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PREFACE

This thesis is based on the work made at Linköping University at
the Department of Physics and Measurement Technology, during
the period March-90 to April-93. It is divided into two parts. The
first part is a short introduction to defects in silicon, Fourier
transform infrared spectroscopy as well as some physics involved
in semiconductor crystals. The second part consists of two papers:

1 Enhanced Oxygen Precipitation in Electron Irradiated Silicon.
T. Hallberg and J.L. Lindström, J. Appl. Phys. 72, 5130 (1992)

2 Annealing of Electron Irradiated Antimony-Doped Czochralski
Silicon.
T. Hallberg and J.L. Lindström. Manuscript.
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1. THE SILICON CRYSTAL

Silicon forms a crystal of the diamond structure (figure 1), which can be
regarded as a face-centered cubic lattice with the two-point basis 0 and
(a/4)(éi+é2+é3>, where é i ,é2 and 63 are unit vectors, with a lattice
constant a=5.43 Å at room temperature [1]. The concentration of silicon
atoms in the crystal is 5.0x1022 cm*3. Each atom in this structure is
surrounded by four nearest neighbors with covalent bonds arranged in a
tetrahedral geometry. In the ground state of an isolated silicon atom its
four valence electrons are in a 3s23p2 configuration, which in the crystal
form bonds hybridized into a sp3 configuration. Silicon is an indirect
bandgap material with the distance between the maximum of the valence
band and the minimum of the conduction band being 1.11 eV at room
temperature [2].

a/4(é1 +é2 +é3)

t é2

Figure 1. Conventional cubic cell of the silicon lattice.

The most common technique for single crystal growth of silicon is the
Czochralski (Cz) method, by which a crystal rod is pulled from a silicon
melt in a quartz crucible using a seed crystal [3]. One of the disadvantages
of this method is that impurities like oxygen and carbon are introduced
into the crystal, from the quartz crucible and from the graphite heaters,
respectively. A much cleaner growth technique is the floating zone (FZ)
process, by which the concentration of impurities are kept considerably
lower [3]. This method uses a rod of polycrystalline silicon which is
attached to a seed crystal. As the rod is pulled through a radio frequency
heated coil from the seed end and up, it will melt and solidify to
singlecrystalline material with an orientation given by the seed crystal.
The zonal heated material will attract impurities from the surrounding
cooler regions and, thus, the impurities will be removed as the rod is
pulled through the coil. The use of FZ material has made possible the
development of components requiring ultrapure silicon, such as high
power devices and detectors.



2. CRYSTAL DEFECTS

What really makes semiconductors so fascinating and challenging to
study spectroscopically, is the presence of crystal imperfections. There is a
broad range of different types of defects and I will here mention some
which are of relevance for this work.

In general we can distinguish four different classes of crystal defects:
point defects, line defects, volume defects and surface defects [2]. Some of
these are benificial for semiconductor applications while others have
unwanted influences. Among the point defects the most important ones
are missing lattice atoms (vacancies), host or impurity atoms in an
intermediate position in the lattice (interstitials) and lattice atoms
replaced by impurity atoms (substitutionals).

As an example of a point defect, isolated interstitial oxygen (Oi) in silicon
binds to two nearest neighbor silicon atoms in a triangular arrangement
with an alignment along the <lll>-direction (figure 2). This gives rise to
three main infrared active vibrational bands, at low temperatures (10 K)
located at 1136 (at room temperature at 1107 cm 1 ) , 1205 and 517 cm 1 ,
identified as antisymmetric streching vibration, symmetric streching and
symmetric bending, respectively [4]. The interstitial oxygen atom in silicon
is probably the most studied defect because of its technological
importance.

There are also small point defect associates such as defect pairs or of
higher orders. Examples of point defect associates are pairs of vacancies,
i.e. the divacancy (V2), the vacancy-oxygen center (VO) or the vacancy-
dioxygen center (VO2), which are some of the defects studied in this work.

