoms. This leads to the conclusion that MeV-He ions will not have a
significant contribution to the mixing process. Thus, RBS is suitable as an analytical tool for
ion-beam-mixing investigations. In the following paragraphs, the basic ideas of RBS- -analysis
will be reviewed. ' . |

If the energy of the incident ions is Eg, and that of the backscattered ions is Ey, then

from conservation of energjr and momentum it follows that (130]:

E1 = kme Eg (4.1)
where,
2 22 -
. - M, cos8 + VM, — M{sin8
o ’
M2 M, + \f[2
8 1s the laboratory scattering angle, .
and M, and Mo are the masses of the incident ion and the struck atom respectively.

As the particles penetrate the material, they lose energy along their path. The
energg;‘ of the bacitscattered ions from a depth Ax will be less than the energy of the particles

scattered from the surface by AE, where;

AE = Ax[S,] = N Ax(z] @
where,
(S] = dE/dx = stopping power,
and [e] = UN(dE/dx) is the stopping cross section of the target with atomic density N.
Considering that the backscattered ions lose energy both on the way in and out of
the-target, we can write:

k dE

1 dE
cos.ﬁl dx

Si= - —
[ °1 in co562 dx

B
out



61

where, 8; and 69 are the angles between the normal to the target and the .dir'ections of the
incident and backscattered ions, respectively. The total number of detected backscattered

particles, Ag, can be written as:

: do . .
Ad=(E§-AQ)-(NAx)-Q , ] - {4.4)
v:rhere,

do/dQ is the differential scattering cross-section,

AQ is the solid angle of the detector,

and Q is the number of incident ions.

The differential scattering cross-section for M < <Mqoisgivenby:

-
-

do (22 8 M (4.5)
do (B (s 0y ]
dQ 4E 2 M,
. Q . . a.& )
The number of particles backscattered from the surface (or'an interface) is given by:
o d '
H:(—c’--an)-q-m’ (4.6)
40

where tisaslabat t.'-ne interface determined by the resolution. of the detecting system.

A major advantage of the RBS technique using light ions is that the cross- sections
are accurately predictable and thus no calibration procedures are necessary once the
scattering geometry is known. The technique also provides depth information (=1 um) non-
destructively (130].

Fig. (4.1) shows a schematic of an RBS spectrum of a sample composed of three
elements with the spatial distribution indicated. The main features of the spectrum are:

i) A signal with a peak at an energy kmoEq. This signal corresponds to

backscattering from the atoms of mass Mz at the surface of the solid.

ii) A signal with an edge at energy kmsEo cPrresponding to backscattering

from the atoms of mass M3 at the surface; the width of the signal, AE,

correspondg to backscattering from the atorms of mass M3 up to depth ax.

b
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Fig. (4.1) A schematic of an RBS spectmijm.
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iii) A si'gﬁal wi£h an edge at energy kng (Eg=—AE) corresponding to
backscattering from the ar:oms of mass My at depth Ax..
The three signals a.re not overlapping, and henée produéing a clear spectrum, bec;mse
M4 < M3 <M» and because the thickness Ax is small enough so that:
" (ks E;_ AE) — kg (Eg—AE) >0.

A block diagram of the system used for RBS analysis and for ion 1mpla.ntatmn is
shown in Fxg (4. 2) A35MV Van de Graaff accelerator (A) is used to obtain a He+ beam for
RBS analysis. The beam is transported to an a.nalysmg magnet (£). The transport system (B)
provides magnetic steering and magnetic focusing. A 150 KV ion accelerator (C), using a
Danfysik 911A universal ion source, is used to obtain the implantation beam, e.g., Ar* beam.

) The beam is transported to the analysing magnet (E). The transport system (D) provides

—-

magnetic steering. The focusing is provi:ded by an Einzel lens placed at the exit of the ion

source.

‘The analysing magnet (E) is used to select a monoenergehc beam of the required

)
-

ion species from either acce!erator. The selected beam is then transported to the target
{sample} chamber (G). The trar:sport system (F) provides a feedback circuitry to stabilize the
energy of the beam. A system of apertures is used for defining the beam;. The He + beam is
defined to 0.7 mm diameter. For implantation, a 2 mm aperture {(closest to the magnet)and a
4 mm aperture (closest to the target chamber) are n;.oved up, off the beam axis, such that the
4 mm aperture is higher than the 2 mm aperture. The beam is then steered eIectrosr.atically.
t;a the target ch_;aml;)er; This arrangement ensures that the ions neutralized between the
magnet and the 4 mm aperture will not bombard the target becausg there is no direct path to
the target. The implantation beam is swept horizontally and vertically to ensure the

uniformity of the impla.ntatibn.
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A schematic of the target chamber is shown in Fig. (4.3). The sample is mounted on
a goniomér;er that has two degress of rotation with respect to the incident beam. The sample
can be heated with a heater connected to the copper sam:pl'e mount. The sample can also be
cooled via a cryocoolez; that can be connected thermally to the sample mount using a flexible
copper braid. A radiation shield surrounds the cryocooler in the chamber to minimize the
radiative hea—t loss. The target mount is surrounded by a copper shield that is also attached to

-

the‘ cryocooler. This target-shield arrangement acts as a Faraday cup for beam current
measurements. A radiation shield, cooled to liquid nitrogen tempe.ratu;e, surrounds the
copper shield. The target mount is thermally isolated using a thin- wall st}:a.inless steel tube.
A gold (doped with 0.07 Fe)-chromel thermocouple is fixed to the target mount to measure the
temperature. A removable Faraday cupis placed at the entrance of the chgmber. It is used
during the adjustment of beam parameters before letting the beam impinge on the samplé.
The ion dose is determined by measuring the integrated charge at the target over
the period of ion bombardment. To ensure accurate measurement of CL;rrent. the target
mount and the copper shield are electrically isolated from the cryocooler with a ten-micron |
Mylar film and from the goniometer with a Teflon washez. Secongary electrons are
suppressed by applying -220 V to two copper rings placed at both ends of the shield; they are

- electrically isolated from it. The base pressure in the system is about 10-7 Torr.

