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ABSTRACT

A POSITRON 2D-ACAR STUDY OF THE SILICON-DIOXIDE/SILICON
INTERFACE AND THE POINT DEFECTS IN THE SEMI-INSULATING GaAs

by
Jiauping Peng

Advisors: Dr. Kelvin G. Lynn and Professor Leonard O. Roellig

The SiO;-Si system has been the subject of extensive study for severul decades.
Particular interest has been paid to the interface between Si single crystal and the
amorphous SiO; which determines the properties and performances of devices. This is
significant because of the importance of Si technology in the semiconductor industry.
The development of the high-intensity slow positron‘beam at Brookhaven National
Laboratory make it possible to study this system for the first time using the positron
two-dimensional angular correlation of annihilation radiation (2D-ACAR) technique.
2D-ACARis a well established and is a non-destructive microscopic probe for studying
the electronic structure of materials, and for doing the depth-resolved measurements.
Some unique information was obtained from the measurements performed on the
Si0,-Si system: Positronium (Ps) atoms formation and trapping in microvoids in
both oxide and interface regions; and positron annihilation at vacancy-like defects in
the interface region which can be atiributed to the famous P, centers. The discovery
of the microvoids in the interface region may have some impact on the fabrication of

the next generation electronic devices.
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Using the conventional 2D-ACAR setup with a 22Na as positron source, we also
studied the native arsenic (As) vacancy in the semi-insulating gallium-arsenide (SI-
GaAs), coupled with in situ infrared light illumination. The defect spectrum was
obtained by comparing the spectrum taken without photo-illumination to the spec-
trum taken with photo-illumination. The photo-illumination excited electrons from
valence band to the defect level so that positrons can become localized in the defects.

The two experiments may represent a new direction of the application of positron

2D-ACAR technique on the solid state physics and materials sciences.
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Chapter 1

Introduction

Recently, Positron Annihilation (PA) as a microscopic probe, has attracted more and
more allention in the field of solid state physics and materials sciences, especially
after il was realized that PA is a promising tool to study defects in materials. As
the antiparticle of the electron, postulated by Dirac[l] in 1930 to be the “negative”
energy solution of his relativistic wave equation (the Dirac equation for free electron)
and discovered experimentally by Anderson[2] in 1932, positrons entered the field of
condensed matter in the 1950s, this period also was marked by the discovery that the
two 7-rays arising from the annihilation of a thermalized positron with an electron in a
solid were not exactly collinear, and this phienomenon was attributed correctly to the
electron’s momentum(3, 4]. In the last three decades, solid-state investigations with
positron arnihilations predominantly concentrated on resolving the Fermi Surface and
band structures of metals and superconductors [5, 6, 7, 8], initiated by the invention
of the set-up for angular correlation of annihilation radiation (ACAR)[9, 10, 11]. In
the early 1970s, it was clearly realized that positron is vefy sensilive to the defects

in solids, especially open volume related neutral and negatively charged defects[12].



Based on this fact, the technique of positron lifetime measurement was developed,
which strengthened our knowledge of positron trapping in defects. At that time,
radioactive sources with 8% decay and with a reasonable long lifetime (e.g.22Na with
a lifetime of 2.7 years, 58Co with a lifetime of 78 days) were used and the positrons
enitted from the source were guided onto samples directly. Due to the large energy

spread of 8+ spectrum, ranging from 0 to 1 MeV, the PA investigations were limited

to the studies of the averaged bulk properties.

Almost from the onset, Madanski and Rasetti[13] realized that the continuous en-
crgy distribution of positrons emitted from standard sources was a limitation in the
capabilities of the probe. Since then, a reasonable amount of effort has been devoted
to moderaling positrons from a radioactive source to lower energies to obtain a source
of positrons that were more or less monoenergetic. After a few decades of work on this
direction, the slow positron beams with a reasonably high intensity came into being
in the period of mid 70s to early 80s[14, 15, 16, 17], and were used mainly to diffrac-
tion or scattering rclated surface state studies. While PA related measurements with
positron beam were delayed for a few years due to the requirement of high statistics
which would require higher intensity beam, especially for positron ACAR measure-
ments. Positron ACAR experiments using slow positron beam was first performed
on the surface of materials at Lawrence Livermore National Laboratory by Howell et
al[18] emnploying a high intensity positron beam produced by an accelerator. Similar
researches were started at Brookhaven National Laboratory (BNL) by Lynn et al[19]
using a high intensity positron beam based on the High Flux Beam Reactor (HFBR)
at BNL at about the same tine and the positron beam ACAR experiments continued
at BNL[20, 21].

Although a slow posiiron beam was developed at BNL with a beam intensity of



~ 5 x 10%et /sec, to do routine positron Doppler broadening measurements, the work
in developing a high intensity slow positron beam continues. A new high flux positron
beam facility was built a few years ago, based on different ideas and consisting of mag-
netic guided and electirostatic guided beamlines, adapted for multipurpose researches.
Up to the present, the beam intensity has reached ~ 10%e*/sec on the magnetic
beamline which was constructed three years ago for positron two-dimensional ACAR
(2D-ACAR) measurement in the studies of buried interfaces and other layered sys-
tems. The subject of this thesis fall into two parts: one is the study of point defects
in semi-insulating gallium arsenide (S1-GaAs, Here semi-insulating means that the
conductivity of the materials is between that of semiconductors and insulators.) us-
ing conventional positron 2D-ACAR methods (e.g. using a ??Na source) and the
other is using the high intensity slow positron beam 2D-ACAR method to study the
buried Si0,-Si interface. The unique and exciting results from these experiments
shows that positron 2D-ACAR is a powerful and promising probe and may open a
new direction in applying positron 2D-ACAR technique in solid state physics and
materials sciences. In this chapter, a brief introduction will be given to the interac-
tions of positron with solids and the principle of their measurement, before detailed

discussion of the experimental results in the following chapters.

1.1 Interactions of Positron with Solids

1.1.1 Thermalization

As an energetic positron emitted from a radioactive source impinges into a material, it
loses its energy by various inelastic processes, e.g. by atomic ionization at high energy,

electron-hole creation at medium energy and positron-phonon interactions at low



energy; finally, the positron reaches thermal equilibrium with the surrounding cfystnl.
The whole process of thermalization takes place only in a few tens of picoseconds
(ps), which is considerably shorter than positron lifetime in materials which is about
a few hundred ps. Positron thermalization is the basis of the application of PA
techniques. It was investigated by several workers with different materials and at
different temperatures(22, 23, 24, 25, 26]. A brief review on this topic was given

recently by Puska and Nieminen[27].

1.1.2 Implantation Profile

The implantation profile of positrons from a radioactive source (with an energy spec-

trum in the range of 0 ~ 1 MeV) can be well described by an exponential law, which

has been investigated by Brandt and Paulin|28, 29].
I(2) = Iyexp[—a4z] (1.1)

The linear-absorption coeflicient, ., in a wide variety of materials is given by

dlg/em?) .
~ 8 pia arev ™ ) (12)

mag

where d is the density of the material, and E,,,. is the endpoint energy of the g+
spectrum. Typical implantation ranges in solids are thus of the order of a millimeter:
conventional positron implantation always produces a bulk probe.

For a beam of monoenergetic positrons, the implantation profile can be closely

modeled by a Makhovian distribution[30, 31, 32J:

zm-—-l

P(z) = Po- exp[~(— ) ] (1.3)

where m is a shape parameter. 2, is the stopping length of the absorbing material



and is related to the mean stopping depth z and the beam energy E (in keV) by:

z

20 = -I;m—)' (1.4)
and,
z=AE" (1.5)

The constants m, A, and n have been determined experimentally [33, 34, 35] to be

m=1.9 (1.6)
— g g-11
A= 400cm3keV"d [A] (1.7

where n=1.6 for most of the materials, and d is the density of the absorbing material.

1.1.3 After Thermalization

Owing to the low et density in the sample (at any one time there is, on the average,
only one positron in the sample), the thermalized positron is in its ground state and

its motion obeys the Boltzmann distribution,
Fo(B4,T) = (em*koT) ™ exp - L (1.8)
pgd

where E, denotes the positron’s kinetic energy, m* its effective mass, and kp is the
Boltzmann constant. The behavior of the thermalized positron before annihilation
with electrons-its diffusion will be discussed in section 4.3, together with a discussion

of posiltron S-parameter measurements.

1.2 Positron Annihilation with Electrons

Once the thermalized positrons are in their low-energy states as delocalized Bloch

waves (positron forms its own “positron energy band” since there is no Pauli exclusion



hetween the positron and electrons), they will stay at the bottom of the conduction
band with a crystal momentum, E =~ 0, and diffuse with a characteristic mean free
path until an annihilation takes place or they are trapped in defects. In a perfect
crysial, the thermalized positrons in their delocalized states will annihilate with the
valence electrons or with core electrons. The et — e~ pair will annihilate within a few
hundred ps characteristic of the environment surrounding the pair. The discussion
of the sclection rule and other consideration that determine the probability of the
various modes of annihilation of slow e* — e~ pairs can be found in fundamental texts
in Quantum Electrodynamics[36, 37] and the review paper[38].

The annibilation process will supply an energy ~ 2mgc?, the total rest mass
energy of the annihilating pair. For slowly moving pairs, conservation of momentum
demands thé.t al least two bodies (particles or quanta) are involved in the process.
Single-photon annihilation is only possible in the presence of & third body, an electren
or nucleus which can absorb the recoil momentum.

The probability of two-photon annihilation is considerably greater than that for

one or three photons; the ratios of the cross sections for the respective processes is:

T0) o7 o ' (1.9)
I(2) 7(3) ‘
wliere @ = % is the fine structure constant. Thus, our following discussion will

137

concentrate on -the two-photon process.

1.3 Two-Photon Annihiiation

The cross section for the two-photon annihilation of a free positron and a stationary

clectron was given by Dirac[1]:

wrd Y44y + 1 ] 7+3
= 1 11| - = 1.10
O Raborers Sy nly+ /7% -1 =T (1.10)
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where v = (1 = v2/c?)~V? | and rp = €?/mpc? is the classical electron radius.

The mean lifetimes of positrons in matter normally lie within the range of 100 ps to
10 nanosecond (ns) and provide a guide to the electron density at the annihilation site.
In addition to the lifelime, two other characteristics of the two-photon annihilation
process, the relative emission directions and the energies of the annihilation photons,
can provide uscful information about the initial state of the e* — e~ systemn. Thus,
there arc three techniques based on positron annihilation:

(1) Angular Correlation of Annihilation Radiation (ACAR) technique measures
the angle between the two annihilation v-rays.

(2) Doppler broadening experiment measures the energy shift of the v-rays.

(3) Lifetime experiment measures the positron lifetime in materials.

In the next two sections the principles of the first two techniques will be intro-
duced; positron lifelime measurement are discussed elsewhere[39, 40]. Emphasis will
be placed on ACAR technique, especially its prototype-two dimensional angular cor-

relation of annihilation radiation (2D-ACAR), the main subjéct of this thesis.

1.4 The Principle of Positron 2D-ACAR

In the center-of-mass frame of the annihilation pair, the two photons are emitted
in opposite direction (with an angle ¥ = 180° between them), each with an energy
equal to one-half of the total energy of the system, i.e. 2Eq = Ep = 2moc*-binding
energy = 2mgc®. In the laboratory frame, moving at velocity v < c, the energies and
emission directions are changed. Fig. 1.1 shows the annihilation process. The angle

between the two photons is

P .
¥~ — 1.11
me (L.11)
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In the center-of-mass frame
The two y-rays are collinear

A=

In the laboratory frame
The two y-rays are non-collinear due to the motion of the pair

Figure 1.1: Schematic illustration of e* — e~ pair annihilation into 2 v-rays.



where mc is the momentum of the annihilation v-rays with an energy of ~ 0.511 MeV
and with 7, equal to the component of the e* — e~ pair’s momentum perpendicular
to the direction of the annihilation photons. The ACAR technique measures the
angle ¥ to reconstruct the motion (or momentum distribution) of the annihilating
et — e~ pair. This is the principle of the so-called 1D-ACAR or ACAR because it
measures only one of the two components of the transverse momentum. The invention
of modern two dimnensional position sensitive detectors by S. Berko[9] have made it
possible to mecasure the two transverse components of the et — e~ momentum; this
technique is called positron 2D-ACAR. Such measurements display the momentum
distribution in two directions, 7.e. the projection of the momentum distribution along
a selected direction. Figure 1.2 shows the principle setup for 2D-ACAR experiment.
‘The two components of the momentum in transverse plane are generally denoted as
Pzy Py, While the longitudinal component is denoted as p,. The two angles, 6, ¢,
measured by 2D-ACAR are related to the transverse momentum, p,, p,, by:
= %, ¢ = % (1.12)
The total 2D-ACAR spectrum, N(8, @), is determined by the momentum density of
the et — e~ pair, p?7(p): |
N(8,¢) = / 0> (p)dp. (1.13)

Here we use g**(p) to denote the pair momentum density to distinguish it from the
“real” electron momentum density g(7). The calculation of the momentum density,
0°"(p), and some example of 2D-ACAR spectra will be given in the next chapter.
By taking the projection along sufficient different directions, it is possible to re-
construct the three-dimensional momentum density from 2D-ACAR measurements,

with an appropriate computer algorithm (mainly dealing with the Fourier transform



10

.
----
o
LA

o et

-
P
.
.e
.

bet
.o

y-ray detector (Anger Camera)

Top View

et Source

:
%.._

Figure 1.2: I'he principle setup of the 2D-ACAR experiment.
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of énch projecticn). One example is the three dimensional reconstruction of the mo-
mentum density of et — e~ pair in an La-214 high-T. superconductor by Tanigawa
et al[41].

The most of the application of this technique in solid state physics in the last two
decades were to study the Fermi surface and band structure in metal, alloy[6}, and the
high-Tc superconductors(42, 8]. Recently, this technique proven to be a powerful tool
to examine defects, their siructmje in the atomic scale, in solids[43, 44, 45]. Positron

2D-ACAR study of defects will be the main subject of this thesis.

1.5 The Doppler Broadening Measurement

Similar to eq. 1.11 and 1.12 the energies of the annihilation quanta in the laboratory

frume can be expressed as

Fry=FE L+ 6E ~ mec” 4 %’1 (1.14)
where ) ot p. is the component of the momentum ‘along’ the emission direction.
Thus, by measuring the energy shift, § [/, of the annihilation v-rays, the longitudinal
momentum p,, can be reconstructed. This technique is called Doppler broadening
measurement and is equivalent to the 1D-ACAR measurement. In principle, simulta-
neous measurements could be made of 2D-ACAR and Doppler broadening. In prac-
tice, such an ideal experiment is not feasible because of the restricted signal intensity
which is limited by the detector’s efficiency. Although a new technique employing
Douvpler broadening measurement was developed[46, 47| recently based on Lynn et
al’s idea[48], from which the chemical composition at or near the annihilation site can
Le identified with fixed positron energy, the most successful application of Doppler

broadening weasurement in solid state physics or materials sciences was to observe
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the variations of the energy shift with positron energy (or implantation depth) for
layered system, employing a variable energy positron beam[49, 50, 51]. In this case,
the parameter measured is called S (line shape) parameter which will be discussed in
detail in section 4.3. Thus, the Doppler broadening measurement is generally called

S-parameter measurement.

1.6 Positronium

Positronium (Ps) is the bound state of the positron-electron pair. It is a hydrogen-like
atom with the bounding energy of 6.8 eV at ground state in vacuum (instead, the
energy is 13.6 eV for hydrogen and the difference reflects the fact that the reduced
mass of the nucleus of the hydrogen atom is twice as large as the reduced mass for
positronium.). Because the positron and the electron have spin I, then the ground

state of Ps atom will have either spin 0 or 1. Historically, the spin singlet (S=0)
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state of Ps atom was denoted as para-positronium (para-I's) and spin triplet (S=1)
state was denoted as ortho-positronium (ortho-Ps). In a free space, the probability
of a ground state Ps in the singlet state is §, while in the triplet state, it is 3. The
lifetime of para-Ps in vacuum is 125 ps, while that of ortho-Ps is much longer, being
140 ns[12, 37).

According to Wallace[52], positronium can be formed in molecular materials where
eleciron exchange occurs only within individual molecules and covalence forces be-
tween molecules, if they exist, are repulsive. The energctics of Ps formation in solids
are most easily discussed in terms of the ‘Ore Gap’, a concept originating from the
corresponding problem in gases[53]. If the ionization potential of a molecule of the
medium is V;, Ps can be formned as long as the initial energy of the positron E is
greater than V;-6.8 eV. If I/ > V;, inelastic scatiering with ionization will be more
probable[52], and if E > V,, the lowest excitation potential, this excitation will com-
pete with Ps formation. Thus, Ps formation is most probable for the range of positron

encrgies

Ve> E>V;—6.8eV (1.15)
This is the ‘Ore Gap’ whose width plays a significant role in determining the yield of
Ps atoms. Ps formation in some ionic crystals (for example, alkali halides) has been
ohserved already[54], but generally it is dillicult to form in perfect ionic crystals|55)
due to large positron and electron affinities in the crystal. In the case of perfect ionic

crystal, the ‘Ore Gap’ can be modified as:
QB + QP < onp + B.E. (1.16)

where Q., @p, @pos are the aflinities of electron, positron, and positronium, respec-
tively. B.E. is the binding energy of the positronium atom in matter (which may be

smaller than 6.8 eV). A special and useful specimen is the crystalline quartz which is
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an intermediate ionic-covalent compound in which Ps formation has been extensively
studied[56, 57]. In contrast, Ps has never been observed in metals because of the
continuous energy distribution of the conduction electrons., but it can be formed in
the surface of metals[20, 21]. Theoretical analysis shows that it is extremely hard

for the Ps to form in metals[55]. Positronium formation at the surface of metals and

" semiconductors has been extensively studied[58, 59, 20].

1.7 Point Defects in Semiconductors

There are very good descriptions of the physical properties of the point delects in
semiconductors and of various experimental methods to detect them[60, 61], from
both theoretical and experimental aspects.

The concept of a perfect crystalline solid with ex;ery atom in its proper place is
introduced in introductory texts on solid-state physics. This is a convenient first
step in developing the concept of electron band structure, and, from it, deducing the
general electronic and optical properties of crystalline solids. However, such a concept
is only an idealization of real solids. In fact, a perfect crystal does not exist. There
are always defects.

It was recognized very early in the study of solids that these defects often have
a profound effect on the real physical properties of solids. As a result, 2 major part
of scientific research in solid state physics has been devoted to the study of defects,
from the early studies of “color centers” in alkali halides to the present vigorous
investigations of deep levels in semiconductors. In fact, most of the interesting and
important properties of solids-electrical, optical and mechanical- are known to be
determined not so much by the properties of the perfect crystal as by its imperfections.

The very existence of the semiconductor industry is based upon the ability to control
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electrical conductivity and its type by trace additions of shallow donor and acceptor
chemical impurities. Research on defects in semiconductors has, therefore, been an
active field since the beginning when semiconductors first emerged as technologically
important materials.

It is necessary to distinguish between lattice defects and foreign atoms, or impuri-
ties. Laltice defects can be point defects, which correspond to misplaced atoms, line
defects, which correspond to misplaced lines of atoms and are known as dislocations,
and planar defects, which correspond to misplaced planes of atoms and are known as
stucking faults.

In this thesis, only the point defects will be discussed because of the limited
knowledge of positron trapping in other kind of defects. Figure 1.4 gives the atomic
configurations of some simple point defects: vacancy, interstitial, and antisite (for

compound materials only).

1.8 Positron Trapping in Defects

Owing to the Coulomb repulsion from the nuclei, positrons would remain in the in-
terstitial region in a perfect single crystal; this is why positron ACAR can map out
the electron momentum distribution (in fact, the electron momentum density seen by
positrons). If there are defects, especially open volume related neutral or negatively
charged defects, then there will be a good opportunity for the thermalized positrons
to become trapped into the defects. At open-volume defects (such as monovacancies)
in solids, the potential sensed by the positron is lowered due to the reduction in the
repulsion by the positive ion core. As a result, a localized positron state at the defect
can have a lower energy eigenvalue than a state delocalized over the lattice. The

transition from the delocalized to the localized state is called positron trapping. The
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energy diflerence between the initial and final positron states, the trapping energy,
is transferred to the host solid. llowever, the trapped positrons inay jump out of
the defects due to some perturbation (thermal excitation, for instance) if the traps
are not deep enough; this process, from the localized state to delocalized one, is
called positron detrapping. A positron trapping model was developed on the ba-
sis of positron lifetime measurements, decomposing the positron lifetime spectrum.
The kinetic equations which describe positron annihilation at delocalized states (free

positrons) and localized states (trapped positrons) are written as

B sefy— o+ f (1.17)

dt
d

where fy(f;) is the probability that the positron will be free (trapped) at time t. A,
and ), are the annihilation rates (which are equal to the inverse of lifetime 7) for
free and trapped positrons, respectively. f; is the source term. i.e., the number of
positrons implanted into the system per unit time. In the kinetic trapping model, the
positron trapping rate s is proportional to the concentration of defects, n., relative
to the total density of the matter, n,

K= ;L':f (1.19)

This equation defines the trapping coefficient u (the trapping rate for a unit atomic

concentration of defects, with [z] = s~*). The total annihilation rate , A, is
A=XM+k (1.20)

The above formulae are valid if there is only one kind of defect. If there are more,

then:

A=X K1+ K2 +..s (1.21)
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and the relative probability for positron annihilating at free states or trapped to a

specific kind of defect is

fo= % (1.22)
and
fi=3 (1.23)

with j = 1,2,.... Generally, the positron trapping coeilicient, g, is a [unction of tem-
perature. For negatively charged vacancies, u o< 7‘;, while for the neutral vacancies,
u is independent of temperature, and for positively charged vacancies, p is at least an
order of magnitude smaller than that for neutral vacancies and increases with rising
temperaturc[62]. In semiconductors, investigations showed that the positron trap-
ping coelficient , g, is 10'® ~ 10'®/sec for negative vacancies, ~ 10'*/sec for neutral

vacancies, and 101! ~ 10'3/sec for positive vacancies [27].