Volume defects are three-dimensional defects involving associates of
defects, however, more complex and extended than the point defect
associates. These volume defects are often of considerable size and can
thus be observable with transmission electron microscopy (TEM) or with
different etching techniques. An example of such a defect is the clustering
of oxygen atoms in silicon, forming particles of SiO2 precipitates.

Figure 2. The interstitial oxygen defect. The
filled circles are silicon atoms and the semi-
filled is the oxygen atom.



Plastic deformations of the crystal occur when a shear stress applied to
the lattice exceeds a critical value and will displace part of the crystal
from the rest. These one-dimensional line defects are called dislocations.

A different kind of defect, stacking fault, is formed if the stacking
sequence between different kinds of lattice planes is changed. This is an
example of a surface defect (two-dimensional).

3. DEFECTS CAUSED BY ELECTRON IRRADIATION

High energy (2 MeV) electron irradiation of semiconductor materials will
create a number of interesting defects. The irradiation electrons will
primarily displace lattice atoms out of their positions and create vacancies
and self interstitials. These primary defects are at room temperature
highly mobile and will thus either out-diffuse or annihiliate each other,
unless they form secondary defect associates with impurity atoms or with
themselves.

In silicon the vacancy is stable at temperatures below 70 K in n-type
and below 150 K in p-type material [5]. At room temperature irradiation
V2 forms a stable complex which normally anneals out at about 150-200°C
[6].

In Cz silicon with high concentration of Oj the probability is high for the
vacancy to get trapped by an oxygen atom forming the VO center, which
normally anneals out at temperatures about 300°C. The oxygen atom in
the VO-configuration is displaced in a <100>-direction to an off-center
tetrahedral substitutional site and is bonded strongly to only two of the
nearest neighbor silicon atoms [7-9]. This complex is found in both a
neutral (VO°) and a negative charge state (VO-), with infrared (IR)
absorption bands at room temperature positioned at 830 and 877 cm*1,
respectively. The transition between the neutral and charged states takes
place at about 0.18 eV below the conduction band [7-10]. However, the
negative charge state is only observed in samples in which the Fermi-level
is high enough in the band gap after electron irradiation. In this work it
will be presented that the positions of these bands are changed when the
VO center is perturbed by dopant atoms in highly doped silicon.

As the annealing of the VO center makes the pair mobile, it can get
trapped by yet another oxygen atom and form the vacancy-dioxygen
center, VO2, with an IR-absorption band at room temperature positioned
at 889 cm-1 [11-13]. This defect is stable up to about 450°C, when it is
believed to form higher order complexes like VO3 and VO4, by interaction
with mobile Oi atoms [14].

Another important irradiation induced defect in phosphorus doped
silicon is the E-center, which is a vacancy bonded to a P and a Si atom.



Figure 3. The VO center (a) and the VO2 center (b). Filled cirdes are silicon
atoms, semi-filled are oxygen atoms and the slashed cirdes are vacancies.

4. PRECIPITATION OF INTERSTITIAL OXYGEN IN SILICON

Water molecules in the atmosphere cluster to form water drops at
certain temperatures and pressures, a process known as precipitation. A
similar process can occur in crystalline semiconductors at the
supersaturation of an atomic species.

The precipitation of oxygen in silicon has been thoroughly investigated
during the past few decades. One of the main interests in studying oxygen
precipitation is its ability to getter metal impurities, though it is also
known for introducing dislocation loops and stacking faults.

The growth of oxygen precipitates has been found to be two-dimensional
and limited by interstitial oxygen diffusion. The stoichiometry of the
precipitates has not been exactly determined, but appears to be an
amorphous polymorph of S1O2. The nucleation process can be either
homogeneous or heterogeneous, or possibly a combination of both. The
former takes place randomly in the lattice by condensation of highly
saturated atoms, which means that the density of precipitates will increase
with time. The formation by the latter process requires a preexisting
nucleus, such as an impurity site or an other structural irregularity, and
the density of precipitates will in this case be constant with time. The
possibility for formation of precipitates on VO2 centers has been
investigated in this work.