The dose-measurement system starts with a current integrator (Ortec model 439);

_ it measures the beam current on either the target or Faraday cup. A timer/scaler (Ortec
_model 771) controls the data acquisition. Fig. (4:4) is a block diagram showing the data flow
system. Energy analysis of the backscattered ions starts with a silicon surface-barrier
detector (FWHM ~15 KeV) mounted in the chamber at a scattering angle of 160°. The

-

detector solid angle is 0.0361 str.
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To avoid radiation damage of the detector, it is covered with an externally-

controlled shutter during implanr.ation.‘ The backscattered He+ ion reaching the detector

produces a signal (pulse). proportional to its energy. The signal goes directly to a pre-amplifier
(Canberra model 1408) then to a linear amplifier (Ortec model 572). The signal is digitized
using an analog-to-digital converter (Northern Scientific ADC model 8192). The ADC’is

connected to a PDP 11/05 minicomputer for pulse height analysis and data acquisition.

4.3 Thermoelectric characterization
4.3.1 Thermoelectric power measurement
The relation between the thermoelectric power, S, the tgfnperature gradient, and

the developed voltage, V,, can be written in either of two equivalent forms:

v
g = v, _ 4.7
dT T,
or /\
« Ti i .
vs = J S4T. : (4.8)
TD .

This leads to two theoretically equivalent methods for S measurement: the integral and the
differential methods [132].

In the integral method, the temperature at one end of the sample is maintained at
Tp. The developed voltage, Vg, is then meas;ured as a funetion of the temperature at the other
end of the sample, T;. The value of S can be obtained by differentiating V(T) with respect to
T. This can be accomplished graphically by plotting V, vs. T. An average value of S can be
defined if V, vs. T is linear over the temperature range of interest; otherwise, S will be a
funetion of temperature. The integrali method is not practical if a very small sample and ver:.'/

large temperature gradient are to be used. ' /

7 —_

—



In the differential method, .a "small” tempergturé gra&ient, AT =Ty—= To is
maintained ﬁxed’acro\s’srthe sample and t.h_e average temperature is varied. The temperature
gradient iias to be small'-‘gnough so that S can be assumed constant and largé' enough so that
appreciable voltage can develop.' - - _

In both methods, the ele::trical contact will have an effect on the measured value.of '
the thermoelectric power of the sample. The effect will be significant if the absolute value of
the thermoelectric power of the material of the contacts is corhparable to t‘:'n;t of the sample.
In general, if the absolute value (ds opposed t(; relative; the sign is cpnsidered') of the
merﬁmlmuic power of the salrnple is Sa and that of the contact is- Sg. then the measured

. . -
.value, Spg (A relative to B) is given by (1331

Sas = Sa - S8 “.9)

Sinee it is the temperature range ~300 t0 500 K that is considered in the present
ix;vestigation. the integral method \;vas used. It was preferred because of its simplici.ty. The
system used for thermoelectric power measurement is shown schematically in Fig. (4.5). Two
copper electrodes, pressure contacting the sample, were used to measure Vs One electrode
was maintained at room temperature while the other electrode was heated. The temperature
was controlled by controlling the cufrent flowing through the heater uffg a variabie resistor

connected in series with the heater. Two thermocouples were fixed N electrodes to

measure the temperature.

4.3.2 Measurement of the figure of merit
' x

To evaluate the figure of merit usiné Eq. (3.33), one has to measure S, g, and K.
Measurement of K is difficult particularly for a thin film. An alternative method was first

suggested by Harman {134] and revived by Trefny (135]. The essential physics of Harman's
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technique is contained in the two basic transport equations: Eq. (3.6) and Eq. (3.7}, which will

be rewritten here as: _
e=J/lc+ SVT. (;}&l_
and o Jo= —KVT +STJ. . (4.11)
N

Eq. (4.10) expresses that-the-steady state electric field, &, may arise in a conducting medium
due to acurrent density, J, and a temperature grédient VT. Eq. (4.11) expresses thas the heat
current density J,, is due to a temperature gradient and an electric current density.

Under isotherined conditions, Eq. (4.10) can be written as:

c e

1 .
(8/J)T=° = ;.= p

. (4.12)
180
Under adiabatic conditions, Eq. (4.11) can be written as:
ol ’ S%T
_ - (4.13)
(€/d); 4= pi“{l + < l =p, .
33
This leads to:
ST _ ( -
K pad/ Piso ~ 1
(4.14)

or ) (
ZT = {p,4/P,,— 1
Practically, an ac resistance measurement yields the isothermal resistance, i,

anda dc resistance measvrement yields the adiabatic resistance, p, ;. Hence '

- -

Z.T = (pyto,. = D : {4.15)

-

The major sources of error in this technique relate to the Seebeck coefficient of the

~

leads, the thermsl conduction by the support leads and by the substrate, and the radiative
heat exchange with the surrounding envifonment. Nevertheless, if all these factors are kept

constant, the technique can be used to compare directly the values of'Z for different alloys.

‘/’



4.4 Sample preparation

Samples were ﬁrepared by vacuum‘d;aposition of Bi and Sb layers on various
substrates at room temperature without breaking tize vacuum. The base pressure was
typically ~10-6 Torr. This vacuum is more than adequate bégause Bi does not readily oxidize,
even at temperatures close to its melting point in a1r [138]. Variéus subst;a;es were used;
samples that were to be electrically or thermoelectrically characterized were/deposited onto
glass substrates, those which were to be characterized .by AES were deposited onto Si

substrates, and those to be examined by TEM were deposited on NaCl substrates.

-~

4.5 Aux:.hary techniques

) A PHI 600 Auger Electron Spectrometer was used for checking the uniformity of
& .
the samples in depth and laterally. A TEM (Philips model 300 G) was used to examine the
microstructure of some of the samples at various states of mixing. Hall effect measurements

were also performed to verify the type of conductivity of some samples before and after

mixing.