Chapter 2

The Momentum Density of the

e+ — e~ Pair

As discussed in section 1.4, the positron 2D-ACAR technique measures the momen-
tumn distribution of the annihilating e* — e~ pair in materials by measuring the angle
between the two annihilation 4-rays. Thus, 2D-ACAR spectrum is determined by
the momentum density function of the et — e~ pair. In this chapter, some formulae
used in the calculation of the momentum density will be introduced, which will be
helpful of understanding the background of the 2D-ACAR measurements, followed
by some typical 2D-ACAR spectra to illustrate the principle and the powerfulness of
the 2D-ACAR technique. And then a brief comparison of 2D-ACAR technique with
other techniques used for studies of Fermi surface, defects, and interfaces will be given
in the last section. The discussion on the density function will follow those given in

ref.[6].

19



20

2.1 Momentum Density Function

The second-quantization formulation of the 2y annihilation was given by Ferrell in
1956(55) as:
H’(ﬁ) = Z Z 5, b5 85, 45,7 (2'1)

1 P2

where ajz and bs, are the clectron and the positron annihilation operators, respec-

tively. Using the point annihilation operators _(&) and 1,(&;) given by

]. - .- - h -
ai,‘l = .\/_V / d(L'l exp [—zpl * wl]'l,b—(-'cl) (2'2)
and
1 — .~ - ¢ —
b‘-’- = \/—-V/dwg exp [-11)2 : 232]1/).'.(32) (2'3)

then one obtains the Hamiltonian operator
() = [ déexp[-i5- 3 ()4(3) (2.4)

Thus, the probability for a two-photon annihilation event with a momentum 7, from

an initial state | 2 > to a specific final state | f >, is given by
o}(5) = const- |< f | [ d@exp[~iF- Ep_()hs(@) | i > (2.5)

where | ¢ > stands for the initial state of the one-positron, n-electron system and

| f > stands for the final (n-1)-electron and two-annihilation-quanta state after an-

nihilation.

In the standard angular-correlation experiments, the final states are not measured

and thus can be summed over to obtain

o"(p) = Z;ef«”(ﬁ') (2.6)
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With the approximation of neglecting the constraints of the energy-conserving é-
function, the master equation can be obtained as

o(7) = const - [ [ dzdal explip- (& - )] < i | 3@ @WLE) |i >

(2.7)
where the const = (’;—:S% and ry is the clectron classical radius.

In the configuration space with one positron, many electron initial wave func-
tion (74,71, 7), properly antisymmetric in all electron co-ordinates, where 7 is the
positron co-ordinatle, 7; is an electron co-ordinate and 7 stands for the remaining
electron co-ordinates {73,73,...,7n}, the master equation becomes

0*(p) = Zg"}’(ﬁ') = const - /dv"‘l /d:i:‘exp [—ip- TP(z, %, 7) | (2.8)
i »

Finally, in the independent-particle-model (IPM), for a positron in state ¥,.(¥) anni-
hilating in a system of electrons described by a Slater determinant of single-particle

states 1_;(7), the IPM master formula can be writien as
eihu(P) = const - 3 | [ dFexp [—if- s (F-5(7) I (2.9)
J

In periodic systems with a periodic potential V(7) = V(7+ fi), where R is a lattice
veclor, e.g. perfect crystalline solid, the positron and the electron wavelunctions are
Bloch waves:

b0 (7) = g, (7 exp [iF* - 7] (2.10)

and
Vi, (7) = ug_ () exp [iF~ - 7] (2.11)
where j now is.a band index and k is a wave vector. For a single-electron Bloch wave,

eq. 2.8 becomes:

9;‘1,;:—,5(’-") = const- | /dFexp (=i #gs (A ;(7) |2 (2.12)
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The Fourier transform appearing in eq. 2.12 is sometimes denoted by A;(7, k*+, ic"‘)
(see ref.[55]). At zero temperature which is the simplest case, setting k+ = 0 and

k= =k, then eq. 2.12 can be written as

-t

05 (P) = const - 3 | A}~ (k, G) |* 6(F - k - G) (2.13)
G
where the A;‘"(E, G)'s are the coefficients in the expansion of the periodic function
wt(Fug(7) = 3 Ap~(F, G)exp[iG 7] (2.14)
é

the G’s are the reciprocal-lattice vectors of the crystal. Then
&) = X ns(R)a () (2.15)
ki
where n_,(I:) is the step function equal to one for occupied states and zero for unoc-
cupied states (i.e. with the step at the Fermi momentum k; for metals).
The A;"“ (I:, é)’s in master eq. 2.13 can be written as a convolution of the separate
Fourier coeflicients A* and A~ of the u* and u~ wave functions as
At =Y AH(G)A (K, G - G) (2.16)
&

Eq. 2.13 shows the fundamental difference between real momentum 7’ a..nd crystal
momentum k: an electron with quantum number k will contribute not only at 5=k
but at all 7 = k + G, with amplitude | A;-""(I-c‘, é) |3, as sketched in figure 2.1. The
G # 0 contributions are the “high momentum components” (HMC) of the momentum
density.

For those positrons which are trapped into defects (in the localized states), their

wavefunction will be the linear combination of the localized states and the delocalized

states,

1lb+(i‘) = "lbltcal(i:) + ¢¢-ltlocal(7:) ; (2'17)
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Figure 2.1: The HMC contribution to the momentum density function.

and the amplitudes of each part (| ¥t () 1* and | ¥L0ea(7) |?) are determined

by the depth of the traps. Thus, in 2D-ACAR spectrum, there will be two kind of
signals overlapped together, one comes from positron annihilation at the localized
states and the other from the delocalized states. In some cases, the positrons can
be completely trapped into defects and there is no signal from the delocalized states
(saturated trapping). For the positron trapped into defects, its annihilation status
may be quite complicated: it may annihilate with the electrons trapped into the
defects (if any), the valence and core electrons of the nearby atoms, depending on
the overlap of the positron wavefunction with the wavefunctions of those electrons.
Generally speaking, as a positron is trapped into vacancy-like defects, the overlap of
its wavelunclion with the wavefunction of core electrons of nearby atos is very small
because of the relative larger open volume available. The mechanism of using positron
2D-ACAR to study the defects structure is based on the fact that its wavefunction

would be determined by the electronic structure (or even atomic configuration) around
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the defects, not determined by the Bloch theorem. Figure 2.2 illustrates the positron
density in Tungsten calculated by Gupta and Siegel[63] using a supercell approach and
the electron density was obtained from an APW (augmented plane waves) calculation,

the positron density at both the Bloch-state and the trapped state were considered.

2.2 Some Typical 2D-ACAR Spectra

From above discussion, it is clear that the positron 2D-ACAR spectrum is defined by
egs. 2.9 or 2.15. The following two examples show the result of 2D-ACAR measure-
ments on a perfect single crystal and an amorphous solid.

Figure 2.3 is the 2D-ACAR spectrum of an a-Quartz single crystal. Silicon dioxide
(Si02) is one of the kind of materials in which et — e~ pairs form their bound
states—Positronium (Ps) atoms. While, as a crystalline Si0;, the a-quartz lattice
has a trigonal symmetry (or structure). The Ps atoms is delocalized in the single
crystal, moving at the bottom of its conduction band(s). The small peak around
the central sharp peak are due to the high momentum component of the Ps atoms
governed by formula 2.13 with the integration (or projection) direction, p., along the
z crystallographic direction.

Figure 2.4 gives a 2D-ACAR spectrum on a fused silica—amorphous SiO3. In fused
silica, the Ps atoms are localized due to the existence of large amount of voids and
vacancies. Therefore, there is only one central peak, which is broader than that in

the quartz single crystal, indicative of Ps trapping in open-volume related defects.
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Figure 2.2: The Calculated positron density in Tungsten, shown on a network of 25

atom sites in the b.c.c. (001) plane. (a) Containing no vacancies-Bloch-state. (b)
Containing a vacancy at the center~trapped positron. I'rom ref [63].
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Figure 2.3: Positron 2D-ACAR spectrum in a a-quartz single crystal.(a) The original
spectrum. (b) The spectrum after the subtraction of a broad component (see the
discussion given in sect. 4.2).



27

8430

3144

Counfs (arb. unifs)
2572 sass

(b)

Figure 2.4: 2D-ACAR spectrum in a fused silica. (a) The original spectrum. (b)
The spectrum after the subtraction of a broad component (see the discussion given
in sect.4.2).
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2.3 Comparison With Other Techniques

As a new promising technique, positron 2D-ACAR measurement supplies informa-
tion about the band structure of crystalline solids when positrons annihilate in the
delocalized states and electronic structure of defects when positrons annihilate in the
localized states. Certainly, there are other techniques which can supply the same
kind of information as positron 2D-ACAR does. In this section, a bricf comparison
of positron 2D-ACAR with other techniques will be presented. The comparison with
band structure or Fermi surface techniques and with the defects detection techniques

will be given separately.

2.3.1 Techniques for Band Structure and Fermi Surface Mea-

surement

The traditional techniques for the band structure and Fermi surface measurement
are de Haas-van Alphen (dlIvA) technique and angle-resolved photoemission spec-
troscopy (ARPES). The dvA technique based on the phenomenon that the inverse
of the period of oscillations in the magnetic susceptibility as a function of the ap-
plied field is proportional to the extrema cross-sectional area of the Fermi surface in a
plane normal to the applied field. The principle of this technique can be found in any
standard solid state plysics textbook[64]. The ARPES technique employs a beain of
photons with an energy hv, greater than the work function of the measured material
which is usually a few eV, to illuminate a sample. This results in the emission of pho-
toelectrons, whose energy distributions reflect the occupied density of states below the
Fermi energy, Er. By measuring the photoelectron energy distributions as a function

of position, the electronic band structure of the material can lie reconstructed. This
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technique is quite suit to measure the band structure for high-T, superconductors due
to the unconservation of the momentum of emitted electrons normal to the sample
surface. A detailed comparison of 2D-ACAR with theses two techniques was given
by Chan([42).

A relatively new technique for the Fermi surface measurement is the Compton
Profile (CP) technique|65, 66], which measures the compton scattered photons to
get information about the momentum density of electrons in materials. Since CP
techinique is very much similar to ACAR technique, it is necessary to give a more
deteiled comparison between the two techniques.

The compton profile is the energy distribution of inelastically scattered x-rays
or y-rays at a fixed scattering angle; the Compton-scattered photons are Doppler
broadened about the Compton wevelength due to the initial momentum distribution
of the electrons producing the scattering. Figure 2.5 show the geometry of the CP
mecasurement and the principle setup, where k; and k; are the incident and scattered
photon momenta, p; and p; the corresponding electron momenta, 8 is the scattering
angle, and k = k; — ky is the scattering vector defining the z-axis of the coordinate
system. In the simple case of a nonrelativistic free electron system, the well-known
Compton wavelength shilt is

2h

6, 2\
o) = Zgin3(=2) — ;
A=A ~sin (z)

-T;l-zsm(—g)p, (2.18)
where p, is the component of p; along the k direction,

In a typical experiment, one does not detect recoiling electron, all the momenta
with component p, will contribute for a given k. Classical mechanically, for high-
encrgy scattering with | ky | much larger thau the typical atomic momenta, the prob-

ability of measuring k; should depend on the probability J(p,)dp, (approximately)

of having a mumentum component between p, and p, + dp,, given a momentum space
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(b)

Figure 2.5: The geometry of CP measurement and its principle setup. In the setup,
M-monochromator, S-sample, A-analyzer crystal, CS-aperture slit, DS-detector slit,
D-detector (Nal scintillation counter and Ge-solid-state-detector (SSD)). This setup
is used in the European Synchrotron Radiation Facilities (ESRF).
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density of o(p):
J(p.) = const - / / e(p)dpedpy (2.19)

The integration is over a plane perpendicular to k, as indicated by the dashed line in
fig. 2.5.

Quantium mechanically, for the case in which the final electron energy is large
compared to its binding energy prior to the scattering, the cross-section for Compton
scatiering from a single electron (under the impulse approximation and nonrelativis-
titic limit) is given by

d%o

dfddw

= Flanyer, k) [ dpsw — 22~ BK)p(p) (2.20)

where, w;, wy are the initial and final photon energies, w = w; — wy, and f(w;,wy, k)
is a factor..

Thus, the Compton profile (CP) technique measures the 1D projection of the true
momentum density g(p) onto a direction p, parallel to the scattering vector k. While
ACAR technique measures the projections of the ‘positron sampled momentum den-
sity’, 0*Y(p). This is the major advantage of CP against ACAR. Two of the limiting
factors that affect the application of CP technique are the poor resolution and the
strong absorption of X-rays which would limit the CP measurement to low Z ma-
terials. Now the modern crystal spectrometers at the third generation synchrotron
sources has overcome the resolution problem (a resolution as high as 0.01 a.u. can
be reached by the setup shown in fig. 2.5. Note that 1 a.u. equals to 7.29 millira-
dian). Another advantage of CP study of Fermi surface is that it does not require
low temperature which in the case of ACAR measurement the thermal motion of the
positrons may smear out the Fermi break at room temperature. The big advantage
of the ACAR technique against CP is that ACAR can have two-dimensional mea-
surement (2D-ACAR) while it is difficult for the CP technique due to the difficulty of
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coincident measurement of the recoiling electrons (although the two-dimensional CP
setup is under construction to measure the Fermi surface for thin filins, there is no
successful report yet). As two relatively new technique, ACAR and CP measurement

are attracting more and more attention.

2.3.2 Techniques for Defects Studies

There are quite a few techniques in the identification and characterization of defects
in materials. Basically, the techniques can be divided into threec categories by the
physical quantities from which the information on the atomic structure or the clec-
tronic characteristics of the defects can be extracted: namely, electrical and optical
techniques and electron paramagnetic resonance (EPR). It is not the intent of this
thesis to make a thorough comparison of positron 2D-ACAR to all of these techniqucs.

Amnong these techniques, EPR. is in general the most powerful one and the one
most suited for providing a direct identification of a dcfect[67, 68, 69]. It measures
the resonant absorption of electromagnetic radiation by systems composed of unpaired
electrons placed in a magnetic field by lifting the degeneracy of the ground states of
partially filied electron orbitals (the spin degeneracy). The absorption occurs when
transitions are induced between the energy levels. The most successful application of
EPR technique was in the identification of radiation related defects in Si. Figure 2.6
shows the basic setup for the EPR measurement. EPR measures the g-factor change
via the orientation of the applied magnetic field, where the g is a factor appearing in

the electron Zeeman Hamiltonian:

eh - o
I{ze = 9—2-171-53 -J (2.21)

where B is the applied field, J is the total angular momentum of the atom, and g is
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Figure 2.6: The typical setup for EPR experiment.

defined as
_ 1_’_lJ(J+1)+S(S+1)—L(L+1)
I= 73 J(J +1)

where S is the total spin and L is the total orbital momentum (quantum numbers).

(2.22)

The EPR spectrum contains detailed microscopic information on the electronic struc-
ture of the defects. Unfortunately, EPR technique only works for the paramagnetic
system (odd number of unpaired electrons). For the malerials in which the spin-
lattice relaxation time is too short, the EPR lines are broad and difficult to detect(for
the case of germanium). In other materials (like gallium arsenide-GaAs) all atoms
have nuclear spins which give rise to hyperfine interactions, the EPR signal is broad
and these interactions cannot be resolved[70]. All of this would limit the application
of EPR. While this kind of limit does not exist for positron ACAR measurement

(instead, the charge status of defects is a limiting factor to positron ACAR measure-

ment).
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Among the techniques for the inlerface structure measurement, transmission elec-
tron microscopy (TEM) and various forms of electron spectroscopy are the one most
frequently used. TEM is the most elegant technique yet a;pplied to the study of atomic
configuration of surface and interface. In the TEM experiment, a very thin (1004)
sample to be imaged is illuminated by an electron beam with energy greater that 100
cV. This beam must be as coherent as possible to oblain a good image. Upon passing
through the sample, the beam is scattered by the electrostiatic potential variations
present, due primarily to the ion cores of the atoms. These scattered beams are then
refocused by the objective lens of the microscope back into coincidence. For a perfect
imaging system, there would be a one to one correspondence between the object and
the image. This, however, is not possible in practice due to the defocusing type of
phase contrast image obtained. In general, any real space model of the sample ob-
tained from a TEM should be tested by a dynamical diffraction calculation to verify
that artifacts in the imaging process are not misinterpreted. This is particularly im-
portant since, generally, only a few beams are allowed through the objective aperture
to create the image. The resolution of the technique is determined by the proper-
ties of the electron beam itself (coherence and stability, the spherical aberration, and
the wavelength or beam energy) with the currently optimized resolution in the range
of 3 ~ 44 (al ~ 100 keV). The big disadvantage of this technique is that a small
amount of disorder render the high-resolution TEM images uninterpretable. Hence,
while TEM results indicate the presence of an ordered, epitaxial SiO; film on Si(001)
surface|[71] , they have been unable to analyze the decay of order but instead see an
abrupt transition from order to disorder, in other words, TEM can noti observe point
defects.

While the techniques of electron spectroscopy, including photoelectron spectroscopy
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and Auger electron spectroscopy, have frequently been used to study the chemical na-
ture of surface and interface. In particular, in the study of SiO;-Si interface, the one
capability of theses techniques which makes these studies critical is their ability to
distinguish between different chemical states of silicon atoms. By their nature, they
are sensitive only to the surface region of solids. This sensitivity is determined by the
mean-free path of the emitted electrons, which can range from 5 to 50 A depending
on the spectroscopy employed. This surface sensilivity implies that interfaces can
only be investigated for very thin films or for layers that have been thinned down by
sorne other means (such as sputtering or chemical etching).

In Jast few years, x-ray scattering (or diffraction) start to be used in the study of

* the orderness of surfaces and interfaces, revealing the information about the change

of crystallization near the surface or interface by grazing incident angle scattering.
From the scattered spectrum, the surface roughness and the crystallization can be
obtained[72], although the answer was not unique. The result on the microcrystalline
near the SiO; -Si interface had been reported by Fuoss et al[73]. The advantage of
x-ray scattering is that the interpretation of the experimental data is straightforward
and by the development of modern synchrotron light source, the energy and spatial
resolution can be improved dramatically[74]. X-ray scattering seem to be another
promising tool in studying the interface, in term of the atomic configuration.

EPR is still the major technique in studying the defects structure in atomic scale
in interface. As a probe for electronic (seen by positron) structure study of defects,
the most important contribution from EPR was the identification of the P, centers
in Si0;-Si interface (which will be discussed in Chapter 6). Certainly, it can not
overcome the difficulties mentioned before for the bulk study. SiO,;-Si system is a

special example which is appropriate for EPR applications.
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Positron 2D-ACAR can accomplish both of the studies: periodicity in the atomic
configuration and the electronic structure of defects. In particular, benefited from
the development of slow positron beam, positron 2D-ACAR can perform the depth-
resolved study and to access buried interfaces while the other techniques can only
petform the study at the region near surface (< 1004 away from surface). This is
the major advantage of positron 21)-ACAR. The disadvantage of positron 2D-ACAR
technique is that the interpretation of its data is not as straightforward as for the

other techniques.



Chapter 3

Experimental Setup

There are two sets of experimental systems employed for the 2D-ACAR experiment
due to different purpose of the measurements. One is for the bulk property mea-
surements called bulk chamber, a conventional 2D-ACAR setup. Another is for the
measurements of layered system on the high intensity slow positron beamline called
interface (beamline) chamber. The detectors used to detect the annihilation photons
(7-ray, ~ 511 keV) are two two-dimensional position sensitive v-ray detectors, called
Anger cameras. Figure 3.1 shows the relative position between the two setups and
the two detectors (top view). The detector frames can move freely on the rail to
change the distance from the sample, which means changing the angular resolution
of the measurements. The detectors which sit on the frames can be slided to align
with one of the chamber depending on which one is used currently. In this chapter,
the two setups and the detectors will be described but the emphasis will be on the

high-intensity positron beamline.
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3.1 Conventional 2D-ACAR Setup—Bulk Cham-

ber

Figures 3.2 and 3.3 are the top and side views of the bulk chamber, showing the main
components of the setup. The radioactive source which is used to produce positrons
is put inside the vacuum chamber and is positioned in the front of the sample which is
about 1 ¢cm away from the source. The positrons are produced from an encapsulated
22Na source with an activity of ~ 30 mCi. The source was made at Brookhaven
National Lab. by evaporating the NaCl solution into a stainless steel capsule. Then
the dry NaCl coated on the inner wall of the capsule was sealed by a titanium foil of
~ 4 microns with a surface area of ~ 1 cm? and with a 8% yield of ~ 20% (20% of
the total positrons can come out of the window ). The decay scheme of 2?Na and the
cnergy spectrum of the emitted G+ particles are shown in figure 2.4. The positrons
emitted from the radioactive source (and passing through the titanium window) are
guided to the sample by a strong magnetic field produced by the two magnetic coils
between which the sample chamber is sandwiched. With a 1.8 Tesla field, there are
about 200 millions positron are guided to the sample surface and the spot size of
the positrons at samnple surface is 41 mm in diameter determined experimentally
and the maximum diameter of the synchrotron motion of individual positron under
this field is2.25 mm. The heavy-metai (inside the vacuum chamber) and the lead-
bricks (outside the chamber) are used to shield the 1.28 MeV v-ray which follows each
B* emission and the 0.511 MeV v-ray from positron annihilation with the materials
other than the sample to reduce the background in the detectors. The chamber was
equipped with cooling stage (cold finger) so that the sample can be cooled down to

~ 20°K. The vacvum level was kept at 10-7 ~ 10~® Torr during the measurements.
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Because the energy of the positrons emitted from the ?2Na source ranges from 0 eV
up to 0.58 MeV, the positrons will be implanted into the sample from surface down
to deep inside the bulk (a few hundred microns), with the implantation profile given
in eqs. 1.1 and 1.2. Thus, the conventional 2D-ACAR spectrum is an average of the
bulk properties at different depth of the sample and the setup can only be used to

study the bulk properties of materials, with the sample thickness of 0.5~1 mm.