In the classical nucleation theory for precipitation in a vapor or liquid
phase, the free energy change, AG(r), for formation of spherical particles of
radius r has two components: the decrease of chemical energy of
supersaturation, -kT ln(C/C*), per solute atom removed from the solution,
and the increase of precipitate-matrix interface energy, c (erg/cm2), per
unit surface area of the precipitate [15]. If vm is the volume of precipitate
per solute atom in it, the total change of free energy is given by

AG(r) - (4;tr3/3vm) kT ln(C/C*) (1)



where k is the Boltzmanns constant, T is the temperature, C is the
concentration of precipitating atoms and C* is its solubility limit. The
negative volume free energy, AGV (erg/cm3), is proportional to the volume
of the precipitate and is expressed as

AGV = (kT/vm) ln(C/C*) (2)

There is also a critical nucleus size, rc, above which the formation of
precipitates is stable and below which they will dissolve, given by

rc = 2O7AGV (3)

The nucleation of oxygen precipitates can thus be regarded as a process
where a critical nucleus captures an oxygen atom and becomes stabilized
[16]. Due to a strong volume expansion of the lattice in the formation of
precipitates, where a unit volume of the silicon lattice is transformed into
about two unit volumes of an oxygen precipitate, extremely high stresses
are involved in the process. This is followed by different strain relieving
processes, like the ejection of prismatic dislocation loops and emission of
silicon self-interstitials. The latter process is witnessed by an increased
amount of stacking faults in the neighborhood of precipitates. The strain
energy, which is dependent on the shape of the precipitate, is the largest
for the spherical shape and the least for disk or ribbon shaped particles
with the smallest possible thickness [15].

(a) (b)

Figure 4. Picture (a) shows a precipitate colony with dislocations and (b) shows some
individual precipitate partides. The magnifications are 60 OOOx and 170 OOOx for (a)
and (b), respectively.
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Figure 5. The local distribution of precipitate colonies is shown in picture (a) while
(b) shows the distribution from preferential Wright etching. The magnification in
(a) is 3 600x and in (b) 650x.

Different particle shapes and strain relieving processes are observed in
different temperature annealing regimes [IS]. Up to about 800°C the
dominating piccipitate particle shape is in the form of ribbons, while
plate-like particles together with dislocation loops dominate in the range
800-105O°C. At even higher temperatures the shapes of regular or
truncated octahedrons are normally observed. At temperatures above
1300°C the precipitate particles will dissolve.

Since the diameters of precipitate particles usually are in the range 100-
1000 Å, they are easily investigated by TEM. Examples from this work of
different precipiates are shown in figure 4, as appearing after 444 hours
of annealing at 900°C. In this temperature range the precipitate particles
normally cluster to form colonies of particles, with typically about 100
precipitates in each colony, webbed in a network of dislocations. The sizes
of these colonies are normally in the range from a few tenth to one
micrometer in diameter. Figure 5a shows the local distribution of some
precipitate colonies.

The distribution of precipitates can also be studied by etching the
material preferentially, in which case the S1O2 particles will etch away
slover than the surrounding silicon material and give rise to mounds or
hillocks (figure 5b).

By infrared absorption measurements the kinetics of the precipitation
process can be studied by the reduction of the interstitial oxygen
concentration, usually measured by the strength of the 1107 cm*1 band.
Normally the oxygen decay follows an exponential expression, in the long
time limit given by [17]



(C(t) - C*)/(C(O) - C*) « exp(-t/To) (4)

where the oxygen concentration at time t is given by C(t), with an initial
concentration of C(0), C* is the solubility limit of oxygen and TO is a time
constant. As the oxygen concentration decreases several new bands will
appear in the region of the oxygen peak at 1107 cm'1. These bands have
been suggested to arise from differently shaped precipitate particles [18].
A detailed investigation of these precipitate bands is treated in this work.

5. FOURIER TRANSFORM INFRARED SPECTROSCOPY

The Fourier Transform Infrared (FUR) spectrometer is widely used in
various fields of chemistry and physics for obtaining atomic or molecular
high resolution spectra in the far-infrared to the visible region.