4.6 Experimental Procedures

Every experime;nal measurement done in the course of this work was carried out
on three or more similar samples to ensure reproduci';:ility. Results of only one set of
measurements are reported here unless there was a variation in the mesasured quantity of
more than 5% (or when it was important to comment on thg variations observed). RBS
analysis was done on every samplé before a.ndl after ion bombardment except for samples
p'rep?.red for analysis by TEM. RBS, TEM, and AES were done on various spots on the

\samples to check the lateral uniformity. Repeated thermecelectric and RBS measurements

-



were carried out on some samples to check the effect of repeated heating on V, and He*

bombardment on mixing.
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CHAPTERV

RESULTS AND DISCUSSION

5.1 Introduction
. In this chapter the experimental results of this work are presented, analysed, and '
discussed. The following sections are organized such that direct answers to the questions
raisedin Chal;tér I can be concluded. :
In Section (5.2, the results indicating the ability of forming Biy _.Sby alloys by ion
beam mixing are presented. The microstructure of the alloys is also shown. In Section (5.3},
the dependence of mixing on the parameters of the mixing beam and on the temperature is
revealed leading to the discussion of the possible mixing mechanisms in Bi-Sb sys'teni. In
Section (5.4), the results of the thermoelectric characterization of the alloys are given. They
are discyssed in terms of a well-established model put forward to explain the transport
properties of buik Bij _z Sby alloys. A model, based on the concepts discussed in Sectlgn (3.2),
is proposed to give an insight into the relation between the measured thermoelectric power
a.r:d the mixing doses.

5.2 Ion beam mixing

The feasibility of producing Bi-Sb alloys by ion beam mixing was investigated by

monitoring the effect of ion bombardment on the elemental spatial distribution. The samples

were cormposed of a thin Sb layer sandwiched between two Bi layers. 'Typical RBS spectra

obtained using a 2 MeV 4He+ beafn, impinging normally on the sample, are shown in

Fig. (5.1). The=signals from Sb and Bi are well-separated. The' total number of counts in the

Sb signal is 3462 * 59 for a dose of analysing He+ of (1.87 £ .1) X 1013 {ons/em2. Since the
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d.i.ﬂ'ex'-enti.al scattering cross-section, do/dQ, is 3.4 X 10-24 ¢m2/str. and the detector solid
angle, dQ, is 3.61 X 10=3 str., then, from Eq. (4. 4) the thickness of the Sb layer is
6.3 £ 0.4 nm, assuming a bulk density for the Sb layer of 3. 31 X 1022 cm=3. Successwe dose& .
of Ar+ lead to broadening in the Sb signal; the full width at half maximum (FWHM)
increased from 4 c};annels (=18 KéV) to about 10 channels (= 45 KeV). This represents an
increase of about 52.7 nm in the Sb width, i.e. the Sh became distributed over the width of the
sample. % .

‘ For bilayer samples, mixing also occurs but a higher dose of mixihg ions is- needed
for complete mixing. Fig. (5.2) shows RBS spectra obtained using a 2 MeV ¢‘He* beam
impinging normally on & bilayer Bi/Sb sample. The arrow indicates the position where Sb
signal should appear if Sb were on the surface of the sa.mple. This was deteé*mined by doing
an RBS analysis, under the same experimental conditions, of a sample compos;d of two very
thin Bi and Sb films (= 1;.0 nm each): The position of the arrows are the position of the peaks
of the Bi and Sb signals thus obtained. Hence, Fig. (5.2) indicates that u.nder Ar+

bombardment, Sb has reached the surface of the sample. Bilayer samples were not used for

' -

any further investigations.
Similar results to those shown in Figs. (5.1) and (5.2) were obtzined by doing the
RBS analysis on different regions of the sample that are 2 mm above and below the initial
region analysed. o -
The ﬁnal allov composition is determined by thg relative thzcknesses of the

deposited Biand Sb layers The composition was-verified from RBS spectra using Eq (4.4).
The uniformity of the alloys was examined by AEStlaterally and in depth. Fig. (5.3}
shows axr example of depth ‘profiles obtained before and after bombardment with

2.8X 1015 em=2 of 80 KeV Ar+ for 2 sample of the marker type deposited on } a Si substrate.

Under the influence of ion bombardment, Bi ard Sb became approximately uniformly

»
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distributed. Alsé. the oxygen on the sample surface was removed. The ox};gen appearing in
Fig. (5.3b) comes from the substrate surface (Si0g). The apparent variation in Sb
concentration near the surface may be due to the preferential sputtering of Sb over that of Bi.
The lateral uniformity was examined by performing AES enalysis at various points at the
surface of the mixed sample; the spots analysed were random_ly distributed ov;r the

implanted area of the sample. The results are shown in Fig. (5.4). They indicate the existence

of lateral unifofmity.
Fig. (5.5) shows typical TEM micrographs of Bi/Sb films before and after
bombardment with 80 KeV Ar+. The average gram size increased from 100 nm to ~ 140 am '

and ~150 nm after bombardment with 1 X 015 Ar+/cm?2 and 3X 1015 Ar+/cm?, respectively.

L.

This increase may be attributed to the mcrease in the égective film thickness [86] and to the
deposition of elastic energy by the bombarding beam [8';1. N
" Compositional anslysis by x-ray florescence {using STEM) was carried out on

several grains of a sample bom:\arded with-80 KeV Ar+ to a dose of ~3 X 1015em -2 This
was done by comparing the ratio of the counts in the Sb Lg; and Bi Lqo signals after 20 sec.
The resuits indicated that the atomic ratio of Sb to Bi is essentially _cons'tam. from grain to

The RBS, AES and STEM r;zsults have lead to the conclusion that essentially
uniform Bi-Sb alloys can be produced cqnveniently by ion beam mixing.
5.3 Mixing mechanisms

In Section(2.3), the models proposed for ion beam mixing mechanisms were
reviewed. The classical models fall into two major categories:

i) Ballistic models which describe the transport resuiting from radiation

damage.
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'f'EM micrographs of BU/Sb marker system

)

after ~1X 1015 ¢cm~2(80 KeV Ar=)
after ~3x 1015cm-2(80 KeV Ar+
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if) Models which describe tra@rt resulting from thermal migration of atoms

- ‘in high concentration o efects.
The models put forwa.r& to explain cases wherk deviation from the classical models.occur (e.g.
due to cl';emical effects) were also discussed. Thesbjective of the following sections is to reveal
the dominant mixing mechanisms in Bi/Sb system in the light of the models presented in
Section (2.3). To achieve this, a measure for mixing is first discussed, then the results of

measuring the "mixing™ as function of the xmxmg beam parameters and temperature are