3.2 High-Intensity Monoenergetic Slow Positron
Beamline

As a major part of the high flux slow positron facility, the purpose of the High-
Intensity Slow Positron Beamline (HISPB) was to guide the slow positrons to the
sample chamber located in the 2D-ACAR experiment site. Figure 3.5 shows the
outline of the few beamlines related to the whole slow positron facility. The HISPB
is a magnetic-field-based beamline, transporting the monoenergetic slow positrons
produced in the source region (source chamber) downstream to the 2D-ACAR sample
chamber. Before the detailed description of the beamline, it is necessary to describe

briefly the mechanism and the procedure of producing the slow positrons.

3.2.1 The Positron Source and Moderator

The radioactive source used to produce positrons is the 84Cu isotope which was
made at Brookhaven National Laboratory. First, the small sphere of natural ®3Cu
(called copper Bee-Bee) with a mass of 150 ~ 300 milligrams was irradiated by the
thermal neutron in the HFBR at Brookhaven Lab. and the stable 83Cu atom become

a radioactive ¥Cu atom (with a lifctime of 12.7 hours) after the absorption of a
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thermal neutron. The thermal neutron irradiated copper Bee-Bee (% Cu with a total
activily of 60 ~ 90 Ci) is then transported to the experiment site and dropped into a
crucible which sits inside the source chamber which is under ultrahigh vacuum. After
heating the crucible to ~ 1200°C the copper Bee-Bee is evaporated and deposited on
the surface of the source holder which is located right above the crucible. The g+
decay of the radioactive ®Cu will produce fast positrons. Figure 3.6 gives the decay
scheme of the **Cu and the energy spectrum of the emitted positrons.

The number of positrons emitted from the layer of 8 Cu coated on the source holder
can be estimated from the activity of the 8 Cu. It was calculated that the maximum
number of positrons getting out of the surface of the Cu layer is ~ 10%e*/ecm?(75].
These positrons was defined as fast positrons due to the large energy spread (see
figure 3.6).

To do the depth resolved measurement for the layered systems, the positrons emit-
ted from the 4 Cu have to be slowed down to get a relatively monoenergetic positron
beam with a reasonable intensity. This slowing down process is called moderation of
fast positrons and the materials used to moderate the fast positrons are called mod-
erators which are the lieart of slow positron beam. The idea of moderation of fast
positron from a radioactive source was initiated by Madanski[13] about forty years
ago. A large amount of work had been done to develop various moderators|76]. It
was considered that the idea of ‘negative’ work function of positrons in some metals
(or alloys) created by Groce et al[77, 78] was a great breakthrough in the devel- |
opment of slow positron beam. Up to present, the commonly used moderators are
W(100) thin film and Cu single crystal (self-moderation), using the idea of negative
work function of positrons. The general moderation efliciency (defined as the ratio

of the number of the slow positrons coming out of the moderator to the number of
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the incident fast positrons) is on the order of 104 ~ 10-3 with high quality of single
crystal and clean surface (lo reduce the tiapping of the thermalized positrons into
defects). The detailed discussion of various moderators can be found in rel.[76]. In
last few yeérs, another idea was created by Mills et al[70] that the rare gas solid (Ne,
Ar, Kr, Xe) can be used as positron moderators with a much higher efficiency (at
leest an order of magnitude higher than metal moderators), due to the incorplete
thermalization of the incident positrons because of the large band-gap and lack of the
optical plhonons in the crystals with & single atom basis. Although the mechanism of
rare gas moderators is not fully understood yet and there are still some difficulties in
controlling the quality of the rare gas solids (not quite crystallized), the efficiency of
over 1% had been reported by Khatri et al[80] with a Ne moderator. Although the
metal moderators have a relatively lower positron yield (or moderation efficiency),
* the energy spread of the re-emitted positrons from metal moderators is better than
that from the rare gas moderators.

In our experiment, the moderator used to produce slow positrons is the solid
krypton, which means that the source holder has to be cooled down to ~ 30K after
the Cu evaporation. When it is at that temperature Kr gas injected from outside the
vacuum chamber can form a layer of a few tens of microns solid on the surface of the
positron source. It has been measured that the energy spread of the Kr moderated
slow positrons is 10 ~ 15 eV, while for the sclf-moderated positrons (measured before
injecting the Kr into source chamber is 1 ~ 2 eV, both numbers seem larger than
those reported by other workers. The reason for the larger energy spread for the self-
moderated positrons is probably due to the low quality of Cu single crystal because
no annealing (should be up to 700°C) is applicable in the source chamber, same may

he true for the higher energy spread for the Kr moderated positrons because of the
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lack of the experimental data and the capability of controlling the quality of the
moderator. By two years of testing and working, the beam intensity has reached
108¢* /sec from the 2 x107e*/sec at the beginning, although the intensity is still a
factor of 3 ~ 5 lower than that expected from calculation (assuming the moderator
efficiency of 0.75% and the effective source area of 4 cm?). The work on improving
the procedure of Cu evaporation and the growing of the rare gas moderator is still

going on.

3.2.2 Beamline-Transportation of the Slow Positrons

Once the fast positrons from 64Cy source are moderated, the slow positrons from the
surface of the moderator, with an energy in the order of eV, are then extracted out by
floating the moderator (and the source holder) to a positive potential (usually floated
to 100 volts) relative to the grid (90% transmission) in the front of the moderator.
The beamline is grounded (The energy spread of the slow positrons were measured
by putting retarding voltages on the grid.). So the energy of the slow positrons in the
beamline is about 100 eV. An axjal magnetic field was produced by a series of coils
along the beamline. The source chamber and the beginning section of the beamline
was shielded inside a blockhouse which was constructed with a 3 foot thick concrete
blocks and lead bricks wall to prevent the y-rays coming out the source region. Thus
the whole beamline can be divided into three segments: inside the blockhouse, outside
the blockhouse and the sample chamber. Figure 3.7 illustrates the part inside the
blockhouse. The geometry of the source holder is just a flat surface (although some
other geometries were tested, but the flat face geometry gives better yield) with an
effective area of ~ 4 cm?, located inside the thermal shielding of the three stage

refrigerator which can cool the source down to 6 Kelvin. With an axial magnetic field
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of ~ 200 gauss, the beam size is ~ 1 inch. Owing to the incomplete thermalization of
the incident fasl positrons in the rare gas moderators, there are still a large fraction
of fast positrons (with energies above 100 eV). Next to the thermal shielding is the
series of electrostatic lenses for the electrostatic beamline with diameter of the lenses
of 1.5 inches. The segment from the source to the bender chamber (sce figure 3.7)
is shared by magnetic beamline and the electrostatic beamline (all the lens elements
would be grounded when the magnetic beamline is running). The aperture of the
bender elements for the electrostatic beamline is ~ % inches which was used to bend
the beamn 90 degree to the positron re-emission microscope (PRM) or atomic physics
chamber (see figure 3.5) when running the electrostatic beamline. The existence of
the small aperture increases the difficulties of tuning-up the magnetic beam and may
represent a source of losing positrons. The first set of guiding magnets produces a
vertical and a horizontal field to move the positron beam up-and-down and left-and-
right in that small region to make the beam through the bender aperture. After the
positron beam passes through the bender region, it will enter the first E XB region
which consists of a pair of parallel stainless steel plates of 14 inches long sitting in the
center of the beamline tubing and with a ~ 1 inch gap between the two plates, and a
block of heavy-metal with a hole of ~ 1 inch in diameter and off centered by 1 inch
parallel to the plates. The purpose of the ExB region is to filter out the high energy
part of the positrons (sometimes the ExB region was called EXB energy analyzer),
due to the incomplete moderation by the moderator, to reduce the background on the
v-ray detectors. The EXB method is almost a common practice in operating the slow
charged particle beam. The principle of the EXB filtering is: by applying a voltage
across the plates, there will be a electric field pointing from one plate to another.

Thus, there will be a magnetic field along the beamline direction and an electric field
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perpendicular to the beam direction. When the positrons come into the plates region

and experience the Lorentz force

F=Z(E+V xB) (3.1)

ola

where V is the initial speed of the positrons, they will acquire an extra motion with
a velocity ¥ « %’1, which is independent of the initial speed of the positrons and

move the positron beam off centered. The distance of the beam off the center of the

beamline, d, is

d o] (3.2)

v | L

/e
where [ is the length of the EXB plates (=14 inches) and ¢ is the initial energy of the
positrons getting into the EXB region (e.g. for the 100 eV positron beam with ~ 150
gauss axial magnetic field in the center, 50 ~ 60 V across the plates is necessary to
move the beam 1 inch off-centered). Thus, by adjusting the voltage across the plates,
the high energy fraction'of the positrons can be filtered out. The slow positrons
comihg out of the blockhouse window will enter the beamline outside the blockhouse
off centered 1 inch still because the whole beamline (inside and outside blockhouse)
was well aligned to each other. Then the beam will be moved back to the center
of the beamline by the second set of EXB which is parallel to the first one but with
opposite polarity of the electric field between the plates and was positioned ~ 1 meter
downstream of the beamline from the blockhouse window. It is worthwhile to mention
that the axial magnetic field is stfong (160 % 20 gauss) and thé effect of the earth

magnetic field was compensated by a set of steering magnets located in the middle of

the beamline outside the blockhouse.
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3.2.3 Sample Chamber

Figure 3.8 shows the setup for the sample chamber at the end of the beamline. As the
slow positrons with an energy of ~ 100eV were transported to the sample chamber,
they will be accelerated to the required energies before hitting the sample. The small
two stage accelerator consists of two lenses made of three copper tubings each with a
diameter of 2 inches. The first tubing was always grounded, and the middle one was
kept at medium potential while the last tubing was floated to the required potential
(negative). The sample itself was floated to the same potential as the last tubing
of the accelerator. Although the lenses themselves has the focusing capability, two
permanecnt ring magnets were used to further focus the beam: one was positioned at
the end of the last tubing with a field of ~ 500 gauss in the center and the other was
positioned in the back of the sample with a field of 4000 ~ 5000 gauss in the center
('The effect of magnetic reflection is small for the positron energy of above 1 keV).
Generally speaking, the beam size is inversely proportional to the square root of the
magnetic field, which can be understood quantum mechanically that the degeneracy
of each Landau level for particle moving along a magnetic field is 2 BA[81], where
B is the field strength and A is the cross section of the beam, thus, for a fixed
beam intensity the BA is a constant. Therefore, the beam was focused to the sample
surface from a ~ 1 inch down to 5 ~ 7 mm in diameter. This was observed by using an
Micro-Charnel-Plate. The sample was mounted in a manipulator with X-Y-Z three
stage linear motion and a rotation about the Z axis so that it can be well aligned
to the center line of the two 4-ray detectors—Anger Cameras. The chamber was not
equipped with cooling function yet. So the 2D-ACAR measurements were done at

room temperature.
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Figure 3.8: The side view of the sample chamber for the beamline.
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3.3 Anger Camera

The two y-rays from each annihilation of the et — e~ pair are detected by two position
sensitive y-ray detectors called Anger Cameras. Each detector consists of a Nal
single crystal in the front and an array of 91 photomultiplier tubes in the back. The
dimension of the Nal crystal is ~50 cm in diameter and ~1.3 cm thick. The solid

angle covered by the detector is approximately

T

T6d2 (3.3)

w=

where d is the distance from sample to the center of the detector, in meters. In
our measurements, d ranges usually from 8 to 15 meters, which results that w is
about a few tens of milliradiens. A high-energy (~511 keV) photon impinging on
the Nal single crystal produces light photons which then activate the surrounding
photomultiplier tubes which are couple to the crystal optically such that the nearest
tube yield the largest signal whereas tubes further away give smaller pulses. The sum
of the voltage output from the activated PM tubes yield the energy of the detected
photon, E. To obtain the position of the incident photon, the output from the PM
tubes are fed into a resistor network, where each PM {ube is associated with four
resistors whose values produce vollage outputs proportional to the position of the
tube from four calibration points on the detector, respectively. These voltages are
coupled to yield a set of four analogue coordinates (X*, X~,Y+,1 ) that represents
the position of the incident photon with respect to the calibration points.

Each detector is linked to a General Electric Starport system[82) and an online
computer. When each set of analogue signals arrives at the Analog Control Board

within the Starport system, it is accepled only if the energy pulse is above some
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threshold limit so as to remove unwanted low amplitude events produced by multi-
ple reflections in the crystal and the pulse does not have an asymmetric shape due
to the pile-up. The accepted signals are then passed to the analog-digit converter
where each coordinatle set is first normalized by dividing each value within the set
by a value proportional to E. This procedure yields constant amplitudes regardless
of the statistical fluctuations in the Nal crystal and the PM tubes that would oth-
crwise produce different values for photons hitting the crystal at the same position.
The normalized (X+,X~,Y*,Y ") are converted to (X,Y) by differential amplifiers,
respectively. The (X,Y,E) signals are subsequently digitized before they are passed
to the correction board which provides linearity and energy correction matrices to
compensate for inherent imperfections in the detectors. These correction matrices
are actually “look-up” tables acquired empirically from the calibration procedures
described elsewhere[11, 42], and they provide appropriate values that are added to
the digitized (X,Y,E) signals. The corrected signals are subject to spatial and energy
discriminations, whereby only signals with spatial and energy within the respective
user-defined windows are retained. In our measurements, the energy window is set at
420% of the 511 keV photopeak, and the spatial window corresponds to an effective
(:ir.cular area of diameter of 45 cm on the detector face. Those accepted signals are
then displayed on the respective monitors of the Starport systems, and at the same
time passed to a coincidence circuit in an on-line computer. A pair of signals from the
detectors are considered to be in coincidence when they arrive at the circuit within
the time window (time resolution of the coincidence circuit) which is 1 ~ 2us. For a
pair of coincident signals, (X;, Y, E;), i=1,2, the coincidence signal (z, y), in unit of

channels (or pixels), is given by

_ (X] + JYz)

Le = 3.4
e (34)
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and
(¥ +13)

5 (3.5)

C=

which are stored in the on-line computer. The output from the on-line computer
are two-dimensional matrices which are usually downloaded every few hours so that
any change on the system (for example, sample and the aquisition system) can be
monitored. The data files are usually analysed on a VAX mainframe coinputer. The

procedure of the data analysis will be discussed in the next chapter.

3.4 Angular Resolution of the system

The angular resolution of the system is determined by the following factors:

1) The intrinsic spatial resolution of the detector.

2) The spot size of the positron beam hitting the sample.

3) The distance between the sample and the detector.

For our detector system, the spatial resolution is about 3 mm (factory specified),
which is limited by the contemporary technology. The spot size of positron beam
for the bulk chamber is ~ 4 mm and for the interface chamber it is 5 ~ 7 mm. So
these two factors are fixed and the only factor variable is the distance from sample to
the detector. To get good angular resolution, we have to move the detector far away
from sample and result in a lower count rate. In the experiment, there always is a
comproniise on the resolution and the count rate. The requirement of the resolution
depends on what structure we want to measure. Although there is standard procedure
to obtain the angular resolution of the system (by putting the phantom plate with
thin slots in the front of detector and calculating the Fourier transform of the image

of the slot) discussed by Chan[42], the easier way to obtain the angular resolution
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is to measure the width (in fact, the Full Width at Half Maximum or FWHM) of
the para-Positroniun signal from the 2D-ACAR spectrum of quartz single crystal (or
ice single crystal[83]) in which the Ps atoms stay at the bottom of the conduction
band with a crystal momentum of k & 0. Figure 2.3 gives the 2D-ACAR spectrum
of a a-quartz from the bulk chainber at a sample-detector distance of ~ 15 meters
at a temperature of 20 ~ 30 K, giving rise to the angular resolution of the bulk
mecasurement at that setup and temperature. While Figure 3.9 gives the 2D-ACAR
spectrum of the a-quartz measured from the interface chamber at room temperature
and with a sample-detector distance of ~ 8 meters.

The angular resolution of the two systems can be calculated from these two spec-

tra. The angular resolution of the system, o, is,

o} = g2 — o (3.6)

r —

where, o, is the FWHM of the para-Ps peak in the 2D-ACAR spectrum, and o7 is

the term originated from the thermal motion of the Ps atoms, given by
op = V1.665m*kT (3.7)

where k is the Boltzmann constant and m* is the effective mass of Ps atom (= 3m,[84],
where m, is the electron rest mass). For the bulk chamber setup, the overall angular
resolution is ~ 0.5 x 0.5 milliradian?(mrad®). While for the interface chamber, the

overall angular resolution is ~ 1.3 x 1.3 mrad?.
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Figure 3.9: The 2D-ACAR spectrum of a-quartz single crystal from the high-intensity
beamline chamber to obtain the angular resolution of the system, measured at room
temperature with a sample-detector distance of ~ 8 meters which is the situation
for the real experiment. (a) The original spectrum. (b) After the subtraction of the

broad component (see the discussion given in sect. 4.2).



Chapter 4
Procedure of Data Analysis

Once the positron 2D-ACAR spectrum is acquisited, the raw data are analysed by
certain schemes to extract the physical information behind the data. There are some
differences between the schemes of data analysis for bulk measurement and interface
measurement. The following scheme is basic in the data analysis for both of the bulk
and interface studies:

1) Apply the camera correction function to the raw spectrum;

2) Determine the position of = 0 and center the spectrum;

3) Determine the rotation angle and rotate the spectrum;

4) Smooth the spectrum to convolute the spectrum with the resolution;

5) Symmetrize the spectrum (when allowed).

For the bulk measurement, it is necessary to get the anisotropy of the spectrum
to judge the quality of the single crystal, which comes from the delocalized positron

" annihilation with valence or conduction electrons.

For the interface measurements, we have to go three more steps to get information

from the data:
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l)Fiﬁd out the positron anunihilation fractions at different heam energies;

2)Get the net spectra for position annihilating at different layers;

3)Remove the broad component from each spectrum to see the fine structure
(when necessary).

A more detailed explanation to each step is given below.

4.1 The Basic Procedure of the Data Analysis

4.1.1 The Camera Correction Function

The two v-ray detectors, Anger Cameras, are not point detectors. Instead, each
detector represents a detection area of ~ 0.257 m?. For the coincidence measurements
with two cameras, the detection efficiency for the two 4-rays with small angle between
them is significantly higher than the efliciency for the two v-rays with larger angle
between them. West et al[11] had given a delailed discussion on this subject. It
is shown that in a particular case in which the camera adjustments are assumed to
ve exceedingly successful and the linearity is hence perfect, the recorded 2D-ACAR

spectrum of a delta momentum density 6(p7’ —p ) takes the simple form
Ns(#,p') = M(F)R(| 5~ ' |) (4.1)

where
Lo L P '
M(j) = /El(p + -5)62(1) - ‘2“)‘11" (4.2)
is the camera correction function or called momentum sampling function, ¢; is the
efficiencv function of camera i (i=1.2) and the inteeral is taken over all space. and

efliciency function of camera i (i=1,2) and the integral is taken over all space, and

-4 - . . . . . . 3 Ous’
R(p'— p') is the two dimensional detector’s resolution function which is homogeneous,

ie. R(F—p)=R(p-7 )
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Positron 2D-ACAR measures the momentum density function g(p) projected along

a given direction p,:
N(pespy) = [ RZ)e(#)dr. (4.3)

The recorded spectrum of a general momentumn density is, therefore, the convo-
lution of g(p) with Ns(7,p). Thus, eq. 4.3 implies implicitly that the measured
spectrum is the real momentum density function multiplied by the detector’s correc-
.tion function. To show the real nomentum distribution, the measured spectrum has
to be divided by the correction function.

A true single camera efficiency ¢(7) can be measured by the setup similar to
the real data acquisition setup: ?2Na radioactive source with a sample in the front.
To measure the efliciency of camera 1, it is positioned to the distance at which a
rcal measurement will take place and the signals b'eing collected are gated by the
coincidence events detected by camera 2 to discriminate the background. Generally,
camera 2 is set closer to the source to ensure larger subtending solid angle. Similar
measurement is also performed for camera 2 to obtain its efliciency. The correction
function is then obtained from the overlapping integral of the two measured efficiency
functions:

Figure 4.1(a) shows the three-dimensional plot of the correction function and (b)
shows the correction effect of the camera’s correction function on the shape of data.

The corner on the top cenicr of the correction function is due to the equal distance
of the two detector from the sample, which makes the alignment of the system very
difficult and may arguably cause some small artifacts in the data when applying the
correction matrix. To avoid this, some workers set the detectors at non-equal distance
from the sample, i.e. make a 10 ~ 15% offset of the distances. Although all of the

data in this thesis were taken at equal distance sctup, no any obvious artifacts were
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Figure 4.1: (a) Camera’s correction function. (b) The comparison of data before and
after the implementation of the correction function: solid line-after the correction;
dashed line-without correction.




63

seen yet (see the spectrum shown in figures 5.12 and 6.9). This may be due to our

careful alignment of the sample relative to the detector for each measurement.