The development of FTIR-spectroscopy has been encouraged by realizing
a couple of advantages of this interferometer technique over prism or
grating monochromators [19]. In the beginning of 1950 Fellgett came to
the conclusion that all spectral information is measured simultaniously
with an interferometer. Jacquinot recognized that in principle the
resolution of an interferometer is independent of light throughput, while a
monochromator has to decrease the width of the entrance slit and hence
decrease the amount of light in order to increase resolution. A third very
important step was the fast Fourier transform algorithm, introduced by
Cooley and Tukey in 1964, in which the computation time was
considerably reduced when compared to the classical Fourier transform.

Fixed mirror

Movable
mirror

Light source „ , , D j r e c t j o n Qf

motion
Beamsplitter |

Detector

Figure 6. Schematic figure oi a Michelson interferometer.

The heart of the instrument is a Michelson interferometer (figure 6),
consisting of a beamsplitter, a fixed mirror and a movable mirror, through
which light from a polychromatic light source is coupled. The light is then
transmitted through the sample compartment and registered by an IR-
detector. The optical layout of the spectrometer used for this work, a
Bruker EFS 113v, is shown in figure 7.
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The light interfering in the interferometer will produce an
interferogram, with intensity variations dependent on mirror position
according to [19]

J= J B ( O ) COS(2JCOX) do (5)

where x is the mirror position and c the wavenumber (reciprocal
centimeters) defined by the light source wavelength (in centimeters) as

1/3L (6)

The parameter B(o~) is the intensity of the source at wavenumber a and
l(x) is the Fourier transform of B(o). Thus, the spectrum is obtained by
computing the cosine Fourier transform of l(x):

B(a) = Jl(x) cos(2*ax) dx (7)

The resolution, A a, of the spectrometer is given by the inverse of the
scanning length of the mirror, L'1. Thus, the maximum resolution of the
instument will be limited by the maximum possible scanning length of the
mirror. This limitation on the resolution can be described by multiplying
the infinite interferogram (7) with a "boxcar" truncation function, D(x),
which equals the value of one between x=-L and +L, and is zero elsewhere
[19].

Figure 7. Optical layout of the Bruker IFS 113v spectrometer. The beam from the
selected light source (a) is passed through a variable aperture (b), filter holder (c) and
beam splitter (d), into the interferometer with a double sided movable mirror (e)



and two fixed mirrors (h). The beam is then selected to pass through any of the two
sample chambers (i) or (j) and finally directed to the selected detector. Figure from
ref [19].

Since the Fourier transform of D(x) is a sinc(a) function, truncation will
produce side lobes in the interferogram or remove weak absorption lines
in the spectrum. These side lobes can be reduced by replacing the boxcar
truncation function with a simple weighting function, a process called
apodization. A relatively weak apodization, like the triangular function,
has the value 1 -|x/L| for -L<x<+L and has a Fourier transform equal to a
sinc2(a) function. The drawback of apodization is that the stronger it is the
more it will decrease resolution.

6. OPTICAL PROCESSES IN SEMICONDUCTORS

The light transmitted through a sample with polished parallel surfaces is
described by the expression

where R is the reflectivity, s is the thickness of the sample and a is the
frequency dependent absorption coefficient of the sample material. If lv is
the light intensity within the frequency range from v to v+dv as passing
through the sample, then a is given by

dly/ds = -a v l v (9)

By integration and logarithmation of (9) the mathematical expression of an
absorption spectrum is obtained by

ln(lv/lvo) = -as (10)

The light intensity at a given frequency without the sample in the light
path is here given by lvo- Hence, the absorption spectrum is obtained by
making two measurements. One with and one without a sample at the
beam position in the sample compartment. The absorption coefficient gives
the strength of a certain optical absorption process in the material and is
propotional to the concentration of the specific atomic species causing the
transition.

There are in principle two processes causing photon absorption in the
material; vibrational and electronic transitions.