5.3.1 A measure for mixing’

In Section (2.4), it was stated that the increase in the width of a marker is one of the
?ossible measures of mixing. The use of this method for Bi/Sb system in conj unction with RBS
analysis will be elaborated on here. ~—

The Sb signal in the RBS spectrum is well d1stmgu15hed from that of Bi, as shown
in Fig.(5.1). There is no arWguity in determining the FWHM of the Sb signal. This
quantity can serve as a measure of mixing as explained in the following. _

A.::ming a random walk, diffusion-like mixing process, then the solution o-f' the

“diffusion” equation obtained for a thin solute layer buried between two semi-infinite solvent

layers is valid in the present case, thus we can write [70]:

Clx) =

CSb < [ (x—xo)" ] . (5.1)
—_— -
2@Dt) 2 4Dt

where, C(x)is the Sb concentration at location x.
Cgp is the initial Sb concentration, o A
D is the effective diffusion coefficient,

X, is the position of the initial Sb £lm,



and tis tﬁne.
-Neglecting the contribution of the thin Sb layer to the stﬁpping-cross—section (~3%), the.
channel number, n.‘in an RBS spectrum and the position in the target, x, can be determined
us‘i.ng Eq. (4.3). For small amount of mixing, we can write: |
(n—n ) E
‘(x—x?) : (e )g; Ngi
where, SE is the energy width of the channel

[20]B; is the stopping cross-section of Bi = 2.44X10-13eVem?,
and ~  Ngjisthe atomic density of Bi = 2.82X1022em=3.
‘Eq.(5.1) can_thejn'be written as [70].

) Csu ex { [ 1 ((“"“0)83\' ] (5.3)
X) = — — .
2V nDt P 4Dt

(o )g; Vg 7
This is a Gaussian distribution with standard deviation op given by:
[coIBi NBi
SE o
The measured standard deviation, o, from an RBS‘spectrL:m can be expressed, in

2

. (3.4)

o:;') = 2Dt

general, as:

2_ 2 2 2 2 ' (5.5)
o”=op+op+og+on s

where, orisduetothe i"mite resolution of the detection system,
Oy is due to the stlraggling pm&uced by the Bi o_;rerlaye:,
and ot is due to the thermal migra;ion.. ) Lo
If we agsﬁme that the t.-emx‘aerature is low enough that no mixing occurs without ion
bombardment, then, ot = 0. if we also ass.ume that both or :md a4 are constant throug.hout an

-

. experiment, then: .

- ‘ Cogtog=a) (5.6)

where, o, is a constant. : -



Accordingly, the overall standard deviation, o, measured from an RBS spectra will

be: } . .
(e }B -N.. )
2 _ oBi " Bi 2 (5.7
o = 2Dt[ SE + 0]
Resrranging Eq. (5.7), we obtain:
5= °'-°;[ SE r | (5.8)
2t e g N ‘ . -
Equatien (5.8) implies that
D x A2 ' (5.9)
and we have:
AT = FWHM® - FWHM? (5.10)
(FWHM) = 2.340,

and (FWHM), = 2.340,.
From the above analysis, it can be seen that 3% gives information about the

effective diffusion coefficient and A gives information about the width of the alloy. In the

following section, this quantity (A or A7) will be used as a measure for mixing.

5.3.2 Dependence of mixing qun ion dose and dose rate

The increase in the FWHM of the Sb signal was measured as a function of the
irradiation doses of 60 KeV Ar= and 110 KeV Kr* at room temperature. The doses used were
much lower than required for complete mixing to ensure the validity of Eq. (3.7). The results
are shown in ?ig. (5.6). The error in A was taken to be half a channel in the corresponding
RBS spectra. A square-root dependence of mixing on the dose of incident ions was observed.
This confirms the similarity with thermal annealing processes (see Section (2.4)).
The effect of dose rate, ', on mixing at room temperature was investigated by

varving the current density of the mixing bearz as follows:
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1) For 60 KeV Ar+: 333, 266 and 100 nd/cm?2 beam current densities were
used .
11} For 110 KeV Kr+: 166 and 50 nA/em? beam current densitites were used.

There was no observable effect for varying ¢’ on the rate of mixing.

5.3.3 Dependence of mixing on ion energy and mass

The role of the energy of the incident ions in the mixing process was investigated by
measuring the mixing as a function of ion doses for Ar+ beams with energies: <0, 60, 80, 100
and 120 KeV. The results of mixing with 40, 60 and 80 XeV Ar~ beams are shown in
Fig (5.7). The results of mixing as a function of beam energy for a dose of §X 1014 Ar+/em?
are shown inFig (5.8) alorig with the calculated values of the elastic deposited energy at the
interface.

The results indicate that the mixing proceeds faste;‘ as the energy increases up to
around 60-80 KeV, then it decreases slowly. This behaviour corresponds with the variation of
the elastic deposited energy at the interface, as shown in Fig. (5.8). Thus one may conclude
that the higher the elastic deposited energy at the interface, the more efficient the mixing will
be, i.e., the same ion dose produces more mixing.

The role of the mass of the incident ions in the mixing process was investigated by
measuring the rn:.tmg’ at 40 K| as a function of ion doses using 110 KeV Kr+, 60 KeV Ar~,
and 40 KeV Ne+ beams. The energies were selected such that the maximum elastic e_nerg}-
will be deposited close to the BiSb interfaces. The calculated values of the elastic energy,
mean range, and damage range for Kr~, Ar*, and Ne~ are gjven in Table (5.1).

The resui:s are shown in Fig. (5.9) and Fig.(5.10). They indicate a square-root

dependence of A on ¢, implyving a diffusion-like process as before. The square of the slope of
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Table (5.1) Calculated ranges and elastic deposited energies for Kr+, Ar+, and Ne+ in Bi.