4.1.2 Centering the Spectrum

In position 2D-ACAR measurement, the annihilation source (sample) which is posi-
tioned at the mid point of the axis joining the center of the cameras should be aligned
very well with the center line of the two cameras. In an ideal case of perfect align-
ment, the point p = 0 in the spectrum will coincide with the origin of the detectors
coincidence field coordinate system. Any small shift of the source from the center line
of the cameras will result twice the shift of the position of p = 0 from the origin of
the coincidence field. The coincidence of the point ' = 0 with the origin of the coin-
cidence field is crucial for the symmetrization of the spectrum. A physical alignment
to a very high accuracy is usually not trivial and almost impossible. Thus it usually
happens that the point of 7 = 0 of the spectrum deviates one or two channels from
the origin of the detectors coincidence field and in the data analysis we have to shift
the spectrum to make the point of 5’ = 0 coincide with the origin of the coincidence
field. The relative position of = 0 point of the spectrum in the coincidence field

coordinate system (a matrix) is defined by the first moments, (fz, py), given by

Pe Z N(Pml’y Z p=N me’y (4.4)
allpts allpts
and
Py Z N Pmpy) = Z N pmpy (4'5)
allpts allpts

Since the first moments do not necessarily occur at whole or half channel, a linear
interpolation scheme is used, yiclding an accuracy of 4:0.03 channel for each of the x

and y centering,.



4.1.3 Rotation of the Spectrum

The purpose of this operation is to correct for any misalignment of the crystal in the
p=py Plane, i.e., the rotation angle of the crystal about the axis joining the centers of
the two detectors. I'or a well aligned system, the p, direction of the spectrum will be
in the x direction of the coincidence field coordinate system and similarly p, will be
in the y direction. But in the real experiment, there is sometimes an angle between
the p, and x. This angle can be determined by a x? analysis of the raw spectrum.
Since we study the bulk or interface properties of the samples the 2D-ACAR spectra
have at least two-fold symmetry (will be discussed in the next subsection). We first
consider the reflection about p.=0. After a 6° rotation of the spectrum about the
origin(p, = 0,p, = 0), we compute the x; defined as:

NI Y,
M-1 k=1 Ny

(4.6)

where N, and N| denote counts at the points symmetric about the reflection axis,
p==0. In the data analysis, we usually restrict the summation of the momentum
positions, represented by k, to the range 0 < k£ < 8mrad to exclude the positions
with zero counts. Figure 4.2 shows the plot of x? versus angle §. We can gel an
identical curve for the reflection about p,=0. The minimum point occurs at 4.8°,

which is the required angle of rotation of the spectrum.

4.1.4 Gaussian Smoothing

After correcting for the misalignment in the (p.,p,) plane, the rotated spectrum is
smoothed with a gaussian with a full width at half maximum (FWHM) equal to
the experimental resolution which has been discussed in section 3.4. The gaussian

smoothing operation does not introduce any artifacts to the spectrum(42]. Figure 4.3
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Figure 4.2: The plot of x? versus angle of rotation.

show the 1D plot of the 2D-ACAR spectrum with and without gaussian sinoothing.

4.1.5 Symmetrization

Positron 2D-ACAR measures the et — e~ pair momentum distribution inside mate-
rials. The symmetry of the 2D-ACAR spectrum is determined by the momentum
density of electrons (or et — e~ pairs). Under static condition, i.e. there is no con-
stant current (in microscopic scale) pass through the sample during the measurement,
all the electrons are moving in the closed orbits or trajectories in momentum space.
In quantum mechanics[85], the Schrodinger equation has time-reversal-symmetry, i.e.
the solution, ¥/(p) and ¥(—p) only differ by a phase factor (e*‘%", where E is the eigen-
value of the equation). Therefore the momentum density of electrons g(p) = o(—7p),

which indicates that the 2D-ACAR spectrum has at least 2-fold symmetry. But in
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the case of Ps emission from surface of materials, the 2D-ACAR spectrum is not
symmetric in the emission direction (in this case, the Ps atoms are not moving in a
closed trajectories in momentum space.). A detailed discussion of positron study of
surface of metal and semiconductors has been given by Chen[20].

In a semiconductor single crystal, the thermalized positrons will annihilate with
valence electrons and core electrons. In 2D-ACAR spectrum, the contribution from
positron annihilation with core electrons will be averaged and be isotropic because
the periodi(; poteuntial of the lattice has no effect on the motion of core electrons. But.
the momentum of the valence elecirons will be decided by the periodic potential of
the lattice, i.e., reflects the symmetry of the reciprocal lattice of the single crystal.
The contribution from positron annihilation with valence electrons to the 2D-ACAR.
spectrum is anisotropic and the shape of the contribution reflects the geometry of
the first Brillioun zone projected along the integration direction which is usually

coincident with a major crystallographic direction.

4.2 Data Analysis for the Bulk Measurement

For the bulk measurements, generally speaking, it is necessary to find out the quality
of the crystal by the anisoiropy analysis and then find out the fraction of positron
annihilation with the single crystal and remove it to see the spectrum for positron
annihilation at defects. The anisotropy analysis some times is used to highlight the
fine structures in the spectrum by subtracting the broad symmetric component. The

broad isotropic component, Ni(p.,py), is defined vs the Gaussian smoothed “radial

angular average”, N.(p,). For every p, = |/p? -r;:g, N.(p,) is given by:

Nr(Pr) - k=1 -N(pzkspuk) (4.7)

n
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where each (pek,pyr) (n of them) lie on the circle of radius p,. Here the gaussian
smoothing is performed with a FWHM of 2 ~ 3 times larger than the angular resolu-
tion of the system to ensure that it is really “broad”. The anisotropy is then defined

as

Na(PcaPu) = N(pez,py) — NA'(Pmpu) (4.8)

Note that the gaussian smoothing of the N,(p,) is not necessary for the anisotropy

analysis. It is just a preliminary way of defining the broad isotropic component in

. highlighting the fine structure in original spectrum.

In the data analysis for the interface measurement, we usually use this method to
define the fine structure. But in that case the fine structure is different from the true
anisotropy and it may give some artifacts in the quantitative interpretation (mainly
causing some change in the width of Ps atoms signal). Thus we just use this method
to show the existence of the structure and use another method to give quantitative

interpretation of the data (a few Gaussian fit to the data).

4.3 Data Analysis for the Interface Measurement

With utilizing the slow positron beam, the positrons can be implanted to appro-
priate depth to probe different layers of the sample. The implantation profile for
monoenergetic slow positron beam has been given in section 1.2. The behavior of the

thermalized positron can be well described by the diffusion equation[25, 86]:

on(z,t) _ _3%n(z,t) d n(z,t) n(zt) .
a 022 “°¥T 92 Teff +(2) (4.9)

where n(z,t) is the positron density at depth z and time t, D is the positron diffusion
coeflicient, T the temperature, ¢ the electric field,e the positron charge, k the Boltz-

mann’s constant, n(z) the rate at which thermalized positrons are being implanted
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at depth z, and 7.4y is the effective lifetime of the positrons in the sample, given in
section 1.8. A theoretical study of the validity of the diffusion model was given by
McMullen[87]. The breakdown and the limitation of the diffusion model were dis-
cussed by Brandt et al[88] and Lynn et al[89], and are reviewed in several statistics
textbooks[90, 91].

In steady state, @‘g{'-‘l = 0, the time dependent diffusion equation can be reduced

to an ordinary linear second-order differential equation,

d’n(z) 1dn(z) n(z) ne(z)
&2 A d L2t D - 0 (410)
where I = (D1.;7)'/? is the positron diffusion length and A = 4T is a parameter with

the dimension of length characterizing the effect of electric field (In the case of metal,
A becomes infinity and the second term of the equation becomes zero). The solution
and discussion to eq. 4.10 can be found elsewhere[49).

Usually, before we perform the positron 2D-ACAR measurement using high-
intensity slow positron beam to get detailed information for a specific layered system,
we muke the positron Doppler broadening (S-parameter) measurement for the systemn
using a relatively low intensity positron beam in which a 22 Na radioactive source and
a W(100) thin film moderator was employed as slow positron source. The intensity
of the beam is about 5 x 10°¢t /sec. The dectailed description of the beamline can be
found elsewhere[92]). The principle of positron Doppler bro.adening measurement has
been given in section 1.5. Figure 1.3 shows the principle setup for Doppler Broaden-
ing measurement. The recorded energy spectrum of the annihilation photons by the
High-purity Ge detector which was positioned right behind the sample was shown
in figure 4.4., due to the motion of the et — e~ pair and the finite energy resolu-
tion of the detector (in the ideal case of infinite resolution of the detector and the

annihilating et — e~ pair al rest, the spectrumn would have been a § function with
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Figure 4.4: The definition of the S-parameter.

a value at 511 keV.). The S-parameter (or line-shape parameter) is the practice of
quantifying the Doppler broadening, first introduced by MacKenzie et al[93] and its
detailed discussion were given by Campbell [94] and Schultz et al[95]. The definition
of the S-parameter is shown in figure 4.4. It is defined as the ratio between the sum
of the counts in a central region (area B) and the total counts (area A) of the energy

spectrum recorded by a multi-channel analyzer (MCA), i.e.,

B
== 4.11
S=- (4.11)

Generally speaking, the higher the momentum of the annihilating e* — e~ pair is, the



(f!

greater is the broadening of the spectrum and the lower is the S-parameter, and vise
versa. The central region is defined by the energy window of the MCA and was set
that in bulk silicon single crystal S = 0.5 for the optimun sensitivity.

As a preliminary approach in the study of the multilayer structures, each layer is
assumed to be homogeneous but distinctive from other layers. The resultant S is the
average of the S values of the various layers weighted by the respective annihilation

fraction, f, i.e.

S= f; Sifi | (1.12)

i=0

for an N-layer system, where S; and f; are the S-parameter of the i** layer and
the fraction of positrons annihilating at the i** layer, respectively. The 0'* layer
(i.e. i:=0) represents the surface annihilation. The annihilation fraction, f;s, is an
crucial parameter which can not be obtained directly from 2D-ACAR measurement.
This is another reason to do the S-parameter measurement before doing 2D-ACAR
measurement. A numerical method with an eflicient computer code VEPFIT[49] has
been developed to determine the fraction, {, by fitting the experimental S vs Energy
(S-E) curve. The program VEPFIT solves the eqs. 4.10 and 4.12 by an iteration
procedure and is equipped with an adjustable implantation profile and the fitting
of S-parameter, diflusion length, electric field and the layer boundaries. A detailed
discussion of the S-parameter measurement and the data analysis using VEPFIT to

the SiO,-Si system can be found elsewhere[50, 96).
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4.4 Error Analysis

4.4.1 Statistical Exror

The statistical error associated with each momentum position, N(ps,p,), in the

recorded raw spectrum is defined as[97]:

ANraw(PmPy) =y NFW(PMP;/) (4'13)

In the data analysis, the error propagation is carried out by using the quadrature
rule, which states that for a derived quantity z = f(xy,z2,...2,) with the ;s are

independent variables, the error Az is given by:
n 8z, .
(85) = Y5 (bwi) (.14)

i=1

Thus, for the operation of applying the correction matrix, the error bar for the

resultant spectrum, Nipye(pz, py), is

— | (ANraw(pz,py)y, | (AM(Pzypy), )
ANtrue(pz,py) - \'( N,-aw(p,,,py) ) +( flf(pz,py) ) Ntrue(pmpy) (1.15)

where M(pz,p,) is the element of the correction matrix. Due to the very high statistics
for the correction matrix (= 10® counts for each camera spectrum), the contribution
from this term was generally neglected by other authors[20, 42]. In our data analysis,
this small contribution was taken into account.

It is clear that the error propagation rule given above is only valid when the
variables, x;s, are independent of each other. This condilion is satisfied by almost all
of the operations stated in previous sections except the operation of symmetrization.
Strictly speaking, the variables are not completely independent (or uncorrelated) after
this operation. Although this has been the concerns for long time, there is still no

solution yet. The major dilemma is that the symmetrization operation is sometimes
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necessary to correct the errors from other sources. To minimize the artifacts on the
calculation of the error bar causced by the symmetrization operation, we leave this
operation as the last step of the data analysis and only if necessary.

Obviously, the way of reducing the statistical error is to increase the statistics of
each spectrum, i.e. increase data acquisition time. Sometimes this is not practical
because: first, long time exposure of sample may cause radiation damage to the sam-
ple; second, the error from the clectronics and other change in environment condition
may play a more im'portant role. At least under present experimental condition, the

infinitely increasing statistics is not practical.

4.4.2 Other Sources of Error

Besides the statistical error which can be reduced by increasing the stétistics to a
reasonable level, there are some other errors cause by other factors:

1) Misalignment of the center of the 511 keV 4-ray source to the centerline of
the two detectors. This error can be minimized by a careful and time consuming
procedure so that the misa!ignment can be kept in the level of a fraction of 1 mm.

2) Misalignment between the integration direction, p,, and the direction of the
major axis along which the momentum density is supposed to be integrated. By
carcfully mounting the sample, this misalignment can be kept in the level of 2 ~ 3
degrees.

3)The intrinsic asymmetry of the detector itsell. It was found that there is always
a limit of asymmetry in the data, even with extremely careful alignment of the sample
and relative position of sample and the detector. We attribute this to the intrinsic
asymmetry originated from detector and the setup (for the bulk chamber, it is about

0.3%). Thus, this would force us to symmetrize the data.
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4)Temperature fluctuation around the detectors will cause an error because the
detection efficiency of the detectors are temperature dependent (In the experiment,
we always keep the temperature as constant as possible so that the error caused by

temperature fluctuation is negligible.).

4.4.3 Extra Error in the Interface Study

Besides the source of errors discussed above, for the interface measurement using
the variable energy positron beam there is new kind of error that may affect our
data analysis and the interpretation of the data. This is the error originated from
the calculation of the annihilation fraction discussed in the last section. The positron
aunililation fractions are calculated from the result of positron S-parameter measure-
ment, using the standard numerical procedure VEPFIT. The error bar of the original
data can be defined according to eq. 4.13, but there is no error bars propagation in
the procedure VEPFIT. Thus, the result from VEPFIT does not contain error bar.
This will increase the difficulties in our analysis. To compensate this, the annihila-
tion [ractions are changed by a small amount around the ones calculated from the
VEPFIT to see if the structures or features in the spectrum is stable. By this, we

have a reasonable estimation of the possible errors in the fractions.



Chapter 5

The Si0,-Si System

Silicon oxidation is perhaps the most common process in the fabrication of elec-
tronic devices. The silicon dioxide-silicon interface (Si03-Si) hus excellent electrical
properties which are employed in field-cffect devices and’ surface passivation. The
importance of Si technology in the semiconductor industry is best illustrated by its
dominant role in the microelectronics industry. Because of that, a tremendous amount
of effort has been devoted to the study of the Si technology since late 1950s. This
makes Si technology a most understood and controlled one. Deal et al[98] gave a
comprehensive review about the evolution in the Si technology. It is generally rec-
ognized that the taking off of the silicon semiconductor industry was marked by the
discovery of the oxide passivation of the silicon and the introduction of the planar
process. Various techniques have been used to study the SiO;-Si system, especially
the interface which has been the subject of intense study because of its dominant
role in Si technology. The experimental techniques used to determine the struc-
ture of the interface, its extenl and ils roughness include: transmission electron mi-

croscopy (TEM)[71, 99, 100, 101], scanning tunneling microscopy (STM)[101, 102],

75
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low energy electron diffraction (LEED)[103, 104], ellipsometry[105], x-ray scattering
[106, 73], x-ray photoelectron spectroscopy (XPS)[107, 108, 109, 110, 111, 112, 113],
and positron annihilation[114, 115]. The results range from atomically sharp to ex-
tended interfaces of ~ 104 width. These variations in results could be due to the
different probing technique or to the differences in sample preparation. For the in-
terface states studies, there are, in fact, very few chemically diagnostic analytical
techniques that can reveal the nature of atomic-scale or point defects which are re-
sponsible for interface states; the one most suitable for Si and SiO; is the Electron
Paramagnetic Resonance (EPR)[116, 117, 118] technique. Positron 2D-ACAR is a
promising tool in the study of electronic structure of defects. While coupled with a
high-intensity monoenergetic slow positron beam, 2D-ACAR can be applied to study
the well-studied and poor-understood Si0O,-Si interface, to supply some unique infor-
mation which is not obtainable by other techniques. In this chapter, we will present
our experimental result on positron 2D-ACAR study of the physically and technolog-
ically important Si0O,-Si interface. First of all, a brief introduction to Si technology

and its surface oxidation will be given.

5.1 Si Single Crystal

The lattice of Si single crystal has a structure of FCC with a two-point basis (0,0,0)
and (3,3 3), similar to that of diamond or GaAs. Each Si atom has four nearest
neighbors and share a pair of valence electrons with each nearest neighbor to form
the covalence bond with a bond angle of 109.47°. The lattice constant is 5.43A.

Figure 5.1 shows the conventional cubic cell of silicon lattice.



Figure 5.1: The conventional cubic cell of Si lattice-two interpenetrating FCC lattices



Figure 5.2: Constant-energy surfaces near the conduction band minima in silicon.

5.1.1 The Energy Bands of Si Single Crystal

The reciprocal lattice is a BCC Bravais lattice. The first Brillioun zone is the trun-
cated octahedron. The conduction band has six symmetry-related minima at pointsin
< 100 > directions, about 80% of the way to the zone boundary (see figure 5.1). As a
most studied and understood semiconductor, silicon energy band has been calculated
by qnite a few workers with various methods, especially Herman[119], Chelikowsky
and Colien’s work[120]. Figure 5.2 shows the energy bands of silicon. The conduction
band minimuin along [L00] gives rise to the ellipsoids of figure 5.2. The valence band
maximum occurs at k=0, where two degenerate band with different curvature meet,
giving rise to ‘light holes’ and ‘heavy holes’. The most significant difference from the
energy bands of GaAs is that the Si has an indirect bandgap. The bandgap of Si

single crystal is 1.12 eV at room temperature.
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5.1.2 The Surface of 5i Single Crystal

Unlike the bulk, which can be regarded as an infinite uniform periodic structure
amenable to theoretical treatment, semiconductor surface is an abrupt termination
of the periodic lattice. This termination results in deformation of the crystal surface
and a loss in periodicity. The atoms at the semiconductor surface are not completely
surrounded by other atoms of the crystal like those in the bulk. As a result, all the
valence electrons of the surface atoms are not satisfied and the unsaturated bonds
of the surface atoms make the surface highly reactive chemically. For Si, there is
usually one unpaired valence electron, forming a dangling bond. Thus, the surface
of a semiconductor usually is covered with one or more layer of foreign atoms. Un-
fortunately, surface properties can be the dominant influence on device performance
and stability. The surface properties are aflecied significantly by small amount of

contamination picked up from the environment during handling, processing, and use.
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Historically, the first attempt to solve the problem of the surface sensitivity of semi-
conductor devices was to encapsulate the bipolar transistors and junction diodes in
a hermetically sealed metal can, which was not quite practical. The most practical
solution was to pagsivate the surface. Passivation is accomplished by forming a thiu
insulating layer on the surface. Passivation minimizes the electrical activity of the
device surface and the passivating layer also protects the surface from environmental
contamination. Thus, passivation results in a marked improvement of device perfor-
mance, stability, an‘d uniformity of characteristics from device to device. By far, the
most successfully passivated semiconductor is Si, although a lot of effort has been
devoted to the surface passivation of other important semiconductors, for example,
germanium (Ge)[121] and gallium-arsenide (GaAs)[122, 123]. As the ability to pro-
duce a stable insuiating layer by oxygen passivation on the surface of a Si crystal was
considered as a milestone in the development of Si-based semiconductor technology,

it is necessary to give a brief description of the oxide layer.

5.2 Si0, Layer on the Si Surface

As stated in previous sectiox{, the purpose of growing a layer of silicon-dioxide on the
Si surface is to passivate the electrically sensitive surface, i.e. to prevent the surface
from contamination by impurities. In this section, we will briefly describe methods of
growing the oxide layer, the mechanism of protecting the surface by introducing this

layer (The general discussion will follow those given by Nicollian and Brews[124}).
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5.2.1 Oxidation Technology

Once the silicon crystal for electron device application is pulled into the form of a
cylindrical single crystal ingot, the following three steps are required to prepare wafers
from the ingot for oxidation:

(1) Saw, Cut the ingot into slices (circular disc) with requircd thickness and the
orientation of the slices is established by having a birotational X-ray goniometer serve
as a crystal holder on the sawing apparatus, while a single X-ray diffraction spectrom-
eter and a Laue back reflectance camera are required for determining orientation prior
to sawing. A diamond saw is used because silicon is a relatively hard material.

(2) Chemical etching. The sawing operation mechanically damage the surface
on each side of the wafer and the damaged surface layers have electrically active
properties significantly different from the bulk properties of Si single crystal. Chemical
etching of 25 um of silicon from each side of the wafer removes the electrically active
damage completely and neither leaves the waler nonflat nor causes feather edges prone
to chipping. The usual etchant consists of 4 parts by volume of nitric acid, 1 part
hydrofluoric acid, and 3 parts acetic acid. The nitric acid oxidizes the silicon surface,
and the hydrofluoric acid dissolves the oxide formed.

(3) Polishing. This is the last and most critical step: leaves one surface flat and
undamaged. The polishing is done by rubbing the wafer against a cloth saturated
with an abrasive material such as Syton-powdered SiO; which is not foreign to the
510,-Si system.