The atomic vibrational problem can be simplified by regarding a
diatomic linear chain of atoms, which are displaced longitudinally from
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their equilibrium positions by a value Xj and vibrate with frequency a>
(figure 8).

m M m M

M1 M2

Figure 8. One-dimensional lattice with a diatomic basis. The atoms are equally
separated by a distance a and attched by equal force constants f. The displacements of
the atoms are labelled by XJ.

The atoms are attached by the spring force constant f, which is assumed to
be an harmonic force between nearest neighbor atoms only. A treatment
with classical mechanics using the equations of motion arrives with the
expression of the angular frequency given by [20]

4 sin qaT1 / 2_L /J_ + J_\ +Lr/J» + i - \ 4 sin qa-i
2\m M) "2LVm M/ Mm J (11)

where m and M are light end heavy atom masses, respectively, and q is a
wave vector of a particular mode. Since equation (11) has two possible
solutions, co+ and ©., corresponding to the plus or minus sign in the
expression, the frequency solutions are distributed along two different
branches, separated by a gap of forbidden frequencies. The set of high
frequency modes, co+(q), is called the optical branch, while the set of low
frequency modes, <a.(q), is called the acoustic branch (figure 9). However,
the three-dimensional diatomic lattice will produce three acoustic and
three optical modes as each branch will have two transverse modes in
addition to the longitudinal mode.

0)

(2f/M)

,1/2

1/2

-TT/2O TT/20

Figure 9. Dispersion relation for a one-dimensional diatomic lattice.
From ref. [4].
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A quantum mechanical treatment of the lattice vibrations using the
Schrödinger equation, will give quantized energy levels according to

nq« 0 , 1 , 2 , . . . (12)

where h=fi2rc is Planck's constant and riq is the excitation level for the
vibrational mode indexed by q. In this quantum mechanical picture the
vibrational modes can be regarded as quantum particles, called phonons.

When an impurity atom or complex is included in the lattice it will
introduce new vibrational levels to the dispersion bands of optical and
acoustic modes. If the new vibrations are within the bands of perfect
lattice vibrations (band modes), then any excitation of such a mode will be
transmitted through the lattice. Localized modes or gap modes are
produced if the vibrations are localized to the impurity center and cannot
be propagated through the lattice. These new frequencies will appear
above the optical modes or between the allowed bands of lattice
vibrations, respectively (figure 10).

Depending on the number of atoms and the symmetry of a defect center,
photon absorption by the defect will excite a number of different
vibrational modes. For an isolated non-linear molecule with N atoms there
will be 3N-6 modes of vibrations (figure 11). When the center is attached
to lattice atoms there will be additional frequencies appearing due to the
coupling to phonons. The coupling of vibrational frequencies to rotational
modes and electronic transitions is also possible.

Selection rules applied to vibrations are determined by the change of
dipole moment, which has to be different from zero in order to be infrared
active.

'< m m'> m M'<M M'>M

OPTICAL BAND

>NWJW«

ACOUSTIC BAND

Localized
modes

Gap modes

Figure 10. Localized modes and gap modes for impurities in a diatomic linear chain
of lattice atoms. The new frequency positions are indicated with respect to the mass
of an isotopic impurity, with mass m' or M' if replacing a light or heavy lattice atom,
respectively. From ref. [4].
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Figure 11. The three different vibrational modes for a tri-atomic isolated molecule,
designated as (a) symmetric stretching, (b) anti-symmetric stretching and (c) bending
mode.

The interaction between a photon and an electron can give rise to
electronic transitions in the crystal. A few different possible electronic
transitions in the bandgap of a semiconductor are given in figure 12. This
interaction process can be studied by regarding an electron with mass m
and wavevector k interacting with a photon of wavevector q and vector
potential A [20]. The quantum mechanical Hamiltonian of the interaction is
given by

2

2rn" m
(13)

This expression is approximated for the case of low light levels. The
Hamiltonian is here divided into an unperturbed electron energy part (Ho)
and a perturbed part (H') due to the electron-photon interaction. The case
when the interaction results in a change of energy state for the electron,
the time dependent Schrödinger equation has to be solved according to