Ton Energy E Elastic deposited energy,  Projected range, Damage range,
(KeV) E.v(E) (KeV) | Rp(nm) Rp (nm)
Kr 110.0 73.7 T 349 - 28.8
-
Ar 40.0 24.0 ‘ 25.0 213
60.0 35.0 35.4 28.9
70.0 40.88 40,4 33.9
s0.0 45.92 45.1 37.8
100.0 55.60 55.1 457 ¢
Ne 40.0 19.20 39.7 341
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each line is proportional to the effective diﬂ'déion coeflicient. Since at 1'6\-\! temperature
cascade mixing prevails (Qee Section (5.34)), then, according to Eq.{2.23), the ratio of the
square of the slopes should be close to the ratio of the elastic deposited energy. By considering
thé ratio of the square of the slopes, rathe:} than calculating diffusion coefficients {rom
Eq. {2.23), the uncertainty in the values of so'me of the cascade model parameters is avoided.

From Table (5.1), the ratio of the elastic deposited energy, E.v(E), for 110 KeV Kr~,
60 KeV Ar+, and 40 KeV Ne+ are: 3.8:1.8:1.0, while from Fig. (5.9) and Fig. (5.10), the ratio
of the square of the corresponding slopes are: 5.2:2.0:1.0. The values of (dE/dx); at the B¥/Sb
interface for'110 KeV Kr+, 60 KeV Ar+, and 40 KeV Ne* were calculated to be 159 eV/A®,
68 eV/A°, and 29 eV/A®, respectively, giving a ratio of 5.5:2.3:1. These comparisons indic_ate
that the mixing increases with the mass of the mixing lons mairly bec;;.userf the increase in
the elastic deposited energy at .the interface. |

-

5.3.4 Dependence of mixing on temperature

The resuits of measuring 4, the increase in the FWHM of Sb signal, as a {function of
temperature for a dose of 43¢ 1014 Ar"‘fc_m-”- are shown in Fig. (5.11). Samples similar to those
used for the pr&sent measurements were heated up to 100°C (for ~ 300 sec.) and the FWHM of
the Sb signal was measured before and after the heating; no increase was observed. Hence,
or, in Eq. (5.5), was equated to zero.

The results shown in Fig. (5.11) indicate that mixing is independent of temperature
up to about 256 K, then 2 strong enhancement in the mixing appears as the temperature
increases. This trend agrees with what was observed in the majority of the syste ms

investigated up till now (see Section 2.4.1)).
°
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The implications of these ﬁnéingsl‘ are that the cascade mixing dominates at
temperatures below about 266 K, whiI; radiation enhanced diffusion”domirmtes at higher
temperatures. The identification of the mixing mechanism as cascade is based on the
observation that the mixing is independent of temperature below 266 K and down to 40K

within the experimental uncertainties.

Diffusion Coefficients
N S

Eq. (5.8) was used to caleulate the effective diffusion coeflicient. The information
needed for t-he caleulations are listed in Table (5.2). The resulg; of the caleulations are given
in Table (5.3). in these calculations ¢’ was taken tobe 1.66 X 1012 em=2sec. -1

To obtain the activation energy, Ea, In(D) was plotted vs. 1000/’1;- as shown in

Fig. (5.12), assuming the validity of the relation:

o< Doe‘?’("é} ) L (5.11)

This leads to: slope = Ex/KgT, henceEq = 0.15 £ 0.02eV.

For thermal annealing (without irradiation) the activation energy is 0.66 eV [136].
The reported values of D, range from 10-% em¥/sec [137] to 3X 10714 cm¥/sec {138]. Thus, the
thermal ciffusion coefficient is much lower than the effective diffusion coefficient under
irradiation.

The value of vacancy mig'ra:tion energy "m Bi was evaluated {137] tobe 0.3eV, L.e,

E4 is about half the vacancy migration energy. This may suggest that vacancy annihilation

occurs principally by direct recombineation (see Eq. (2.3)).
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Table (5.2) Measured values of the increased Sb width for 4X 1014 cm =2 of 60 KeV Ar+
at various temperatures.
Temperature (K) 300 333 353
*‘ -
02 —02,(KeVi2 63.9 1222 142.2

Table (5.3) Calculated values of diffusion coefficient and the corresponding temperatures.

Temperature (K) 300 333 353
D (10-15 cm2/sec) 2.80 5.37 6.25
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Temperature dependence of ¢iTusion coeflicients.
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i1) T<T.
' -
At temperatures lower than ~266 K, (62—0,2) is constant and is ~18.8 (KeV)2.
This leads to a value of the effective diffusion coefficient of about 8.3X 10-16 em2/sec. This

value is much lower than that calculated for the cases where T>T. given in Table (5.3).

5.;1. The thermoe.lgct:ric characteristics
5.4.1 The thermoelectric¢ voltage vs. tempersature

The thermoelectric voltage (Seebeck voltage), V,, was measured as a function of
temperature, T, for Bij _; Sby (where x varies from 0 to -0.45) prepared by ion beam-mixing.
The results for three alloys with x = 0.13, 0.23 and 0.48 are shown in Fig. (5.13). In the
:émperature range 300-500 K, V, varies linearly witb T. Thus, in this range, the

thermoelectric power (Seebeck coefficient), S, can be obtained from dV/dT (see Eq (3.1)).

5.4.2 The thermoelectric power vs. alloy composition

The measured variation of the thermoelectric power, S, with the antimony
concentration in the mixed alloys is shown in Fig. (5.14) along with values reported for Bi-Sb
alon.'s prepared for other techniques [135]. The reults reported by Favannec et al. [140] for
the dependence of S on the thickness of Bi films, shown in Fig. (5.15), were used to correct for
the difference in the thickness between samples used in this work (~ 50 nm) and the samples
used in the previous study (~ 1 um) i.e. the resultsof Ref. [135] were multiplied by 0.9.

Fig. (5.14) shows that the trend of the variation of § with the antimony
concentration is similar for ion beam-mixed allovs and those reported in Ref [135] but with
better reproductibility. The maximum, in both cases, occurs around a coneentration of 12-
13% Sb. This behavioui- can be explained, with reference to Fig. (5.16), as follows. Pure Biis a

semimetal that has three conduction band minima located at L-points of the Brillouin zone.



T (K)
300 350 400 450 500
| i 1 N
15k
e 48% Sb =
4 o 23% Sb
A3 X 13% Sb /
12k
=69 eg
o) F
9._
> 8
- E o] .
I S$=44.V/deg
>l |
5_
4+ 26 pV/deg
3_
2._
‘_
50 €0 100 140 80 220
ELECTRODE TEMPERATURE (°C)
Fig. (5.13)

Seebeck voltage versus temperature for three alloys with different Sb
concentrations.