After the polishing residues have been cleaned off, the wafers are ready for the
preoxidation cleaning step which is considered as part of the oxidation process as the
wafcrs should be placed in the oxidation furnace immediately after the preoxidation

cleaning. The procedure for preoxidation cleaning was described in detail by the Bell
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Telephone Laboratories Manual entitled Silicon Oxidation Guide. The purpose of the
preoxidation cleaning is to remove the metallic impurities (in particular, the metal
ions from group I and II of the periodic table) from the silicon surface and prevent
their displacement plating back onto the silicon.

After the preoxidation cleaning (during which the wafer should not be permit-
ted to dry even partially because even highest purity water or reagent has some
submicron-size particles that become deposiled on the surface during drying), the
oxidation process can be accomplished. The gate oxide (the oxide grown prior to the
deposition of the gate electrode in a MOSFET) is grown in dry oxygen at 900~1200°C
to a thickness typically 100 nm or less. The field oxide (the oxide used to isolate met-
allization patterns, carry current to various portibns of the iterated circuit from the

silicon substrate and to act as a diffusion mask) is grown in steam to a thickness

typically 500 nm or more.

5.2.2 ‘Dry’ and ‘Wet’ oxide

After finishing above preoxidation and cleaning, the silicon surface will be exposed to
an oxidizing ambient to grow SiO; and the terms ‘dry’ and ‘wet’ are used to describe
the growth condition of the thermal oxidation process[125] (temperature ranges from
900 to 1200°C). ‘Dry’ oxide refers to oxidation in pure oxygen and the stoichiometric
chemical reaction is

Si(solid) + 05 = Si0;(solid) (5.1)

while the stoichiometric chemical reaction for the ‘wet’ oxide is

Si(solid) + 2H,0 = SiOy(solid) + 2H, (5.2)
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The relative degree of hydration distinguishes the ‘dry’ process from the ‘wet’ pro-
cess. Above equations describe only the overall reactions. The different intermediate
reactions during the oxidation process and the subsequent dissimilar impurity incor-
poration coefficients make the detectable differences between ‘dry’ and ‘wet’ oxide.

It is a widespread practice in growing ‘dry’ oxide that chlori‘ne is intentionally
added to the oxidation ambient to minimize sodium ion concentration, to reduce
the interface trap density (will be discussed later), and to increase the dielectric
breakdown strength. Chlorine is added to the oxidation ambient in either chlorine
gas, HCIl, or chlorine incorporated organic compounds. However, the chlorination
only works in ‘dry’ oxide but not in ‘wet’ oxide[124] and too much chlorine would
form bubbles[126] at the 510,-Si interface.

There are various methods of measuring the thickness of the oxide layer, for ex-
ample, ellipsometry[127], multiple-beam interferometry[128], capacitance method and
optical interference method, just name the few. A relatively detailed description of

the measuring techniques can be found in ref [124).

5.2.3 Planar Process

It is inevilable to mention the discovery of planar process in reviewing the history
of silicon technology. It is alinost as same important as the discovery of the ox-
ide passivation. In 1957, Frosh and Derrick[129] found that the thin layer of silicon
dioxide can effectively mask against many commonly used dopant impurities, thus
preventing them from reaching the underlying silicon. The importance of the discov-
ery is that this made possible precise control of both the depth of a diffused (later
on, ion-implanted) junction and its location on the silicon wafer. The location of

devices on the silicon wafer could be delineated by covering the silicon with SiO; and
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then exposing the silicon to the diffusing impurities only in selected area, defined by
photolithography, where the SiO; layer had been removed. The idea of selectively
removing Si0; and introducing dopant impurities to the areas of bare silicon was
first produced by Hoeni[130] and was called planar process (or technology). The pla-
nar process was so successful in fabricating the integrated circuit that all monolithic

circuit are made by the planar process today.

5.3 S10,-Si Interface

We have described the Si single crystal and the masking SiO; in previous sections.
Now we have to move our attention to the transition region (if any) between the
two solids, the so-called interface region, which joins the two solids with different
structures. There had been a long argument about the existence of the interface
region. Now it is commonly accepted that there is a interface region with a thickness

of 10 ~ 40A, connecting the Si single crystal and the amorphous SiQ,.

5.3.1 Interfacial Model

Modeling of the entire Si0-Si interfacial region is essential for a better understanding
of this interface. Such understanding would be of technological importance if it led
to better control of the properties of the interface, based on science rather than on
cmpirical art. An appealing picture of the Si0,-Si interface proposed by Grunthaner
and Maserjian et al[132, 133, 134, 135] is one of an interfacial region comprised of
single crystal silicon followed by

(1) a monolayer in which there are some Si0,, 51,03, and S7,0 (i.e., incompletely

oxidized silicon and the relative amounts of these suboxides depend on processing),
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Figure 5.4: The crystalline model of the Si-SiO; interface showing the match between
Si(u01) and cristobalite (011) (After Herman et al[136]).

(2) a strained region of SiOz roughly 10-40 A deep.

(3) the remaining stoichiometric, strain free, amorphous SiO,.

While Herman et al[136] constructed an ideal §i0,-Si structure with a nearly
perfect geometrical match between SiO; and Si(100). Figure 5.4 shows the atomic
configuration of this model. This model gave the narrowest interface (2 ~ 3A) con-
tains an intermediate SiO configuration to connect Si and SiO;. Even in this ideal
model, the intrinsic imnperfections still exist at the interface region because there is
interface strain due to about 6% mismatch between the Si atom positions in Si single
crystal and SiO; due to a lower Si atom concentration in SiO; (~ 2.5 x 102?/cm?)

compared to that in Si (~ 5 x 10%%/em3). This 6% of mismatch resulls in broken
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bonds and leads to some interface strain. Conscquently, these intrinsic imperfections
make interface act as a sink for impurities. In fact, this ideal interface structure has
never been observed and may well be thermodynamically unstable. However, it does

form a good basis for understanding what the actual interface might look like.

5.3.2 Interfacial Traps

The problem of charge trapping at or near a semiconductor surface is very old. The
oxide passivation on the surface of silicon was a breakthrough on the process of solving
this problem. But the introduction of the layer of oxide moves the charge trapping
problem to the interface region. Although a very large research effort on the SiO,-
Si interface system had been motivated since 1960, this problem is still not fully
understood or completely under control. Through the work of last three decades, we
have learned to minimize most of the charge trapping problems, at least emperically.
There exist in principle two classes of trapping states in the Si0,-Si system. One
is the so-called interface traps, which capture and release electrons and holes with a
time constant at room temperature in the range of picoseconds to hours, affecting
directly the leakage currents, metal-oxide-silicon (MOS) capacitor storage time and
noise voltage. The second class of trapping states are the bulk oxide traps with long
time constants (years), affecting the device stability. Several kinds of interface traps
and charges had been identified and characterized by Capacitor versus Voltage (C-V)
measurement on the MOS structures. Figure 5.5 illustrates the three oxide “charges”
in interface defined by Deal (137, 138]. They are: fixed oxide charge (of concentration
per unit area Ny), interface trapped charge (of concentration N;), and oxide trapped
charge (of concentration N, ). Although the three “charges” had been extensively

investigated, their physical origin are still unclear [139].
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Figure 5.5: The charges in the SiO;-Si interface. (After Deal[137, 138]).
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It is worthwhile to point out that, these “charges”, especially the fixed oxide
charge will produce an electric field pointing to the bulk Si and these field will affect
the diffusion of the thermalized positrons in bulk Si. In the calculation of positron

annihilation fraction, this field must be taken into account.

5.3.3 Interfacial Defects

The defects in the interface region still play significant role in determining the quality
and performances of Si-related devices{124, 140]. Thus the identification and char-
acterization of interfacial defects has been an active field of research and still remain
active as a fully understanding of the defects is still not accomplished yet. EPR is
the most powerful tool in the study of the interfacial defects, especially unpaired
spin related defects. The silicon dangling bond in the interface was first observed
by Poindexter et al[116] using EPR in thermally oxidized silicon. They designated
the EPR signal as the P, center which is also observed in damaged silicon and is
undoubtedly due to the unpaired spin of a silicon dangling bond but with atom oth-
erwise bonded to other silicon atoms. Figure 5.6 gives two models of the broken bond
related defects.

Of all the postulated interface defects, only the P, centers had been experimen-
tally verified. And it was found that the P, centers associated to interface states
(responding to about half of the interface states). P, center is identified with a Si
atom bonded to three other silicon atoms, with the unbonded electron orbital (the
dangling bond) pointing to the oxide, normal to the Si (111) surface. While in Si
(100) direction, P, have two possible configurations: one is the Si atom bonded to
three other silicon atoms (Si= Sis, denoted as Pyo) with the dangling bond pointing

to oxide at 60 degree angle relative to the (100) surface and the other is a Si atom
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Figure 5.6: The model of the broken bond defect (a) Model of the broken bond defect
believed associated with the E’ center in bulk SiO;. (b) Related defect at the SiO,-Si

interface which appear as a P, center in EPR spectra.
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bonded to two other silicon atomns and an oxygen atom (Si= Si;0, denoted as Py, )
with the dangling bond pointing to oxide with 60 degree angle. Up to present, only
the Py center was experimentally observed, due to the difficulty in separating the
EPR signals from the two centers. 1t is possible to use positron 2D-ACAR to sepa-
rate the two centers by employing (111) and (100) samples and comparing the two

specirum,

5.4 Positron 2D-ACAR Study of the SiO,-Si Sys-
tem

In this section, we present the result on the study of SiO;-Si system by positron 2D-
ACAR coupled with a high-intensity monoenergetic slow positron beam, described in

section 3.2. This is the theme of the thesis.

5.4.1 The Si0,-Si Sample

T'he samples investigated were Czokralski grown Si(100) single crystal with a layer of
oxide on its surface, thermally grown in dry oxygen ambient at the temperature range
of 900~1000°C, no HCl, no forming gas (FG) annealing. The thickness of the oxide
was ~ 11704, measured by the ellipsometry method. The samples were supplied
by IBM Inc.. The density of the interfacial state is ~ 10%/(cm? - eV), measured
by C-V method[124]. Figure 5.7 shows the confliguration of the sample. In the
measurement, the sample was aligned such that the integration direction, p,., along
the < 011 > crystallographic direction, and in the 2D-ACAR spectrum, p, —< 100 >

and p, —< 011 > crystallographic directions, respectively.
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Figure 5.7: (a) The configuration of the sample. (b) The illustration of positron
anuililation fraction al different beam energies (for & different sample).
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5.4.2 Overture-Doppler Broadening Measurement

By changing the positron beamn energy, the positrons can be implanted into different
layers of the SiO;-Si system. The implantation profile (which is a Makhovian) and
the diffusion of the thermalized positrons (in Si single crystal the diffusion length is
1000 ~ 20004, while in amorphous SiO3, the diffusion length is under 100A4.) cause
a relatively large spatial spread (relative to the thickness of the layers) of the anni-
hilating positrons. Thus, even with a single energy of the incident positrons and an
known mcan implantation depth, the annihilation may still extend to a few necigh-
boring layers. For each incident energy of the positron beam, we have to figure out
the annihilation fraction of the incident positrons at different regions (or layers). For
a specified beam energy of the incident positrons, the resultant 2D-ACAR spectrum
N(p:,py) is a linear combination of the spectra of positron annihilation at different

layers:

N{(pzyPy) = fours Nour1(Pos Py) - fozide Nozide(Pes Py)+ fints Nines (Pes Py )+ foutk Noutk (pzy py)
(5.3)

where Nyurgy Nozides Ninesy, and Niyie are the positron 2D-ACAR spectrum at surface,
oxide region, interface region, and bulk Si single crystal, respectively. The [’s are
the annihilation fractions corresponding to each region mentioned above with the
normalization condition of fiurs 4 foxide + fints + foute = 1.0. The f’s can be obtained
by different measurement based on positron annihilation:

(1) Positron lifetime measurement by fitting the lifetime curve with known average
lifetime in each region.

(2) Positron Doppler Broadening (or S-parameter) measurement by fitting the S-E
curve employing the standard numeric procedure VEPFIT described in section 4.3.

(3) Use formula 5.3 to do the least x? fit to the resultant 2D-ACAR spectrum if
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each individual spectrum on the righthand of the formula is known.

Unfortunately, the positron beam lifetime measurement is far more difficult than
the conventional lifetime measurement and our beamline is incapable of doing the
lifetime measurement because of the relatively large spread in the positron energy.
Positron 2D-ACAR spectrum is unavailable for positron annihilating at each individ-
ual layer (or region). Therefore, the only solution is to do the positron S-parameter
(Doppler broadening) measurement. In fact, positron S-parameter measurement
had been extensively used to study the important SiO,-Si system[114, 147, 96, 51].
There was a clear interface signal in the measured S-E curve. Although a lot of exper-
iments had been done and a lot of data showing the overall feature of the system had
been accumulated, the detailed structure or feature regarding to positron annihilation
in this system was still unclear due to the limitation of the resolution and sensitivity
of the meaéuring parameter. The development of the high-intensity monoenergetic
slow positron beam made it possible for the first time in the world to obtain the
information in the atomic scale from this system by 2D-ACAR method.

Before the detailed positron 2D-ACAR experiment was carried out, the positron
S-parameter measurement had been performed on the samples which were going to
be studied by 2D-ACAR measurement to obtain the information regarding positron
annihilation fraction. The experiment was done in a separate laboratory positron
beamn which has lower intensity (~ 5 x 10%¢*/sec.) and with which a routine S-
parameter measurement can be carried out much easier and only need 6 to 8 hours of
data acquisition time for cach sample. The detailed description about this beamline
can be found elsewherc[92]. Figure 5.8 shows the result (S-E curve) from S-parameter

measurement (in which the data for the p-type sample was quoted from ref[147]).
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Figure 5.8: The S-parameter vs positron beam energy curve from positron Doppler
hroadening measurement. A clear interface signal appears at beam energy of 4-5 keV.
The data for the p-type sample was quoted from ref[147)
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5.4.3 Positron 2D-ACAR Spectrum at Positron Beam En-
ergy of 2.0 keV

The sample chamber on the high-intensity positron beamline is not designed for sur-
face measurement to get a 2D-ACAR spectrum for a clean surface. Thus, we have to
choose approptiate.beam energy to avoid the surface. Because the thickness of oxide
layer is large enough to get a relatively pure oxide spectrum by carefully choosing
the positron beam energy by which both surface and interface contribution can be
minimized. From S-parameter measurement, it was calculated that at beam energy
of 2 keV, the surface fraction, fyury, is less than 4% (and would become smaller with
increasing the beam energy as expected) and the interface fraction, fin:s, is about
6%. Thus 90% of the annihilation occurred in oxide layer. So the spectrum taken
al 2 keV gave a fairly good oxide spectrum which could be used as a basis in the
following data analysis. Figure 5.9 gives the 2D-ACAR spectrum for the n-type sam-
ple at beam energy of 2 keV. From this spectrum, we may not be able to get much
information about the status of positron annihilation in oxide because the mixture
of contributions from different annihilation channels. After the subtraction of the
broad symmetric component (see the discussion given in sect.4.2) originating from
positron annihilation with valence and core electrons of both Si atoms and O atoms,
the detailed structures appear clearly. The residual spectrum is usually called fine
structure spectrum. Figure 5.10 shows the fine structure. From fig. 5.10 we can see
that there is a sharp peak in the center of the spectrum, indicative of Positronium
atom (Ps) formation in the oxide region (similar to the case of Ps formation in quartz
single crystal in which the Ps are delocalized and the 2D-ACAR spectrum shows the
periodicity of the crystal, see fig 3.9). Comparing with the Ps peaks in the 2D-ACAR

spectrum for quartz single crystal shown in fig. 3.9, there is only one sharp peak in
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the fine structure spectrum of oxide, indicating that the Ps forined in oxide must be
localized, in other words, the Ps atoms are trapped into microvoids (here we don’t
have solid argument whether the positron get trapped into the microvoid first and
then formn the Ps or vise versa). 1t is not a surprising result because Ps formation
and trapping in amorphous SiO; had been observed before[172, 173].

Beside the central sharp Ps peak, there are some small bumps surrounding the
Ps peak, with a four-fold symmetry. From the position of the small bump, it may
come from positron annihilation in vacancy-like defects. Lack of any anisotropy may
indicate that either the defects have a four-fold synunetry or the defects are not
aligned along the growth direction. More information is necessary to identify and

characterize the defects (may have to get help from other techniques).

5.4.4 2D-ACAR Spectrum for Bulk Si

As the positron beam energy was tuned as high as 14.5 keV, the mean implantation
depth, z ~ 120004, the positrons will basically penetrate into deep inside bulk silicon
single crystal with a small possibility that the thermalized positrons diffuse back to
the interface. It was calculated from the S-parameter measurement and using the
VEPFIT that over 97% of the incident positrons annihilating in bulk silicon and less
than 3% of themn diffuse back to interface. Therefore, the spectrum taken at 14.5
keV is a good 2D-ACAR spectrum of silicon single crystal. Figure 5.11 shows the
2D-ACAR spectrum at beam energy of 14.5 keV. The spectrum and its contour plot is
similar to other worker’s result [174, 175] from the conventional 2D-ACAR (similar to
our experiment in semi-insulating GaAs described in chapter 6) measurements. Also,
a spectrum of bulk Si (After the oxide layer was etched out by using HF solvent)

with the samiple cut from the same wafer was taken using the bulk chamber (the
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Figure 5.12: Anisotropy (or fine structure) of bulk Si single crystal and its contour
plot (measured from bulk chamber).

Anger cameras were moved to 8 mcters distance from the bulk chamber to match the
sctup for the interface measurement). There is 4 ~ 5% difference between the two
original spectrum (by volume normalization), which may be due to the difference in
the beam size. After the subtraction of the broad symmetric component originating
from positron annihilation with valence and core electrons, more features regarding
positron annihilation status in bulk Si single crystal are revealed. Figure 5.12 shows
the anisotropy of bulk Si single crystal (after the subtraction of the broad component
described in section 4.2) and its contour plot from the bulk chamber measurement
(the anisotropy spectrum measured from the interface chamber is very similar to this

spectrum). Figure 5.13 gives the comparison of the anisotropy of Si measured in our
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experiment with that from other work’s result. lere we use one-dimensional plot
along two major axis (< 100 > and < 011 >). The error bar is representative in
all of our data shown in this thesis (the error bar is difficult to show in 3D-plots).
Comparing with the anisotropy for GaAs (see figure 6.9), the two semiconductors
show very similar anisotropy, originating from the same FCC lattice and similar band

structures.

5.4.5 Spectrum at Beam Energy of 4 keV- Sampling the
Interface Region

It is very important to choose a right positron beam energy to probe the SiO,-Si
interface, because we want maximum interface fraction in the spectrum at that beam
energy. As stated above that the width (linear dimension) of the interface region is
only 10-40 A, only a very small fraction of incident positrons really stop at interface,
while those positrons which were implanted to bulk Si originally may have a good
chance of diffusing back to the interface after thermalization if the mean implantation
depth is not too far away from the interface (within the positron diffusion length
in Si single crystal: 1000-20004). Thus, the fraction of positron annihilation at
interface is largely dependent on the positron diffusion instead of direct implantation.
From the result of positron S-parameter measurement, it was found that the interface
annihilation reach its maximum at heam energy of 4 keV. Thus, 4 keV acceleration
cnergy was chosen to probe the interface. Figure 5.14 shows the 2D-ACAR spectrum
at positron beam energy of 4 keV at which the mean implantation depth is ~ 15004
(about 400 A away from the interface). As mention above, this spectrum is a mixture
of positron annihilation at oxide, interface, and bulk Si single crystal. To get the

feature of positron aunihilation in the interface, the fractions of positron annihilation
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Figure 5.15: Pure interface spectrum- the residual spectrum after the subtraction of
the fractions of oxide and bulk Si from the spectrum at beam energy of 4 keV.

in oxide and bulk Si should be subtracted from this spectrum. It was calculated from
the S-parameter data that at positron energy of 4.0 keV, fozide=28%, finty=43%,
and foue=29%, while f,u.; = 0. Figure 5.15 shows the residual spectrum after the
subtraction of the fractions of oxide and bulk Si spectra (see figure 5.9 and fig. 5.12)
from the spectrum at 4 keV (fig. 5.14). This spectrum was defined as pure interface
spectrum. Here, we use both of the bulk spectra taken in the interface chamber and in
the bulk chamber. The pure interface spectra from both subtractions are similar. In
the following discussion, we always use the bulk spectrum taken in the bulk chamber.
While figure 5.16 shows the fine structure of the pure interface spectrum-after the

subtraction of the broad symmetric component. Once again, a sharp peak appears in
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the center of the spectrum, indicating the Ps atoms formation in the interface region.
There may be somne controversy about this conclusion. First argument is that the
Ps peak seen in the interface may just be those Ps atoms which formed in the oxide
and diffuse (or drift) to the interface. Second argument is that the Ps signal may be
caused by an uncompleted subtraction of the oxide spectrum from the spectrum at 4.0
keV beam energy (the fraction of 28% is doubtful). Following are the verification for
confirming our conclusion that the Ps atom signal seen in the pure interface spectrum
rcally represents the Ps atom formation in the interface region.

1) The Ps atoms formed in oxide region can not diffuse or drift to interface. As
seen from the fine structure spectrum (fig 5.10) for oxide region, there is only one
sharp Ps peak and no any other visible peak around it. It means that ihe I’s atoms
formed in the oxide are trapped into microvoids and the potential barrier of the voids
is high enough to confine the Ps atoms trapped. In other words, the Ps atoms in oxide
region are localized. In contradiction, the Ps atoms formed in quartz single crystal-
crystallized SiO,, can move freely-they are delocalized and the resultant 2D-ACAR
spectrum shows a great central peak and a few small peak around it, reflecting the
periodicity of the lattice.