(14)

Solving for the unperturbed and the perturbed systems will give the
transition probability IAm(t)l2 for an electron from state 0 with energy Eo
to state m with energy Em. After some approximations it can be expessed
as

|Am(t)l
2 2% |HmOft 6(Em - Eo - to) (15)

where 5 is the Dirac delta function, Hmo is the matrix element for the
transition and ha is the photon energy. The form of the matrix element
will depend on what type of transition is studied and will consist of both
an allowed and a forbidden term. The delta function is usually replaced by
a line-shape function for a more practical evaluation of spectra.
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Conduction band

Valence band

Figure 12. Different possible electronic transitions in the crystal bandgap; (a) donor
to conduction band, (b) valence band to acceptor, (c) acceptor to conduction band, (d)
valence band to donor and (e) valence band to conduction band. The transitions (a)-
(e) are in order of increasing energy.

The selection rules applied to the case of an isolated defect center are
determined by the symmetry of the center, for which its electrons will
interact with the electromagnetic radiation by their electric or magnetic
dipole moments. For centers with inversion symmetry, uneven parity
transitions (e.g. from s- to p-states) are electric dipole-allowed but
magnetic dipole-forbidden.

By obtaining the total allowed transition rate per unit volume, r,
between two particular states, the absorption coefficient can be
determined by

« - T (16)

where <i> is the number of photons crossing the unit area in unit time.
In addition to the absorption by vibrational and electronic transitions it

should be mentioned that photon absorption also is possible due to
interactions with free carriers, i.e. carriers free to move inside a band [21].
The spectrum caused by free-carrier absorption is usually characterized
by a structureless and monotonic shape which grows as XP, where A. is the
photon wavelength and p is in the range 1.5-3.5. The exponent p depends
on the kind of additional scattering occuring after the electron makes a
transition into a higher energy state, i.e. scattering by acoustic (p=1.5) or
optical (p=2.5) phonons or by ionized impurities (p= 3 or 3.5). This
additional interaction is necessary in order to conserve momentum. Also, p
should increase with doping or with compensation.

The absorption coefficient according to the classical formula for free-
carrier absorption is given by the expression [21]
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m*8n ne x

where N is the carrier concentration, q is the charge of the carriers, m* is
the carrier effective mass, n is the refractive index, c is the speed of light
and the relaxation time is given by x.
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SUMMARY OF PAPERS

Paper 1. Silicon samples of different electron irradiation doses
containing either the VO or the VO2 center were thermally annealed at
900°C in order to study the precipitation of oxygen. The precipitation
kinetics was studied by monitoring both the 1107 and the 514 cm'1

oxygen infrared absorption bands. Among the VO samples it was in
particular found that the incubation time for the reduction of oxygen was
irradiation dose dependent and that the initial precipitation was enhanced.
It was suggested that this behavior for the VO samples was caused by an
excess of vacancies which decreases the critical precipitate radius and
which also enhances oxygen diffusion. The oxygen precipitation among the
VO2 samples was in particular enhanced for the sample with the highest
concentration of VO2. The concentration of precipitate particles was for
this sample found to be higher as compared to the other samples, as
measured by infrared absorption of the precipitate particle bands, by
transmission electron microscopy and by selective etching. By rapid
thermal annealing it was found that the process VO2 + Oi -> VO3 was
possible even at temperatures up to 900°C. From these results it was
suggested that the VO2 center is a nucleus for oxygen precipitation.

Paper 2. Electron-irradiated silicon samples doped with antimony atoms
to a resistivity of 0.06 Qcm were isochronically annealed in the range 150-
530°C. It was found that the reduction of the VO center was anomalously
rapid while new infrared absorption bands of vibrational origin appeared
in the spectrum. These new bands are suggested to arise due to a
disturbed VO center, with the center bonded to two antimony atoms
instead of the normal VO configuration bonded to two silicon atoms. This
interpretation is supported by earlier measurement results on highly
phosphorus-doped silicon material.