98



99

e Present Work
80 o Ref (135)
— /’— “\ A l
‘/ F A\\
L/ \ -
g/ e,
© / \
S \
L
3 40 \\
___ N A
7)) i N
- Sl e
20|
o ' | ! N 1 )
10 20 30 40 50
ATOMIC PERCENT OF Sb
Fig. (5.14)

Variation of the ¢orrected thermoelectric power with Sb concentration
in Bi-Sb thin {ilm alloys at room temperature.
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Fig. (5.18) a) Brillouin zone for Bi

b) Schematic of the dispersion relation for Bi near F ermi-energy
(from Ref. [141]). ' )
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Table (5.4) Dependence of the characteristies of bulk Bi;_y Sby on the antimony
'concentraﬁion, x. .

x Phase Reference
0<x=<0.04 © Semimetal (142]
x=0.04 - Gapless [143]

0.07=sx=0.22 Semiconductor ‘ [142, 144)
0.23sx=s0.56 Semimetal 1145]
0.75sx=s1 -Semimetal (1461

-

Table (5.5) Reported values of the maximum energ'y'gap, Eg_,., occurring in Bi-Sb alloys.

Eg_ (meV) Allpy. type Reference
™
14.0 . Bulk (1471
24.0 - Bulk ' (142]
30.0 . Bulk: (145]
50.3 Thin Film [u4gl
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- . . \
They substantially overlap a single valence band maximum located at T-points. There are
als:o three valence band minima at L-points with a direct energy gap between these bands. As
antimony is added to bismuth, the direct gap remains approximately constant; however, the.;
T-point valence band iﬁtially moves downwards leadfng'to a gapless phase followed by'
transition to a semiconductor phase. Further increase in the antimony concentration results
in a transition back to the s_emimetallic phase. Table (5.4) shows the dependence of the phase
of the Bi; _y Sby alloy onthe value of x.

Although there is a general agreement in the literature on the Bij _x Sby medel as
presented here, nevertheless, there is a disagreement on the magnitude of ;.he energy gaps
produced by Sb addition to Bi (and hence on Eg).-The values reported by different workers are
given in Table (5.5). Thé' values reportgd of 'Eg in Ref. [147] and Ref. [148] were evalua.ted
from resistivity vs. temperature megsurements, a technique which may not'be ac;:urately
applied for measuring a narrow energy gap. The values reported in Ref. (142] and Ref. [145]
were evaluated from de Haass van Alphen effect measurements, a technique which can be
used only for single crystals.

. Based on the model discussed above, Eq. (3.35) was used to estimate the variation
in the thermoelectric powér, S, as a function of the .reduced Fermi energy, 1, in the range from
—2to +2, using the tabulated values of the Fermi integral, Feln) [92]. The results are shown

in Fig. (5.17). They indicate that: as the overlap decreases, ;the thermoelectric power, S,
- ii:xc.*eases. The measured and ecaleulated values of S are of the same order of magnitude. This
rep'r;sents a good agreement between _the theory and the experin\:ment considering the

simplicity of Eq. (3.35).



Table (5.6) Comparison of ZT for pure Bi and Bi g7 Sb 13 thin films.

Thin film Current (A) ZT

(DC or RMS) i
Bi 9.6X10-7 0.068

BigrSba 6.4X10=7 . 0.10

~

Table (5.7) The outpit power and the Seebeck Voltage for a Bi g7 Sb 13 alloy.

-

¢
Temperﬁture Seebeck Voltage Outpt-n Power
Difference _ (mV) (10-9W)
15 _ 2.1 1.3
50 . 4.0 4.6
80 ' 5.5 8.3
115 73 - 19.2
135 8.9 _ 21
169 . 10.5 - 32

150 13.0 : 52

104



| S| (uV/deg)

105

- R
@)

200
180
160

140
120
100

I

~gap ‘overlap

Fig. (5.17)

(EL/KST)

The calculated dependence of the thermoelectric power on the reduced
Fermi energy.

r



106

5.4.3 Annealing

4

The possibility of variation of the thermoelectric power due to nnneaiing by
repeated heat cycles was investigated by performing repeated méa-m;rement eycles. A
measurement cyc_}e means raising the temperature, in steps, of one el;ectrode up to about
200°C, then cooling it down to room temperature. The results are shown in Fig(5.18). No

appreciable variation in the thermoelectric power was observed for tp to 10 measurement

cycles.

5.4.4 Type of conductivity ‘
Hall effect measurement, along with the negative polarity of V,, indicated that
Biy _r Sby (0sx=.45) have n-type conductivity.

~

5.4.5 The figure of merit
Harman technique (see Section (4.3.2)) was used to compare the values of ZT for a
pure Bi and Bi g7 Sb 13 alloy deposited on glass substrate; both having thickness of ~55 nm.

The results are given in Table (5.6). The alloy showed an enhancement of about 32% in ZT.

5.4.6 The output power

[

The output power from a Bigr Sbis alloy, that has an area of about 1e¢m? and |
thickness of about 55 nm, delivered to a matching resistive load (0.86 KQ) was calculated.
The results are g'iveﬁ in Table(5.7) along with the corresponding Seebeck voltage and the
temperature difference across the sample. From the data of Table (5.7), one can conclude that
& unit composed of 10 mod.ules each consisting of 10 segments (giving a total weight of ~50ug,
sul:;strate not included) ¢an deliver about 5:2'[.1W to a resistive load for a temperature

difference of 190°. This is a low power, but still useful 2s explained in Section (3.4).
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5.4.7 Dependence of the theﬁnoelectric power on the -mix:ing dose

The thermoelectp’c power, S, was measured as a function of Fge dose of
bombardment ions, ¢. The samples were composed of 2 Bi film ﬁth a thin layer of Sb buried
i.n the middle. The results of bombardment with 60 KeV Ar+ are shown in Fig. (5.19). The
results indicate that § inecreases with ion dose rapidly at low doses_.’ then it approaches
saturation at high doses. It can also be seen that for doses higher than a threshold, ¢, of ~
1.0 X 1014 Ar+/em2, S is proportional to V¢. In other words, for ¢ > ¢u, the thermoelectric
power and the alloy thickness have the same functional dependence on ¢.