2) The positron annihilation fractions were calculated from the S-parameter mea-
surement using the standard procedure VEPFIT. Unfortunately, the program VEP-
FIT does not give the error bar. For the sake of safcly, it has been tested that the
overall shape of the fine structure of pure interface spectrum was stable by a 5% vari-
ation of the fractions, e.g. oxide fraction, fozi¢e, ranged from 25% to 33 %, and bulk
Si fraction, fouik, ranged from 24% to 34%. Further, an x? fitting of the spectrum
at 4,0 keV energy by a linear combination of oxide spectrum and bulk Si spectrum

(assume there is no interface signal at all) had been performed. Even at the best fit
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(with the smallest x?), there is still a significant difference between the spectrum at
4.0 keV and the linear combination of the oxide and bulk Si spectra, primarily due
to the different widths of the Ps peak in the interface region and in the oxide region.
Therefore, there must be an interface signal in the spectrum at beam energy of 4.0
keV.

Thus, the Ps atom signal seen in the pure interface spectrum (the fine structure) is
due to the Ps atoms formed in the interface region locally, and can not be accountable
for the Ps atoms formed in the oxide region.

Similarly, there is only one sharp peak in the fine structure for the interface, and
the width of the peak is much larger than the Ps peak in the spectrum for quartz single
crystal, indicating that the Ps atoms formed in the interface region are trapped into
the microvoids in that region, i.e. they are not free Ps atoms. Besides the central Ps
peak in the fine structure spectrum, there are some small but significant bumps around
the central peak, with a 2-fold symmetry. From the position of these small bumps, it
can be attributed to positron annihilation in vacancy-like defects. As we mentioned
in section 5.2, an important interface defect is the Py centers which corresponds to
about half of the interface states. The unpaired electron of the Si atom, the so called
silicon dangling bond or the P, center and its environment atoms work like a neutral
or negatively charged vacancy into which the positrons may get trapped. In the
< 100 > crystallographic direction, these dangling bonds point to the oxide direction
with a 60 degree angle relative to the (100) silicon surface. Thus, the wavefunction
of the dangling bonds will have only 2-fold symmetry. Therefore, we attribute the
signal from positron annihilation with vacancy-like defects to positron annihilation
with the dangling bonds of the Si atoms in the interface region-Py centers. In fact,

positron trapping and annihilation with or near the P; centers had been observed in
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the positron Doppler broadening (S-parameter) measurement[147, 51] coupled with
aunealing and hydrogen passivation of the interface states. But the authors attribute
the observed features to positron annihilation with valence electrons of the oxygen
atoms surrounding the P centers, although the conclusion was not quite solid due to
the poor energy resolution of the technique and lack of sufficient information regarding
the status of positron annihilation in the interface. If their statement was valid, then
we should be able to observe the similar small structure in the oxide spectrum (for
2D-ACAR) because the wavefunctiion of the valence elcctrons of oxygen atoms should
be the same in the interface and oxide regions, which is not the case in the 2D-ACAR

measuremeitt.

5.5 Quantative Discussion-The Size and Concen-

tration of the Defects

In last section, the 2D-ACAR result on the SiO,-Si system has been described in
detail but in qualitative manner. In this section, some quantitative results about the
defects will be given. These include: apply appropriate analytical method to derive
the concentration of the defects in both oxide and interface regions and further derive

the dimension of the defects by applying proper model.

5.5.1 The Width of the Ps Signal-Three-Gaussian Fit

In the ideal case (very good system resolution), the Ps signal observed in the oxide and
pure interface spectra should be seen clearly without taking out the broad component,
like the spectrum for quartz single crystal (here delocalization of the Ps atoms is

another important factor of the clearness despite of the system resolution was not
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good). But in this experiment, the angul@r resolution of the measuring system is not
too good due to the compromise between the resolution and the count rate (data
acquisition time), which can be improved by increasing the distance between the
detector and the sample and a resultant lower count rate, and the Ps atoms are
localized. Following is the elaboration of the reason why the localization of the Ps
atoms will widen the Ps signal in the spectrum.

As described in section 2.1, positron 2D-ACAR measures the momentum dis-
tribution of the annihilating e* — e~ pair. Ps atom is just a special case of the
et — e~ pair-its bound state. When Ps atom is in the delocalized state, it will stay
at the bottom of the conduction band (similar to the positron) with a momentum,
7~0,G,2G..., where G is the reciprocal lattice vector. That is why we can see an
array of Ps atom signals in the spectrum of quartz single crystal and the geometry
of the array reflects the periodicity of the crystal. If the Ps atoms are trapped into
microvoids (in their localized states), they do not experience the periodic potential
and their wavefunctions will not obey the Bloch’s theorem[64]. The wavefunction of
the localized Ps atom will be determined by the simple Schrédinger equation with an
appropriate barrier potential, similar to the motion of a particle confined in a well
potential. The width of the Ps signal will be determined by the momentum uncer-
tainty of the Ps atom, v/< 2 > which is determined by the size or dimension of the
well in which the Ps atom is trapped. Thus, in our data analysis, a spherical well
potential was employed to simnulate Ps atom trapping in microvoids. Before applying
a model to calculate the dimension of the microvoids, it is essential to know the width
of the Ps peak (signal) in the 2D-ACAR spectrum. Here, a three-Gaussian curve was

used to fit the oxide spectrum and the pure interface spectrum (not the fine structure
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spectra).
pectre) 3 (B; — 116.5)?
N= ZA.- exp [-——-02 ] (5.4)
=1 [

The three gaussians represent Ps peak (with the smallest o), contribution of positron
annihilation in vacancy-like defects (medium o) , and the contribution from positron
annihilation with valence and core electrons (with the largest o), respectively. 116.5
is the ceuter of the data matrix (The dimension of the data matrix was reduced
from 256X256 to 232X232 to minimize the cdge effect of the camera.). The relation
between the smallest o (corresponding to the Ps peak) and the full width at half

maximum (FWIIM) of the Ps peak in the 2D-ACAR spectrum is:
FWHM = 2¢V1n2 (5.5)

To take the angular resolution of the system (which is ~ 1.3 x 1.3 mrad?) into account,

the real FWHM, 0,4, of the Ps peak should be the quadratic diflerence between the

FWHM from the three Gaussian fit, oyaussian and the angular resolution,

ol =02 - 1.3? (5.6)

r gaussian

After the real FWHM of the Ps peak is obtained, which is equal to the momentum
uncertainty of the Ps atoms in the microvoids, the infinite-spherical-well potential
is introduced to simulate the Ps atoms trapping at microvoids. The concept of the
using spherical-well potential to simulate Ps atomns trapping was first introduced by
Roellig et al[141, 142] in the study of positron annihilation in helium and then was
further developed by Briscoe et al[143] in a similar experiment. From this model, a
formula relating the rcal FWHM, opeq, of the Ps peak and the diameter, D, of the

microvoids in which the Ps atoms were trapped can be obtained,

33.2 .

D=4 (5.7)

Oreal
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Figure 5.17: Energy levels of a particle confined in a finite-spherical well potential.

where 0,4 is expressed in mrad.

From the three-gaussian fit for the oxide spectrum, it was calculated that oo =
3.240.2 mrad for the Ps peak, corresponding to a microvoids diameter, D,z;4e, of 10.4
+0.6A. Similarly, in the interface spectrum, oreqt = 2.8 & 0.2 mrad, corresponding
to a microvoids diameter, Dy, of 11.94:0.9A. There is no difference in the width of
the Ps signal between x and y direction, which means that the either the microvoids
are not aligned along one direction or with a round shape.

A more realistic model would be a finite-spherical-well potential with a depth
of the well V4 and radius a. Unfortunately, there is no simple relation between the
momentum uncertainty, v/< p? >, of the particle confined in the well and the radius

of the well, a. The energy levels can be obtained by solving the time-independent

Schrédinger equation:

1 8° 1 4d

e AU Ry

For the centrifugal potential, i.e. V(¥) = 1/(r), after the separation of the angular

O 1 8% 2m .
oy LT e i (59)

(sind
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motion from the radical motion, i.e., u(7) = RA(r)Y (6, ), the energy levels can be

obtained by solving the equation:

z(z+ 1)

%(TR) = ‘ZrT?[E = V(r) - —5——I(rR) (5.9)

By a simple and standard mathematical derivation with an appropriate boundary

condition, the energy levels for | = 0 states which should be the case of Ps in the

microvoids are given by the solution of the equation:

sin(ka) = ka (5.10)
ﬂ
where k£ = \/23E. 0 = izfa, and E is the energy of the particle (Ps atom) in

the well. The momentuin 7 is not an conservative quantity in this situation and its
average (expectation) value < p >= 0, while the momentum uncertainty, defined
as /< p? > — < p >? is just equal to /< . From the relation of the quantum

operator, p = fik, we have < p? >=< 2mFE >. With a reasonable assumption that the

half of the real FWHM of the Ps peak in 2D-ACAR spectrum equals the momentum

uncertainty of the Ps atoms in the microvoids, we can replace the k& and E in equation

5.12 by Great,
'\/—U'reala 30real :
(gt = el (5.11)

where number 3 represents three-dimensional and m = 2m, is the mass of Ps atom.

sin

By solving this equation numerically, with a definitive oeq, we can find out how the
diameter of the microvoids changes with the depth of the microvoids (in terms of
hounding energy). Table 5.1 gives some numbers of a and V4, for the ground state
solution of equation 5.11 (Note that the oy.q is the ratio of the momentum of the
Ps atom to the momentum of the 0.511 MeV «-ray. In the calculation of oy.qa and
02,21, the momentum of the y-ray which equals to %1, where E,=0.511 MeV and c is

the speed of light, should be taken into account.).
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Depth V,

Oxide region | (vy | 041:261:51| 200 2.141 251 | 3.25) 3.65(3814.11|5.10/5.89 | |

c=3.2 mrad

of the well | 5.04/5.74/6.17| 6.60 6.71/6.89 | 7.15] 7.26| 7.30{ 7.35| 7.44[7.61 |, .

Diameter 0!
&

Depth V,
Interface region ) 0.76/0.77/0.80| 1.3 2.16/2.96  4.25] 4.51}4.61}4.97|5.27|5.45 | .

oc=2.8 mrad |Diameter
of the well | 4,62{5.55/5.79| 7.37 8.02{8.35| 8.65| 8.69{8.72|8.77|8.81/8.83 | .

d)

Table 5.1: The relation between the depth and the diameter of the finite-spherical-
well potential calculated from eq. 5.11 for the positronium atoms peak in the oxide
and the interface spectra.

5.5.2 The Estimation of the Concentration of the Defects

The concentration of the defects (microvoids and vacancy-like) can be calculated from
the rclative intensity under each signal in the 2D-ACAR spectra. The most important
defects observed in this experiment is the microvoids in both of oxide and interface
regions. In performing the three-gaussian fit to the oxide and interface spectra, the
narrowest component (with smallest o) represents the signal from Ps atoms which
are trapped into the microvoids. The relative intensity is defined as the ratio between
the total counts under that narrow gaussian (component) and the total volume of the
original spectrum. After the relative intensity is obtained, the positron trapping rate,
¢, can be calculated from eqs. 1.19 and 1.23 with known positron average lifetime,
7, in the corresponding region (oxide or the interface). Although positron lifetime
measurement was not performed for this sample, the lifetime measurement was done

on a MOS (metal-oxide-silicon) sample grown from the same wafer as the n-type
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Si02-Si sample used in this experiment and with the same thickness of the oxide
layer (~ 1170A4)[144]. Note that the Ps signal scen in the 2D-ACAR spectrum is
only due to the para-Ps atoms, spin-singlet state of the Ps atom, because the energy
window of the Nal detectors were set at 511 keV energy at which only the y-rays
from the para-Ps annihilation can be detected (the v-ray energy from the ortho-
Ps annihilation can have a continuous distribution and will fall outside the energy
window of the detectors.). As described in section 1.6, the ratio between the spin
singlet and triplet is [:3 (although the ratio may change at very high magnetic field
due to the magnetic quenching effect[145], the field of 0.4 ~ 0.5 Tesla is not high
enough to change the ratio). Thus, if the relative intensity of the Ps signal in the
specirum is

para-Ps = ﬁ%ﬁi (5.12)
where Npgra—p, is the total counts under the Ps signal and Nq is the total counts

under the whole spectruin. Then the total fraction of those positrons which formed

Ps and trapped into microvoids is

4mpara-—Pa
g = T —— 5.13
P 3wpara—Pa +1 ( )

While the fraction of positron annihilation in other kind of defects (vacancy-like)
should be re-scaled accordingly from the relative intensity of the corresponding signal

in the 2D-ACAR spectrum,

Nuacancy
) _ 5.14
vacancy Ntotal + 3Npara—P‘ ( )

Knowing the Ps trapping rate, ¢, in the defects is not sufficient to calculate the
concentration of the defects. Another important parameter is the positron trapping
coeflicient, s, at the defccts. The trapping coeflicient, &, can be obtained either

from theoretical calculation or from the positron lifetime measurement with known
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Defects .
Microvoids Vaxec;;hke
Jtem Diameter

Layer

y (angstrom) Concentration { Concentration
Oxide 16 3 '
region 10.4(6) 10 jem NIA
Interface 8_.9 2 10 2
éegion 11.909) 10 -10 /cm 10 /cm

Table 5.2: The size and the coucentration of the defects in the oxide and the interface
regions for the n-type sample. The diameter of the microvoids are estimated by using
the infinite-spherical-well potential. Note that the concentrations are only accurate
to the order of the magnitude.

concentration of the defects. Generally speaking, the trapping coeflicient, %, varies
from 10'9/sec (negatively charged vacancy at low temperature) to 10'*/sec (neutral
vacancy, temperature-independent, and negatively charge vacancy at room tempera-
ture). While for positively charged vacancies, the & is as low as 10'3/sec [62, 27]. For
the sake of safety, we take x = 10'*/sec., which should be reasonable for the defects
at room temperature at which our experiments were done. After all of above prepa-
ration, we finally come to the stage of estimating the concentration of the defects
observed in the 2D-ACAR measurement. Table 5.2 gives the result of the estima-
tion (include the size of the defects if applicable) and the result on the concentration

should be considered to be accurate to the order of magnitude due to the assumption

made for the trapping coctlicient.
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5.6 Result on a p-Type $5i10,-Si Sample

To confirm the information obtained from the 2D-ACAR measurement for the n-type
510,-5i sample, a p-type sample was employed with the same thickness of thermal
oxide grown under the same condition. Figure 5.18 shows the 2D-ACAR spectrum for
the p-type sample and its fine structure at positron beam energy of 2 keV. Compared
to the spectra for the n-type sample at the same beam energy (figs. 5.9 and 5.10),
both of the original spectrum and its fine structure spectrum shows the same feature,
i.e. the oxide (SiO;) regions are the same for the n-type and the p-type sample.

To sce the interface signal, the positron beam energy was tuned to 5.0 keV (with
the mean depth of ~ 2100 A) at which ~ 14% of incident positron annihilate in oxide,
49% annihilate in bulk Si, and the remaining 37% sample the interface, calculated
from the S-parameter measurement using the same procedure VEPI'IT. Figure 5.19
shows the pure interface spectrum (after the subtraction of the fraction of oxide and
bulk Si spectra) and its fine structure spectrum. Similarly, the sharp Ps peak appears
in the center of the fine structure spectrum. The small bumps around the Ps peak
is slightly diffcrent from those seen for the n-type sample. The explanation for this

small but statistically significant difference is waiting for further investigation.

5.7 Investigation on an n-Type MOS Sample

The MOS (metal-oxide-silicon) is the basic building block of modern silicon-based
electronics. The discovery of the MOS field-effect-transistor (MOSFET) made it
possible to manufacture the modern very large integrate circuit (VLIC). The only
difference between a bare 5i0,-51 and MOS is that an aluminum gate (generally ~ a

few hundred A) is produced on the surface of the oxide (gate oxide) and another layer
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Figure 5.18: The 2D-ACAR spectrum for a p-type SiO,-Si sample at heam energy

of 2 keV at which over 90% of incident positrons sample the oxide. (a) The original
spectrum.(b) The fine structure spectrum
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Figure 5.19: The pure interface spectrum for the p-type sample and its fine structure
spectrum
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of aluminum is coaled on the back of the Si side. Thus, the electric properties of the
sample can be controlled by applying appropriate electric field across the oxide and
bulk Si through the Al gate. About the physics and technology of the MOS, there
is a very detailed and comprehensive description by Nicolian and Brews[124]. The
major advantaée of using MOS sample in positron annihilation study of the SiO,-Si
inlerface is that the interface signal can be enhanced significantly by field-assisted
diffusion of those positrons implanted to the bulk Si back to the interface. The effect
of applying gate-voltage on the positron annihilation had been demonstrated by the
S-parameter measurement (Doppler broadening){147]. But the origin of the variation
of the interface signal with the gate-voltage was not quite clear due to the limit of
the technique. Positron 2D-ACAR technique is a proper probe to reveal the detailed
information about the status of positron annihilation. In this section, the result of
positron 2D-ACAR study of the n-type MOS sample will be presented. To avoid
the contribution from the surface and the aluminuin gate which is rather difficult
to measure in the 2D-ACAR setup, higher beam energies were used to sample the
interface region. The sample used in this experiment was an n-type MOS (Si0,-Si)
with a layer of aluminuimn evaporated on the surface of the oxide. The thickness of
the aluminum gate is ~ 600A. The silicon single crystal was taken from the same
wafer as n-type Si0,-Si sample studied above and with a layer of ~ 11704 thermal

oxide grown under the same condition.

5.7.1 2D-ACAR Spectrum at Beam Energy of 6 keV

Figure 5.22 shows the spectrum taken at positron beam energy of 6 keV with 0 V bias
on the gate (at neutral state of the gate). At that energy, the total contribution from

the surface and aluminum gate is less than 5% and is negligible. Again, this spectrum
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Figure 5.20: The configuration of the MOS sample and the effect of the applied gate-
voltage on the band bending. From ref.[146].
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Figure 5.21: Result of Doppler broadening messurement on the n-type MOS-the
variation of the interface signal with th= applied gate-voltage. after ref[147].
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Figure 5.22: The 2D-ACAR spectrum for the n-type MOS sample at positron heam
energy of 6 keV with 0 V bias at the gate. (a) The original spectrum. (b) The
spectrum showing fine structure.
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Figure 5.23: The 2D-ACAR spectrum at beam energy of 6 keV with gate bias of -15
V. (a) Original spectrum. (b) The fine structure spectrum.

is a mixture of positron annihilation at oxide, interface , and bulk Si single crystal,
which can be seen clearly from the fine structure spectrum. Figure 5.23 shows the
spectrum at the same beam energy but with a -15 V gate bias. Although this spectrum
is still the mixture of positron annihilation at different regions, the contribution from
bulk Si is much less than that in the spectrum at 6 keV with 0 V bias, which can be
seen from the fine structure spectrum. The contribution from positron annihilation in
oxide region is unchanged due to a very short positron diffusion length (< 100.4) and
the result from S-parameter measurement had proven this point. The explanation for
this change in the 2D-ACAR spectrum with the gate bias is as follows:

When a negative bias was applied to the gate, it would produce an electric field
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across the oxide and the bulk silicon, pointing to the oxide direction. For an n-type
silicon, this field would expel the electrons near the interface (Si side) towards the
bulk Si and produce a depletion region (near the interface) at which minority carrier
(hole) would be dominant. While this field attracts positrons in the bulk Si region
diffuse back to the interface. Because of the depletion, there was no barrier in the
way of positron back to interface. Thus, a large fraction of the thermalized positrons
implanted to the bulk Si would diffuse back to interface. That is why the bulk Si
signal significantly decreased while the structures characteristic of interface feature
(Ps formation and trapping in microvoids and positron annihilation in the vacancy-
like defects —probably the P, centers) increased. By taking the difference between the
spectrum with -15 V bias and the one with 0 V bias, the remaining spectrum would
contain no oxide (and aluminum gate) fraction. Figure 5.24 shows the difference spec-
trum (the one with -15 V bias minus the one with 0 V bias with the two spectrum
normalized to the same volume). The sharp central peak in difference spectrum in-
dicates the Ps formation and trapping in microvoids and positron annihilation in the
vacancy-like defects. This further confirm our previous interpretation of the informa-
tion obtained from the bare SiO;-Si sample. It is worthwhile to mention that there
is a different opinion about the field-assisted diffusion of positrons in MOS s.amples

originated recently from the S-parameter measurement[148]. To explain the results

. from S-parameter measurement, the authors concluded that the diffused positrons

from bulk Si do not stop at the SiO;-5i interface, instcad, they stop at the Al-SiO,
interface. Although there is no evidence from our measurement to support this idea
(even from the point of view of leakage current measurement), it conld be possible,
depending on the quality of the oxide.

Figure 5.25 shows the spectrum taken at 6 keV with a gate-bias of +15 V. At
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Figure 5.24: The difference spectrum between the spectrum with -15 V gate-bias and
the one with 0 V gate-bias.
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Figure 5.25: The spectrum at beam energy of 6 keV with a gate-bias of +15 V. (a)
The original spectrum. (b) The fine structure spectrum.

that bias, the clectrons in the bulk Si would be attracted to the interface region and
formed a accumulation layer which would hinder the thermalized positron diffusion
from bulk Si to the interface. Thus, in this spectrum, the major feature is that of
bulk Si and a small feature from positron annihilation in oxide (which contributes an
small central peak characterizing Ps formation and trapping in microvoids.), while the
contribution from interface is very small because the interface signal depends largely

on the diffusion of the positrons in the bulk Si.
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Figure 5.26: The spectrum at beam energy of 7 keV with -30 V gate bias. (a) The

original spectrum. (b) The fine structure spectrum.