The_ results shown in Fig. (5.19) can be explained qualitatively as follows: in region
I, the thickness of the alloy region in the sample is small and the Sb concentration is high so
that S'is not dominated by the contribution from the allov region. In i‘égion I;, the
cornitribution from the alloy dominates. In region‘III. the thickness oi’ the alloy approaches the
total ilm thicicness and hence S approaches saturation.

In order to relate the above picture to the thermoelectric theory, consider the
diagram shown in Fig. (5.20). It;.s;hows schematically the effect of bombardment with an ion
dose, ¢, for ¢ < dmax, where dmax i .t’;‘he dose thatresultsina gni.forrﬁ alloy.

A mixed layer is formed starting from the initial B/Sb interface. The measured
thermoelectric power, S, is the resultant of contributions from the thermoelectric powers of
antimony, Sgp, bismuth, Sg; and the alloy, Sa;. Here we have the case of the single conductor
that has independent g;'oups of charge carriers such that each group acting alone can
contribute a thea'rmoelec:cric power Ssp, Sai, :mc.i Sg;. According to Eq. (3.32), one can then
represent the paftially mixed alloy by the eircuit shown in Fig. (5.21). As the mixing-ion dose
increases, the following effects that may influence S will occur:

i} The thickness of the mixed Bi-Sb layver increases.
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Fig. (5.21) The equivalent circuit of a partially mixed Bi/Sb system.
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Fig. (5.22)

Schematic of some relations used in the analysis of S dependence on ¢.
a) Dependence of Sg; on thickness, approximated from Ref. [140].

b) Dependence of alloy thickness on the ion dose.

¢) Thermoelectric power of the alloy vs. composition.

d) Composition vs. ion dose.
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ii) The average concentration of Sb in the alloy decreases. .
iii) The thickness of Bi and Sb layers decrease.

iv) - The concentration of the bombarding ions that become impianted in tI:1e
: ' sample increases. .
Sputtering is a fifth factor that ca.n influence the overall thermoelectric power by 'decreas?ng
the total film thickness. For the present purpose, the effect of sputtering will not be
considered.
The consequences of the previous effects are:
) . An incrgase in Say because of the incrgx;.se in the effective alloy thickness
and because of the decrease of the Sb concentration in the alloy.
" i) A decrease in Sg; and Sy, due to the decrease in the thickness of pure Biand -
' Sb layers as shown.in Fig. (5.15). i
iii) = Since the :mxmg ions are Ar+ and Kr+, they are expected to have no effect
on the value of S. This was confirmed by measuring S as a function of dose
for a pure Bi film bombarded with Ar ions. Also, Vs and S for Bigr Sbig’
\
prepared by Ar+ and Kr+ bombardment were measured. No dependence
“on the mixing ion was observed.

To obtain an analytical expression for the dependence of S on ¢, based on the above
physical description, we start with Eq. (3.32), then we employ approximate analytil:al :
relations between the ion dose, composition and thickness and bé?tween the composition,
thickness and thermoelectric power. These relations are sketched ‘in Fig. (5.22).

The objective of the analysis is to show that indeed the above picture can lead to the
findings shc:;wn in Fig. (5.19). In the anal.ysis the alloy thickness is assumed to have an
exponential dependence on &, to encompass’ ﬁhe low and high dose regions in one simpie

function. This assumpton is made to simplify the mathematics and is valid as a first order
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approximation.' A complicated function, f¢), could have been used, but since’the purpose is to
show that the a.nalysm leads to the conclusion that Lf the alloy thickness dependence on dis
represented by f(q;} then S should be proportional to f{¢), a simple functxon is more adequate

* From Eq. (3.32), the overall thermoelectric power, S, can be expressed as:

[ [a] [o]

.. .. %8 Al Sb

S = : .SBi + 'SAl + ‘SSb (3.12)
Og; T9a1 ¥ 9% Og; ¥ 941 ¥ % Og; ¥ 94+ %,

where, 031 oal, and og, are the elecﬁrical conductivities of the Bi, alloy and Sb layers,
x;espéctively. These conductivities are thickness dependent when the thickness is comparable
to tire mean free path, m.ép, of the charge carriers. The mip is ~ 60nm for Bi and does not-
changes'lp"preciably for the alloy. Since the overall thickness of the film in t}ae present study 1is
- 55nm, oB;, U.M, and 04}, are always thickness dependent. We can further assume that the
thickness dependence of opj, and 0al i-.s the same b‘ecause the mfp-does not change
significantly. The contribution from the antimony layer can be neglected because 'r.he layer is
initially very thin and because [Ssy| < |Sgil for similar ilm thicknesses. This was verified
experimentally by comparing the values of S for a pure Bi: film and an unbombarded Bi-Sb
sample. The two values were almost identical.

Equation (5.12) can be simplified further by considering:

O  __Ad-~1) =(1_3) (5.13)

Og: TOal Ald—t) + At d .
and ) ‘ * -
. ) -
Al At
— - = — =A1t (5.14)
GBi+°Al (d—t) + At

where, A and A; = 1/d are constants, d is the overall thickness of the film and t is the
thickness of the alloy. Here we 4ssumed the thickness dependence of og; and oa) to be the

same.

"Accordingly, Eq. (5.12) reduces to the approximate equation given by:



S=({ - i—) Sg; ) +A t- S, (tx)
where, x is the average composition (Sb%).
Eq. (5.15) can be expressed as:
S =(1 - :T) Sg; )+ At S, 8, (x)
" From the approximate relations of Fig. (5.22), we have:
' SB )= Sr( 1- exp.(— d;t))
i - d
where Sl-and d, are constants.

- Hence, the f'i;rst term in Eq. (5.16) can be expressed as:

O A (BT EY e

s \s(l-l)t s (——
z'ldo*d e AU

= §,~S,t—S;t7— .

115

{(5.15)

(5.16)

(5.17)

(5.18)

where Sy, S», Sq, and Sy are constants. Also, the thickness of the Bi layer, d — t, decreases

with ion dose, ¢, as the alloy region grows due to ion bombardment. The increase in the alloy

thickness, t, with ¢ can be expressed as (see Fig. 5.22):

t =M, (1 — exp. (- &/ )
where My is a constant. (Mo = d)

Henee, Eq. (5.18) becomes:

t
(1 - E)-Ssi(t)

S, =S, M, (1 — exp. (= /)

—S,(1 —exp. (= Plp N7 — ...

= S+ Sgexp. (— ¢/ ) + ...

-

where S4, S, S5, and Sg are constants. -

(5.19)

(5.20)
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Simﬂa:ly, we ¢an write: ‘ SN

. . (5.21)
sAl ) = S5 - Ssexp. (- ¢Jq>°) + ...

where S5’ and S5’ are constants.

For the condition that x > 0.13, we can approximate the compositional dependence
of S5 (see Fig. (5.22) as: .
- - (5.22)
S,&=B,x+K,

where Bo and K are constants.

-

Using the compositional dependence on dose, given in Fig. (5.22), Eq. (5.22)
becomes:
S, () =B, M, exp. (- ¢/d ) + K, +B,M_ (5.23)
Using equations (5.20), (5.21), and (5.23), Eq. (5.16) becomes:

t -
s=(1_g)- S, ® + At S, (t,%)
= S, +S.exp.(—~®ld) + A, M, (1 - exp.(— &/ ) X

(S; + S;; exp. (— &/ - B, M, exp. (= ¢/d) + K, +B,M)

. Sm - K'o exp.{ - ¢/¢°) + ... (5.24)

Where, Sp, K, 2nd ¢, are constants. Sy, is the maximum attainable thermoelectric power for
a given sample geometry, K, and ¢, are the parameters used to approximate the segmented
function to a simple exponential. The consant ¢, depends mainly on the nuclear deposited

energy while K, is an agglomeration of various effects.

5.4.8 Discussion of the analysis of the dependence of Sond
The analysis presented in the previous section is useful in explaining the
experimental results of Fig. (5.19). It anSWers— the question: /why the thermoelectric power

and the alloy thickness have a similar dependence on ion dose.



117

The analysis, as explained, is not meant to be used as an exact analytical relation
predicting the value of the thermoelectric powers, for a given dose, ¢; it is meant to gife an
insight into the physical processes leading to the dependencg of S on . Nevertheless, the

analysis leads to the prediction that the slope in region II (Fig. 5.19a), ¢w and ¢max should

scale with the nuclear deposited eneré}r of the bombardment ions for a given sample

geometry. Although the -analysis was concerned with Bi-Sb alloys, similar reasoning could be

"

é.ppligd to similar systems, e.g., Sb-As alloys.

In the analysis, .we considered bc}mbardmeqt with inert ions oxily,. e.g. Ar*?ather
than Te*. The analysis does not apply if the mixing ions lead to the formation of 2 ternary
alloy. The role of quantum size effect was not considered. Thtﬁ, the analysis does not apply at

low temperature where the quantum size effect is most pronounced.

’



CHAPTER VI

SUMMARY AND CONCLUSIONS

This chapter summerizes the conclusions of this work. These conclusions represent

an achievement of the objectives of the work as stated in the introduction. In other words,

they provide answers to the questions about the ability to form Bi; _; Sby alloy by ion beam

mixing, the possible mixing mechanisms, and the thermoelectric characteristics of these

alloys. Additional conclusions have also been reached; they will be summarized here as weil.

6.1 Ion beam mixing

Y]

i)

-

Uniform Biy _y Sby(0=x=.45) can be obtained by ion beam mixing.
Ion bombardment of Bi/Sb system leads %o grain growth. The grain size
increases from ~100 nm to ~ 140 nm and ~150 nm after doses of

~1X1015¢cm-2and ~3X 1015 e¢m~2 respectively of 80 KeV Ar-.

4

6.2 " Mixing mechanisms

i)

1)

i)

Mixing has a square root dependence on the dose of the bombardment ions
(Ar, Kr, and Ne), both at high (~350 K) and low (40 K) temperatures.
This reveals a similarity of the mixing processes with thermal diffusion. -~
At temperatures lower than ~266 K, cascad:e mixing dominates: the
mixing is independent of te.n;p.erature. The effective diffusion coefficient,
D* 15 4.9 10-28 em</ion.- ‘

At temperatures higher than 266 K, radiation enhanced diffusion

dominates; the rate of mixing increases with temperature in the range

where the temperature alone (without irradiation) causes very little

118
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~

diffusion. The efféét.ive diffusion coefficient, D*, at 300 K is

© 1.7X10-27 ¢cméfion. - -

iv) In the radiation-enhanced-diffusion regime, the activation energy is about
0.15eV. '
v) The rate of mixinfg is observed to increase with the elastic energy density

deposited in the interface region.

I

6.3 The thermoelectric characteristics

1) The thermal voltage, V,, of the Bij_; Sby (0=5xs50.45) has a linear
dependence on the'temperatﬁre in the range 300 to 500 K.

i) _ The absolute thermoelectric power of Bi; _x Sby, |S], increases as x increases
up to x=0.13, then it decreases (S is negative).

ii1) - Implanted Kr and Ar do not contribute to the thermoelectric power of Bi or

' Bij_x Sb,-_ |

iv) ° A BUSb system bombarded with inert ions car; be modelled, for
thermoelectric characterization, by three resistors connected in parallel
with the thermal voltages (or the thermoelectric powers) appearing across
the corresponding elements. ' )

v} A Bigr Sbijz segment (5.0X 10-7 gm) delivers 5.2X 10-8 W to a matching
load for an applied temperature difference of 190°.

6.4 General

) . Thin flm thermoelectrics have unique applications, such 2s in cardiac

=3

‘pacemakers. However, they cannot compete with tHin film solar cells as
Ll

energy converters for general purposes.



ii)

ii1)

r-
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Thermoelectric measurements can be used, in some cases, as an analytical
tool to give information about t;i'xe u;ziformity of an alloy.

The findings of this work may Iegd to the revival of the ix;terest in alloys
that have received less attention in the past because of the difficulty of

preparation, These alloys may have a potential for efficient thermoelectric

en‘efgy conversion, e.g. Sb-As alloys [149].

~
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