5.7.2 2D-ACAR Spectrum at Even Higher Beam Energies

To study the field effect on the positron diffusion, higher (than 6 keV) beam energies
with different biases were employed on the 2D-ACAR study of the MOS sample.
Figure 5.26 shows the spectrum taken at beam energy of 7 keV with a bias of -30 V,
The spectrum is quite similar to the one taken at beam energy of 6 keV with a bias
of -15 V, indicating that almost all of the positrons implanted to bulk Si originally

diffuse back to interface in both cases (a saturated interface signal).
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5.8 2D-ACAR Study of a SiO,-Si Sample with
Thinne; Oxide

As the progress of the Si technology and the requirement of the faster devices, the
oxide on the surface of silicon single crystal becomes thinner and thinner. Technically,
it will take much shorter time to grow thinner oxide than thicker oxide and it will be
much easier to control the quality of a thiuner oxide. In last few years, the thickness
of the oxide layer had changed from ~ 10001 to ~ 100A. The sample studied above
should belong to the last generation, being the state-of-the-art sample.

It would be interesting to know tlie quality of the Si0,-Si interface for the state-of-
art sampie available presently. As a systematic study of the physically and technologi-
cally important Si0,-Si interface, positron 2I>-ACAR measurement was performed on
a p-itype S10,-Si sample with a inuch thinner oxide layer. The state-of-art sample was
supplied by AT&T Bell Laboratories. The wafer is a p-type Si(100) single crystal with
a layer of gated oxide (the best ;echnology of growing oxide today). The thickness of
the oxide layer is ~ 150A. Figure 5.27 shows the result of S-parameter measurement.
Unlike the thicker oxide sample, the interface signal is inseparable from the surface
and oxide signals because of the limit of the spatial resolution of the technique (or
due to positron implantation profile). The entangling of oxide and interface signals
makes the calculated result on the aunihilation fraction by the program VEPFIT
unbelicvable. Thus, the wise way to obtain the interface signal (if any) would be
choosing a proper beam energy to avoid the oxide annihilation hut allow a reasonable
amount of thermalized positron in the bulk Si diffuse back to interface. The net (or
pure) interface signal can be obtained by subtracting the bulk Si contribution (bulk

Si spectrum is much easier to obtain.). In this experiment, two spectra were taken.
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Figure 5.27: S-E curve for a p-type Si0,-Si sample with a thinner gated oxide.

The first spectrum was taken at beam energy of 2.5 keV at which only 3% of positron
annihilating in oxide, calculated by integrating the implantation profile (eq. 1.3) over
the thickness of the oxide (assume there is no diffusion of positron from oxide to
bulk Si), to get the mixed spectrum from the interface and bulk Si. Then another
spectrum was taken al beam energy of 12.5 keV at which ~ 100% of the incident
positrons annihilate in bulk Si. Figure 5.28 shows the spectrum at beam energy of
2.5 keV at which the mean implantation depth is ~ 770A and the spectrum at beam
energy of 12.0 keV at which the mean depth is ~ 9500.1. While the interface signal

can be scen by taking the difference between the two spectra.
Nu(P:cypy) = N2.5kel’(p=1py) - aNlZ.sch(szpy) (5'15)

where « is the fraction of positron annihilation in bulk Si which is contained in
the spectrum at 2.5 keV, Ny skev(pzypy). Because the [eature from bulk Si(100)
single crystal is well known, the bulk Si(100) contribution to the spectrum at 2.5

keV can be minimized by varying the fraction « until the bulk Si feature disappears
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Figure 5.28: 2D-ACAR spectra for the Si0,-Si sample with ~ 150 gate oxide. (a)
The spectrum taken at beam energy of 2.5 keV. (b) The spectrum with beam energy

of 12.0 keV.
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Figure 5.29: The difference spectra, No(p=,py), with different a. (2) a=1.0. (h)
a=0.6.

in the remaining spectrum, N.(ps,p,). Figure 5.29 shows the spectra, Nu(pz,py),
with a=1.0 and 0.6, respectively. From the spectrum, No=1.0(pz,py), & sharp peak
appears in the center of the spectrum, indicating P’s formation in the interface region.
While with a=0.6, the bulk feature almost disappear completely. Thus the spectrum,
Natpha=0.6(Pz,Py) can be considered as the pure (or net) interface spectrum. From
its fine structure spectrum, a central sharp peak and a slightly broader component

surround it can be seen, indicating Ps formation and trapping into microvoids and
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positron annihilation in vacancy-like defects. The result is similar to that for the

sample with thicker oxide layer.



Chapter 6

Study of Native Point Defects in
Bulk Semi-Insulating GaAs

The experiments on the 2D-ACAR study of the point defects in semi-insulating (SI)
GaAs were performed in the bulk chamber (see figs. 3.2 and 3.3). The purpose of
the investigation is to reveal the electronic structure of the native point defects[70] in
atomic scales. The native defects exclude those caused by foreign atoms or impurities.
The simplest native point defects include vacancies, interstitials and antisites. The
experimental results will be given in the following sections. A brief introduction to
GaAs (Here we follow the discussion given by Blackemore[149].) and the point defects

associated with it will be given first.
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Figure 6.1: The conventional unit cube for GaAs with a volume A? that is four times
larger than that of a primitive cell.

6.1 The Physical Properties of GaAs

6.1.1 The GaAs Single Crystal

The GaAs single crystal was first created by Goldschmidt[150} in 1920s and was
found that it had the structure of zinc-blende lattice, i.e. face-centered-cubic (FCC)
translational symmetry. I'igure 6.1 illustrates the lattice structure of GaAs. The two
interpenetrating FCC sublattice, one is for the gallium atomns (Ga) and the other for
the arsenide atoms (As), form the I'CC lattice with a basis: one atom (Ga) at (0,0,0)
and the other atom (As) at (1, }, ). The nearcst neighbor bond length is ro = 352"-,
and such bonds (Ga to four As neighbors and As to four Ga neighbors) are mutually

separated by the tetrahedral boud angle % = cos~'(—3) = 109.47°. X-ray diflraction

measurements in the 1960s of the unit cell size[151, 152] give that:

Agno = 5.65325 £ 0.00002.4 (6.1)



135

G200
|ak| = (aw/n), lag| =2

Figure 6.2: The first Brillioun zone for the GaAs lattice: the same as for other solids
with diamond, zinc-blende, or I'CC lattices.

and the crystal density at 300 K

p = 5.3174 £ 0.0026g/cm® (6.2)

for stoichiometric GaAs from direct weighing experiments{151].

6.1.2 Reciprocal Space: The Brillouin Zone

The crystal structure of GaAs has imposed body-centered-cubic (BCC) symmetry on
the reciprocal space, the coordinates system needed for description of the dispersion
of lattice vibrations and of electronic states. Figure 6.2 shows the first Brillouin zone

(BZ) of reciprocal space for GaAs. The zone comprises a truncated octahedron, lying
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Fignre 6.3: The hexagonal cross section of the GaAs first Brillouin zone as intersected
by the (011) plane. This is not a regular hexagon.

within a cube (shown with dashed lines) with a wave-vector space (k-space) side
length (47) = 2.223 x 10%cm™1.

Positron 2D-ACAR measurement in single crystal gives the projection of the first
BZ along a selected direction which is usually coincident with a major axis direction.
For the sample we studied, the projection (integration) direction is along the < 011 >

direction. Thus, we are more interested in the plane section through the zone center.

Figurc 6.3 shows a {011) plane section of the BZ.
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6.1.3 Energy Bands and Gaps

About the models of the bonding of GaAs, there have been expressed differences of
opinion concerning the ionic:covalent balance. A partly ionic bond can be considered
to resonate between covalent and ionic charge distributions which gives a stronger
bond than a strictly covalent one. In principle, the ionicity fraction f; represented
in the energy-minimized wavefunction can be calculated by a variational method,
provided the wavefunctions for covalent and ionic limits can be simulated properly.
The calculation by Coulson et al[153] using atomic orbitals, as in tight binding, gave
a charge transfer of 0.46e from Ga to As in solid GaAs. Sirota[154] inferred that the
charge transfer from Ga to As would have to be >0.36e.

The 45 and 4p subshells contribute eight elecirons per GaAs primitive basis, three
from Ga and five from As. The real bond status lies between the two extreme cases:
(1) totally covalent bond, with the eight electrons equally shared , would be Ga~ As™,
with one electron transfer to Ga. (2) The ionic Ga*3As~3. Thus, the appropriate
bonding model should be Gat*As™= with z = 0.4 as mentioned above.

Herman[155]) made one of the earliest band calculation for GaAs, using the or-
thogonalized plane wave (OPW) method which he had employed so successfully for
the silicon and germanium band calculations[119, 156, 157}, and benefited from the
gross similarities of the valence and conduction band systems for the diamond struc-
ture Group IV elements and the zinc-blende structure of III-V compounds in general
and of isoelectronic Ge and GaAs in particular.

Since then, several workers had made the band structure calculations for GaAs
using various methods[120, 158, 159, 160, 161, 162]. Despite some small differences
on the scale of energies, the results from different approaches were fairly consistent.

Figure 6.4 gives the currently accepted features of the calculated band structure.
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from a nonlocal EPM approach.

The most interesting feature of the GaAs band structure is the direct band gap,
i.e. the highest point (in energy) of the valence bands and the lowest point of the
conduction band located at the same position in k coordinates, which makes GaAs
to be one of the best candidates for optoelectronic devices. Figure 6.5 shows more
detailed structure of the bands near the zone center in smaller scale. As shown in
figure 6.5, the direct intrinsic band gap is 1.42 eV at room temperature. A variety of
oplical experiments has provided information concerning the direct intrinsic gap and
its temperature dependence. The relevant experiment include: room temperature
reflectance[163] and absorption[164], absorption extended from room temperature up
to 973 K[165], absorption [166] and reflectance[167] extended from room temperature
down to liquid hydrogen and liquid heliumn range. An emperical equation, requir-

ing the choice of three parameters, was proposed by Varshni[168] to represent the
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tempcerature dependence of the band gap:

&(T) = €0 — (q—"‘z—z—) (6.3)

The values of the parameters €;,,3 were rcported by several authors by fitting
their experimental data[168, 169). Among which, Thurmond’s result[169] were widely
used. He suggested the numerical form:

5.405 x 10747?
1 6.4
(T +204) ° (0.4)

for GaAs in the temperature range of 0 < T < 1000K and estimated a standard

eg(T) = 1.519 —

deviation of ~ 3 meV.

6.1.4 Vacancy Defects in GaAs

Once a GaAs crystal is grown, there must exist some defects in the crystal during the

growth, called intrinsic or native defects. Among which, point defects play important
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roles because they may form the basis of other defects. ‘I'he point defects in GaAs
include vacancies, interstitials, and antisites in both the As and Ga sublattices. At
the first stage of positron 2D-ACAR study of defects in semiconductors, simple point
defects are the good subject to begin with as the definition of the experimental data
and the theoretical calculation are easier. Generally speaking, the effects of the point
defects to the electronic properties of semiconductors are to produce energy levels
in the “forbidden region” of the energy spectrum of perfect single crystal. Those
levels may change the electrical and optical properties of semiconductors dramatically.
Figure 6.6 is the calculated energy levels of point defects within the band gap of GaAs.
Because positron annihilation method is sensitive to open volume related defects, we
will concentrate our effort on the vacancy defects. About the discussion of other
point defects (interstitials and antisites) can be found elsewhere[70]. As shown in
fig.6.6, the As vacancy (V4,) is a donor with shallow donor levels near the bottom of
the conduction band and the Ga vacancy (Vg,) is a acceptor with shallow acceptor
levels above the top of the valence band. For the semi-insulating GaAs (51-GaAs), the
Fermi-level .(or the chemical potential) which separates the occupied (below it) energy
levels and unoccupied (above it) energy levels will stay at midgap in the temperature
range of 0 ~ 300 K. Therefore, at this temperature range, the As vacancies are ionized
(positively charged) - one or two electrons from each V 4, are thermally excited to the
nearest conduction band. Because the energy levels of the Ga vacancies locate below
the Fermi-level, they will be negatively charged by capturing one or two electrons

from the valence band nearby at that temperature range.



141

1.41
. 0 to -
. ss et sianvave 1.2
124 + to O .
) coeen ORI w e SRR 3 (o B SN 0.3
o Ferml-level Asg,
OE 0.8. o erbissenets et v sestr00mes e e SN
=
- =4 0.6
°>l; 006' s .-
)
o P A v ............................................................. 0 .4
43 Ga Ga
0 ‘,. ....... ps to gy As et
02
0.2 S -t -~ . ... -
Qo - m———100

Figure 6.6: The calculated energy levels of point defects in the for GaAs. From Puska
et al|170].




142

6.2 Positron 2D-ACAR Study of the As Vacancy
in GaAs

In this section, we will present our experimental result in the study of the V,, in
SI-GaAs using positron 2D-ACAR. coupled with in situ photoexcitation. The ex-
periment was done at temperature range of 20 K to room temperature. In this
{cinperature range, the As vacancies are positively charged under normal condition.
Thus, positrons can not be trapped into the defects due to the Coulomb repulsion. To
make positrons trapped into the vacancies, we have to change the charge status of the
defects by proper methods. In this experiment, we use infrared light of appropriate
wavelength to excite electrons from valence band to the defect levels. 1n this way,
we can gel information about the momentum distribution of the annihilating et — e~
pairs at the vacancies by comparing the 2D-ACAR spectrum at darkness with the

spectrum taken under photo-illumination.

6.2.1 Experimental Setup

To populate electrons to the V4, levels shown in figure 6.6, we mount a light-emission-
diode (LED) right behind the sample, inside the vacuum chamber. Figure 6.7 shows
the side view of the experimenial setup. The LED used here is made of InGaAs
which gives a photopeak at 930 nin at room temperature with a bandpass of ~50
nm, corresponds to an photon energy of 1.32 & 0.05 eV. As tlie temperature changes,
the energy of the emitted photons changes too, following the same formula as the
band gap of GaAs (Eq. 6.4). Therefore, by kecping the sample and LED at same
temperature the changes in the energy levels of As vacancy (relative to the band gap)

can be compensated by the changes in the photon energy from the LED.
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6.2.2 The Sample-Semi-Insulating GaAs

The sample investigated was an undoped SI-GaAs(100) single crystal, grown with
liquid-encapsulated Czochralski method. The EL2 defects concentration is ~ 1018 /cm3.
The dimension of the sample is 5 x 10 x 0.4 mm?3. The implantation profile of positrons
emitted from a‘ radioactive source (for example, **Na, ¥ Cu and *Co... ) is char-
acterized by the semiempirical formnla given in sect.1.3 (eqs. 1.1 and 1.2). For the
22Na @+ source used in this experiment, the endpoint energy , Eynar ~ 0.56 MeV, and
the density of GaAs is 5.6 g/cm®, the “mean depth”, ;‘;, is ~ 49 microns. With a
thickness of 400 microns, 100% of positrons implanted will annihilate inside the bulk
GaAs (The backscattering from the surface may represent 10 ~ 20%[171}, which will
not cause background to the spectrum due to the strong guiding capability of the
magnetic field).

The GaAs(100) sample was oriented such that the positrons impinged on the sam-
ple along the < 100 > direction and the integration direction of the momentum, p,,

is along the < 011 > direction. The resultant 2D-ACAR spectra present a positron-

electron momentum density map with p, —-< 100 > and p, =< 011 >.

6.2.3 2D-ACAR Spectrum in Darkness

As the most of the optical phenomena of GaAs happen at low temperature, we first
cool the sample down to 20 ~ 30 K and then took spectrum after the temperature
stabilized (there arc some differences between the spectra at room temperature and
at low temperature due to the thermal expansion and coutraction of the crystal lat-
tice). Figure 6.8 shows the posiiron 2D-ACAR spectrum of semi-insulating GaAs
at ~ 30 K with a vacuum level of 108 ~ 10-7 torr. The spectrum comes from

positron annihilation with core clectrons, valence electrons and conduction electrons.
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Figure 6.8: Positron 2D-ACAR spectrum for GaAs in darkness at low temperature.
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The contribution from positron annihilation with the conduction clectrons is neg-
ligible because the density of conduction clectron is very small (£ 107 /ecm?). The
contribution of positron annihilation with core clectrons would be a broad symmetric
component due to the large momentum of the core clectron and the average of the
orientation of the core electron orbits. Besides, the contribution fromn the annihila-
tion with some of the valence clectrons may be isotropic too, if their wavelunctions
are spherically symmetric (the wavelunction of the thermalized positron is always
isotropic), and should be narrower due to e relatively smaoller momentum of the va-
lence electrons. After the subtraction of this broad component, the residue spectrum
is ihe contribution of the positron annihiletion with valence electrons which have
anisotropic wavefunction. Figure 6.9 shows the anisotropic spectrum of the GaAs
at low tcmperature. Because the shape of the momentum distribution of valence
clectrons is reflected by the geometry of the first Brillioun zone, and the integration
divection for 2D-ACAR spectrurn is along the < 071 > axis direction, the contour
plet of the anisotropy spectrum should reflect the geometry of the fizst Brillioun zone
prejected along < 011> direction. Figure 6.10 gives the comparison of the contour
_plot of the anisotropy spectrum with the < 011 > section of the first Brillioun zone.
The 2D-ACAR spectrum shown in figure 6.9 and the anisotropy spectrum shown
in figure 6.10 are typical for the single crystals with diamond or zinc-blende lattice

structure, for example, Ue, Si, GaAs and some other I1I-V compounds(174].

6.2.4 2D-ACAR Spectrum of GaAs with Photo-illumination

After the 2D-ACAR spectruin was tuken in darkness, the LED was turned on to
illuminate the GaAs samnple and a spectrum was taken with the LED ‘on’ at ~ 30 K.

At thet tempernture the energy of the emitted photons can be calculated using Eq.
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Figure 6.9: Anisotropy of GaAs bulk crystal-after the subtraction of the isotropic
component from the original 2D-ACAR spectrum shown in figure 6.8.
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Figure 6.11: Positron 2D-ACAR spectrum of GaAs at low temperature with 1.42 eV
photon illumination.
6.10, gives 1.42 4- 0.5 eV or the wavelength of 840 X 50 nm. Figure 6.11 shows the
2D-ACAR spectrum of GaAs with photo-illumination. Here, the current through the

LED is ~ 20 milli-amp (mA) which gives the total output power of ~3 milli-Watts
(mW}.

6.2.5 Difference between the Spectra with LED ‘on’ and
with LED ‘off’
Comparing the spectrumn taken in darkness (fignre 6.8) and the spectrumn taken with

photo-illumination (figure 6.11), it can be seen that there are some diflerences around

the central region of the spectra. For the spectrum with LED ‘on’, there is a small
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Figure 6.12: The difference spectrum, defined as the spectrum with photo-
illumination minus the spectrum in darkness with the volume normalization of the
two spectra.,

sharp bump around the top of the spectrum while the top of the spectrum in darkness
is quite flat. Figure 6.12 gives the difference spectrum which was defined as spectrum
with LED ‘on’ minus the spectrum in darkness with the two spectra normalized to
the same total counts (called volume normalization). 1t can be clearly seen that there
is 2 central peak in the center of the difference spectrum, indicative of more positron
annihilation with electrons of smaller momentum when the LED is ‘on’. Here, when
we take the difference, we make an assumption that the spectrum taken in darkness is
a standard spectrum for a perfect GaAs single crystal. The validity of the assumption
will be discussed later.

Then a series of spectrum was taken at same low temperature (~ 30 K) but with
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Figure 6.13: The change of the total connts in difference spectrum with the power of
the LED (by change the current through the LED).

various light power (by changing the current through the LED). Figure 6.13 shows
the total counts in difference spectrum vs current through the LED. From this figure,
it can be seen that the curve (or the difference) saturates at the current above 6
mA. Here, the spectrumn with LED ‘on’ means keep the LED ‘on’ during the data
acquisition period. It was found that if we use the LED to illuminate the sample
for a few hours and then stari to taking data right after turning the LED off, the
spectrum taken shows no difterence from the spectrum taken without using the LED
at all (the spectrum taken right after cooling down the sample). In other words, the
eflect of the LED is not durable.

To observe the temperature dependence of the difference spectrum, a series of
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Figure 6.14: The temperature dependence :fagte total counts in difference spectrum
spectra was taken at different temperatures. At each temperature, two spectra, one
with LED ‘off’ and another with LED ‘on’ were taken and then take the difference
spectrum by volume normalization so that the effect of thermal expausion and con-
traction of the lattice on the 2D-ACAR spectrum can be minimized. It was seen
that the overall shape of the difference spectrum at different temperature are similar
but the total counts in the diflerence spectrum decrease with increasing temperature.
Figure 8.14 shows the change of the tolal counts under the difference spectrum with
temperature. From this figure, it can be seen that the difference between the spec-
trum with LED ‘on’ and the spectrum with LED ‘ofl’ disappeared at the temperature

above 150 K.

The curve did not go to zero counts here because the absolute value was taken
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when calculating the total counts. A similar phenomenon was observed earlier in
scmi-insulating GaAs by positron lifetime measurement[176] in which a light-pump
of 1.42 eV photons was employed to illuminate the sample and the component of
the longer lifetime which corresponded to positron trapping at vacancies disappeared
at the temperature of ~ 170K. The vacancy was identified as negatively charged
As vacancy (Vj,) by using a monovacancy trapping model. From the conclusion
of the positron lifetime results, we concluded that the difference between the 2D-
ACAR spectrum with LED ‘on’ and LED ‘ofl” was caused by positron trapping at As
vacancies.

There is a reasonable explanation to above plhenomena. As stated in section
4.2.2 that the Fermi-level of the semi-insulating GaAs will stay at midgap for the
temperature range of 20 ~ 300 K. The As vacancics are ionized and positively charge.
Positrons will keep away from the positively charged region due to the Coulomb
repulsion. Therefore, the positively charged As vacancies (V{,) can not trap positrons
and have no eflect on the 2D-ACAR spectrum. As we shine the light of proper
wavclength or energy (~ 1.42 eV), thosc electrons at the top of the valence bands
(see figure 6.6) will be excited to the energy levels of the As vacancy (-+/0, 0/-). Thus,
under the photo-excitation, the As vacancies become neutral or negatively charged
and form positron traps. As a positron trapped into V,,, it will annihilate with the
surrounding electrons. The electron(s) in the vacancy is relatively far away from the
nucleus compared with those valence and core electrons (sce the discussion about
the radius of the ‘orbit’ of the clectrons in defect level, which can be found in the
standard solid state physics or semi-conductor physics [177, 178]. Therefore, they
have smaller kinetic energy and momentum. The signal of positron annihilation with

those electron will appear in the central region of the spectrum (small momentum
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region) and thus we see a central peak when take the dilference between the spectrum
with LED ‘on’ and the spectrum with LED ‘ofl’. Those electrons which are photo-
excited to the vacancy levels prefer to ‘jump’ back to the valence bands to take lower
cnergies. There is a balanced situation at which the density of electrons in the vacancy
levcls is constant and determined by the density of the vacancy levels, the trapping
coeflicient of the electrons to the vacancy, the electrons absorption cross section of
the infrared light and the emission power of the LED.

By increasing the emission power (determined by the current through the LED),
more electrons are populated to the vacancy level until reach the saturation situation
at which the density of the electrons in the vacancy levels is indepcndent of the light
vower. When the temperature of the sample is increased, the thermal motion of
the electrons will be increased and the possibility of an electron to be excited to the
conduction bands from the defect levels will increase. Up to some temperature, all
the electrons photo-excited from the valence bands to the defect level will either jump
back to the valence bands or be thermal-excited to the conduction bands nearby and
there are no electrons left in the defects levels and positron will not become trapped
anymore. Thus, there is no visible difference between the spectrum with LED ‘off’
and the spectrum with LED ‘on’ (for semi-insulating GaAs, this temperature is about

150 K ~ 170 K) at higher temperature. The spontaneous electron emission rate is

ge = Cc7Nc(T) exp(—-k—lj,i—r) (6’5)

where ¢, = o.v. is the electron capture coefficient, v, is the electron thermal velocity,
v is the degeneracy factor of the ionization level, N(T') is the effective density of
states of the conduction band, and Ey4 is the ionization energy to the conduction
band [61]. By assuming that the concentration of Vy, is controlled by the electron

emission g. from thc ionization level and the optical transitions between the valence
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bands and the vacancy level and further assuming that the electron capture cross
section o, is independent of temperature, the fraction of negative vacancies can be

written as
i, = Bu(T)N (;'11 E (6.6)
a1+ =5 exp (—.%))

where A and B are constant and & is the photon flux. The expression is independent
of the number of ionization levels in the band gap, and it assu;lles that the thermal
electron emission occurs only from the highest level of the vacancy, Vy,. In the simple
case of one ionization level we have A = ?‘;,% and B = '-‘1}?“’4, where ¢? and of) are the
optical electron and hole generation cross sections of the ionization level, respectively.

It would have been poséible if there were enough experimental points in the
temperature-dependence curve shown in fig. 6.14 to fit the curve by Eq. 6.6 with the
ionization energy F, and constants A and B as free parameters. This was not appli-
cable in our case because each point on the curve need two days of data acquisition
time. While the fitting was done for the similar curve from lifetime measurement[176],
giving the ionization level E4y =~ 50 meV.

1t is obvious that we over-estimated the contribution of delocalized positron in the
spectrum with LED ‘on’ when we take the difference spectrum described above be-
cause the volume of the bulk spectrum (the spectrum with LED ‘off’) was normalized
to the same volume of the spectrum with LED ‘on’. If we denote the 2D-ACAR spec-
trum for bulk GaAs as Npuik(pz, py) and the spectrum for positron annihilation at As
vacancies as Nygeancy(Pzy Py), the spectrum with LED ‘on’, denoted as Npgp(pe,py),

should be
Nrep(Pzypy) = @ X Nyacancy(Pzy y) + (1 — &) X Nputr(pes py) (6.7)

where z is the [raction of positron trapping and annihilation at the As vacancy and
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ranged from 0 to 1.0. This fraction can be determined from positron lifetime measure-
ment by comparing the relative intensities of different lifetime components[179, 180, 181].
Indeed, positron lifetime measurements combined with 2D-ACAR measurements[45]
had been done at about the same time as this experiment, in which two identical Si-
doped GaAs were used to study the Ga and As vacancies and the fraction of positron
trapping in As and Ga vacancies had been obtained from the lifetime spectrum. In
our experiment, we developed a new method to determine the fraction, z, of positron
trapping at As vacancies. The spectrum with LED ‘on’ consists of two parts: local-
ized positron (trapped into V4,) annihilation with the electrons in the vacancy which
gives the defect spectrum and the delocalized positron annihilation with valence elec-
trons or core electrons. As the positron get trapped in the vacancy, the wavefunction
overlap with core electron wavefunction or valence electron wavefunction should be
very small and be negligible because of larger distance from the nucleus than in the
interstitial space. Therefore, the contribution from core annihilation in the spectrum
with LED ‘on’ will simply come from the delocalized positron annihilation.

We use positron annihilation with core electron as a key factor. As positrons an-
nihilate with core electrons, the spectrum will be rotational symmetric in the (p.,p,)
plane due to the average of the orientation of the electron orbitals and the spectrum
will be very broad due to the large momentum of the core electrons, and the resul-
tant spectrum for core annihilation can be assumed to be a rotational Gaussian shape.
Therefore, the large momentum part in the spectrum can be used to characterize the
core annihilation. We made a gaussian fit to the outer skirt of the bulk spectrum
(the spectrum with LED ‘off’) and the spectrum with LED ‘on’; then calculate the

total counts under each rotational Gaussian shape, denoted as Apuie and Ayigne, and
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take the ratio of the counts,

R = it (6.8)
Aputk

Then we change the number of points from which the gaussian fit was made to the
outer skirt of the spectrum, the ratio, R, becomes smaller and consistently converges
to a value of 90%. It means that 90% of the positrons entered the sample still keep
dclocalized when the LED was ‘on’ (while in the darkness, 100% of the positrons would
be in the delocalized states) and 10% of positrons were trapped in the As vacancies.
Thus, the bulk spectrum should be normalized to 90% of the volume of the spectrum
with LED ‘on’ in the subtraction and the residue spectrum is the defects spectrum.
Figure 6.15 shows the defects spectrum after the bulk spectrum were subtracted from
the spectrum with LED ‘on’. As the positron lifetime in the bulk GaAs was well
measured, being 228 ps at 20 K, and the fraction of positron trapping at As vacancies
is 10% from above discussion, it is possible to estimate the concentration of the defects
by using the so-called one-defect trapping model discussed in section 1.8. IFrom Eq.
1.22, it can be calculated that positron trapping rate, x ~ 5 x 108/sec. Positron
trapping coefficient, u, had been estimated to be ~ 1.5 x 10'%/sec. The atomic
density of As sublatiice in GaAs is ~ 2 x 10?2 /cm?®. Thus, a concentration of V, of
~ 1x 10" /cm?® can be calculated using Eq. 1.18. Similar result on the concentration
of the vacancies had been reported from the positron lifetime measurement[176).

In optical experiments on bulk GaAs, a strong absorption of monochromatic light
within 50 meV of the conduction band edge is observed below 150 K[182, 183]. This
near-band-edge absorption has been atiributed to an unidentified point defect center,
but it is not associated to the EL2 defects[182]. From positron annihilation experi-
ment, as we discussed above, As vacancies has an ionization level situated close to the

conduction band at ~ E. — 50mel}” and further this level can be effectively populated
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Figure 6.15: The defects spectrum- after 90% subtraction of the bulk spectrum from
the spectrum with LED ‘on’.
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using 1.4 ~ 1.5 eV light. Thus, the tesult from positron annihilation indicates that
the near-band-edge absorption results from the photoinduced electron transition from

the valence band to the ionization level of the arsenic vacancy.

6.2.6 The Effect of Other Defects on the Spectrum with
LED ‘onr’

In above discussion, we didn’t mention the effect of other defects in the semi-insulating
GaAs. Some of them may have contribution to the defects spectrum obtained above.
In particular, the Ga vacancy and the famous EL2 defects are also positron traps.
Shining the infrared light onto the sample will excited some electrons from the top of
the valence bands to the V4, level and move the Fermi level towards the conduction
band alittle. The charge status of the Vg, levels which stay below the Fermi level keep
unchanged with or without photo-illumination. Thus, Vg, makes no contribution to
the defects spectrum. Generally speaking, neither the interstitials nor antisites defects
make any contribution to the defects spectrum due to the same reason as for the Ga
vacancy. For the EL2 defects, we can not make similar statement as above because
there is a EL2 metastable state after 2 1060 nm wavelength infrared light illumination
at the temperature below 120 K[70, 184, 185, 186] and there exist vacancies in the
EL2 metastable state, EL2*, from positron lifetinie measurement [181] on the EL2
defects in semi-insulating GaAs. In the emission spectrum of the LED used in the
experiment there is really a small overlap in the long wavelength tail with the EL2
absorption peak (1060 nm). But based on the fact that there is no any observable
difference between the spectrum without photo-illumination and the spectrum taken
with LED ‘off’ but after a few hours of illumination, we can claim that there is no

significant contribution in the defects spectrum from the EL2 defects. This is why we
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can assume that the spectrum taken in darkuess is the bulk (single crystal) spectrum.

6.2.7 Comparing the Experimental Result with the Theo-
retical Calculations

There had been some theoretical calculations on the electron and positron status
at the vacancy defects in GaAs[187, 188, 189]. Although the earlier calculations
emphasized on the momentum density distribution of et — e~ pair in GaAs[189],
the discussion of the anisotropy for positron 2D-ACAR in bulk GaAs spectrum had
been given by Panda[190] and Saito et al[191] recently, based on group theory. The
first self-consistent calculation of positron annihilation characteristics for bulk GaAs
and for positron trapping at the Vj, which include positron interaction with the
surrounding lattice has been performed recently by Gilgien et al[192], using the two-
component density-functional theory within the Car-Parrinello approach. Figure 6.16
gives the comparison of our experimental data in bulk Si (spectrum with LED ‘ofl’)
with the calculated 2D-ACAR spectrum. From this figure, it can be seen that the
agreement between the theory and the experimental data is very good, the bone shape
structure in the central region of the experimental data was well reproduced by the
theory. While figure 6.17 gives the comparison of our defects 2D-ACAR spéctrum
(No.o(pzypy)) with calculated 2D-ACAR data for positron trapping at the V,. The
agrecement between the theory and the experimental data for pbsitron trapping at
defects is reasonably good (in fact, it is very good from the point of view of the
reproduction of the diamond shape in the center of both spectrum, which is the major
point of our concern) except the small difference in the outer region which may come
from the positron annihilation with other defects in the experimental spectrum and

calculation cannot take this into account within a simple model. In the calculation,
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a superlattice with 128 atoms has been used to simulated the periodic potential of
GaAs lattice and the positron wavefunction in this superlattice was calculated. The
As vacancy was produced by taking out an As atom from the superlattice and put
an clectron and an positron into the vacancy, leaving the wavefunctions of electron
and positron self-adjusted and the lattice fully relaxed. It was found that the original
symmelry of the vacancy, Ty, was lowered to Dyq4, due to the interaction between the
trapped positron and the surrounding relaxed Ga (nearest neighbors) and As (second
nearest neighbors) atoms, and upon the localization of positron, two minima in the
total energy were found corresponding to Cs, and C, configurations separated by a
maximum barrier height of 0.03 eV. The lowering of the lattice symmetry caused by
positron trapping into vacancy was demonstrated by the fact that there is only a
two-fold symmetry in 2D-ACAR spectrum which is the lowest symmetry required by
the time-reversal symmetry. Although the phenonienon of lattice relaxation caused
by positron trapping into vacancy had been discussed earlier by Laasonen et al[189]
theoretically, this is the first time for the experiment result to show this effect by
comparing with theory. In this experiment, we were not able to separate the spectrum
of pousitron trapping at the negative As vacancies from that of positron trapping at
the neutral As vacancies (V},) due to the limited resolution on the wavelength of the
infrared light (the energy spread of the emitted photons from the LED). A similar
experiment was done by Ambigapathy et al[45] recently by investigating different
GaAs samples with known existence of VJ, and Vy,, respectively (without in situ
photo-illumination). The spectra for positron annihilation with VJ, and V, were
taken separately and the difference between the two spectra reflects the distortion of

the motion of the atoins around the vacancy by the positron and the trapped electron.



Chapter 7

Summary and Future Work

The development of high-intensity monoenergetic slow positron beam at Brookhaven
National Laboratory makes it possible to use positron 2D-ACAR technique, a well es-
tablished one and has shown its great capability in the investigation of Fermi surface
for metals and high-T. superconductors in the last decade, to do the depth-resolve
study on multilayer systems. As the first 2D-ACAR experiment on interface stud-
ies, we choose the well studied but not well understood SiO;-Si buried interface as
the testing target. With the variation of positron beam energy, positrons can be
implanted to different layers of the s&lstem and the status of positron annihilation
at each layer was revealed by 2D-ACAR spectra. In oxide region, a sharp central
peak appeared in the fine structure spectrum, indicating positronium (Ps) atoms for-
mation and trapping in microvoids. The discovery of the existence of microvoids in
oxide region is coincident with the conclusion from TEM measurement[193] and a
recent result of ellfpsometry measurement[194]. A model of a spherical-well potential
was used to simulate the Ps atoms trapping in microvoids from which the relation

between the size of the microvoids and the width (or FWHM) of the Ps signal in
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2D-ACAR spectrum was derived. The estimated size of ~ 104 of the microvoids is in
a very good agreement with the TEM result[193]. Further, the concentration of the
microvoids was estimated using the positron trapping model for monovacancies, with
the assumption of the positron trapping coeflicient. Similarly, the sharp peak was ob-
served in the center of 2D-ACAR spectrum of interface region, which was attributed
to the Ps atoms formation and trapping in microvoids at that region. The size and
the concentration of the microvoids were estimated using above models. This discov-
ery is very important because it is beyond our current understanding of the interface
structure. Although there is no evidence of the electrical activity of the microvoids,
i.e., they may not form electron traps in the interface region, the existence of the
microvoids with that size (~ 10A4) and that concentration (108 ~ 10°/cm?) may have
some important impact on the fabricalion of the next generation electronic devices.
First of all, the existence of the microvoids in the interface region may cause the
electric field breakdown when the oxide layer becomes thinner as required by modern
technology. Second, the stress cause by the mismatch between the Si single crystal
and the amorphous Si0; due to the existence of the microvoids may cause the oxide
layer falling off the Si surface when the size of the devices shrinks into submicron
scale which is the trend of the Si industry. The samples from IBM Inc. with thicker
oxide (~ 1170A4) were the best (state-of-the-art) samples available for the last gen-
eration (7 ~ 8 years ago) and were used in the electronics. And the existence of the
microvoids in oxide and interface regions was further confirmed by the investi.ga,tion
on the p-type SiO;-Si sample and n-type MOS sample. Thus, our result is not only
valid for a specific sample but also valid for a series of representative samples. To
make the measurement systematic, we studied a p-type Si0,-Si sample from AT&T

Bell Laboratories with thinner oxide (~ 150A) which is the state-of-the-art sample
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available currently. The result is consistent with that from thicker oxide samples:
A sharp central peak was observed in the interface spectrum, indicating that the Ps
atoms formation and trapping in microvoids in the interface region, although the size
and concentration of the microvoids were not estimated due to the lack of the infor-
mation of positron annihilation fractions. Therelore, our conclusion of the existence
of the microvoids in the SiO;-Si region is generally valid and it has not been observed
by any other techniques.

Besides, we attributed the small bumps around the Ps peak in the fine structure
spectrum of the interface region to positron annihilation with the unpaired electrons
in the interface region-the famous P, centers, from the point of view of the position
and the symmetry of the fine structures. Positron annihilation at the Py centers has
been inferred from positron S-parameter measurements before[51], by observing the
variation in the S-parameter with annealing and hydrogen passivation which produce
the well-known changes in the electrical activity of the Py centers. Although positron
2D-ACAR coupled with a high-intensity positron beam is a promising microscopic
probe for the surface and interface studies, its application is limited by the difficulties
of interpretating the data due to the lack of theoretical calculation. Several theorists
have shown their interests in calculating positron annihilation in the 510,-Si inter-
face, but no satisfied result comes out yet because of the difficulties of selecting an
appropriate interface model. The way we estimated the concentration of the defects
in the interface region may not appropriate because the positron trapping model is
only valid for one dimensional distribution of the defects (in the bulk) , but the in-
terface is a two-dimensional issue. As the first 2D-ACAR study of the interface, the
lack of theoretical support in data analysis is possible. Our work should be able to

molivate some theoretical work.
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Also, using the conventional 2D-ACAR setup coupled with in situ photo-excitation,
we studied the As vacancies in semi-insulating GaAs. From the symmetry of the defect
spectrum, it was found that the original atomic configuration of the vacancy defect
changes when a positron became trapped in the defects, due to the interaction of the
trapped positron with the atoms surrounding the vacancy. Therefore, a theoretical
calculation has to take this interaction into account when dealing with the problem
of positron trapping in defects. The concentration of the defects of ~ 10 /cm? esti-
matcd from the 2D-ACAR spectrum reflects the sensitivity of positron annihilation
to the relative concentration of the defects (~ 0.1 ppm), about an order of magnitude
better than that of other techniques. The very good agreement between experimental
data and theoretical calculation (the first self-consistent calculation which takes the
interaction of positron with the surrounding atoms into account) for both bulk and
defect spectra indicate that positron 2D-ACAR spectrum can be used as the finger-
print of a specific defects. Also, positron 2D-ACAR plus in situ photo-illumination
may represent another new direction of applying positron annihilation (PA) technique
in the investigation of defects in semiconductors. The major advantage of the in situ
illumination is to eliminate any artifacts during the comparison of the spectrum with-
out defects and the one with defects, as the properties of the samples may be different
even they are claimed to be identical.

Above, we have suminarized our current work on positron 2D-ACAR investigatlion
of Si0,-Si interface using a high intensity beam and of point defects in SI-GaAs using
conventional setup plus photo-illumination. Both experiments shed new light on the
application of this technique in condensed matier. There is a major limitation on
the application of both setups (conventional and heam 2D)-ACAR). This limitation is

the lack of theoretical support in the data analysis, which makes the current or past
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2D-ACAR result stayed more or less at the qualitative instead of quantitative level.
For the beam 2D-ACAR, another limiting factor is the beam intensity, which restricts
the sample-detector distance and the resolution of the system. Under current beain
intensity, there are still some work we can do in the near future: study the famous
EL2 defects in GaAs and the DX centers[195] in AL;_.Ge,As (x>0.22), which will
require the cooling capability of the interface chamber. In fact, EL2 defects exist in
the bulk, therefore, employing the bulk chamber should be the right choice. From our
past experiment, even with the photo-illumination with the right wavelength photons
(~1060 nm, under which EL2 transfers to its metastable state EL2* at the tempera-
ture below 120 K), there was no difference between the spectrum of its normal states
and the spectrum of its metastable states (There is a monovacancy associated with
the metastable state, observed from positron lifetime measurement[181]) using the
conveniional 2D-ACAR setup, which was attributed to the ionization of the defects
by the high energy positron from the radioactive source (?*Na). While, using the in-
terface chamber, we can avoid this ionization problem by adjusting the beam energy
(to a few keV). To study the DX centers, the positron beam is necessary because the
thickness of the layer of Al,_.Ga,As is only a few microns on the surface of GaAs
substrate. By applying in situ pholo-illumination (with the right wavelength), we
should be able to see the dilference between the spectrum of its normal states and
metastable states (similarly, & monovacancy associated with its normal states had
been observed by positron Doppler broadening measurement[196].).

It is planned to use the beamline chamber to study high-T,. superconductor thin
film. Positron 2D-ACAR study of superconductors, examining the Fermi surface,
has been an active field of research for a few years using conventional 2D-ACAR

setup. But ihe experiments were limited to those few materials in which bulk sample
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with a reasonable ditnension were available[42]. Generally, it is much easier to grow
thin film superconductors with high gnality (crystal) and larger size than to grow
bulk superconductors. Because of the nature of the Fermi surface in superconductors
(usually a small pocket) a very good angular resolution of the system is required (to
about 0.3X0.3 mrad?), which will require higher beam intensity to compensate for
the longer sample-detector distance (to ~ 3 x 10%e*/sec). The work in developing a
higher intensity positron beam is in progress now. It is feasible to reach the intensity
of ~ 2x 108t /secin the near future by a better control of the Cu evaporation and Kr
injection (moderator), or by introducing a larger Cu source and larger source holder
with some focusing mechanism. The major problem in developing a high intensity
positren beam is the efliciency of the moderators. The highest efficiency reported
is ~ 1% for rare gas moderator. Another potential moderation mechanismn is the
so-called ‘field-enhanced’ moderation, originated by Lynn et al[15] and later reviewed
by Beling et al[197]. The basic idea is to increase the diffusion of the thermalized
positrone to the surface by applying an electric field across the moderator (It is limited
to semiconductors or insulators). The research on developing an GaAs moderator with
a thin layer of Au on the surface is still going on. A moderator efliciency of ~ 10% is
expected (and possible).

For the bulk chamber, the most possible further experiments in the near future
is to investigate all the possible defect level in the upper half of the bandgap of of

GaAs, by employing the in situ photo-illumination with a monochromator.
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