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ABSTRACT

The reflectivity of crystalline and radiation-damaged 
silicon carbide and silicon has been measured in the 2-12 eV 
spectral region. Measurements were made using a standard 
Seya-Namioka Monochrometer which was modified to compensate 
for the fluctuations of the light source and interfaced to a 
micro-computer to facilitate data collection. The reflec
tivities of crystalline silicon carbide polytypes 6H , 15R, 
and 4H were found to be similar and the reflectivity of 
3C-SiC showed agreement with the predictions of published 
band structure calculations. The observed reflectivity of 
radiation damage SiC agreed with the prediction of a simple 
model which takes into account the breakdown of k-conservation 
and uses a realistic Bethe-lattice Hamiltonian to calculate 
the amorphous valence density of electron states.

viii



CHAPTER 1

INTRODUCTION

Solid state physics has enjoyed substantial success 
in explaining the essential macroscopic properties of matter 
from a microscopic viewpoint. Optical studies have proven 
especially useful in this effort because they are one of the 
few methods which provide information over a wide energy 
range. In this study a relationship is developed between the 
fundamental optical properties and the underlying electronic 
structure of amorphous (radiation-damaged) silicon carbide.

Specifically, the reflectivity of several silicon 
carbide polytypes (4H, 6H, 15R and 3C) has been measured in 
the visible and ultra-violet as a function of damage caused 
by the implantation of ions of.various mass. The advantage 
of this method is that the degree of disorder is controllable 
and the results are reproducible. The use of silicon carbide 
allows an initial comparison of the reflectivities of the 
crystalline polytypes to observe the effects of long range 
order. The reflectivity of 3C-SiC (cubic) was also compared 
to the predictions of published band structure calculations.
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2
In order to calculate the theoretical reflectivity 

of amorphous silicon carbide using the simple model of Tauc 
et al. (1965), the density of electron states had to be 
determined (Spicer and Donovan, 1970). The amorphous lattice 
structure was modeled as a Bethe lattice, as was first done 
by Rajan and Yndurain (1976) for germanium. The valence den
sity of states of amorphous SiC calculated using a realistic 
tight-binding Hamiltonian whose parameters were determined by 
fitting band structures (Chadi and Cohen, 1976) . The theore
tical and experimental reflectivities were then compared.
Work was also done on silicon to see if the methods developed 
for silicon carbide could be extended to other semiconductors.

In an attempt to account for the effects of short 
range order, densities of states were also calculated using 
a cluster-Bethe-lattice technique (Joanopoulas and Yndurain, 
1974). It is shown that the cluster-Bethe-lattice approach 
can be improved if a self-consistency requirement is imposed 
on the density of states (Ballart and Young, 1978).



CHAPTER 2

THEORY

Structure and Properties of Silicon Carbide 
Silicon carbide (SiC) is a man-made semiconductor 

and is the classic example of polytypism. Polytypism is the 
ability of the same chemical compound to crystallize into 
distinctly different crystalline forms (Baumhauer, 1912).
So far over two-hundred different polytypes of SiC have been 
identified. The mechanism of polytypism is still not under
stood although it is obviously affected by temperature, pres
sure and impurities during the crystal growth process.

Silicon carbide crystals usually form small platelets 
(v several mm) with obvious hexagonal symmetry. The main 
faces of the platelets lie perpendicular to the c-axis asso
ciated with a hexagonal unit cell. Pure hexagonal SiC is 
colorless while pure cubic SiC is yellow. The color of doped 
SiC depends on the" dopant and the specific polytype. Silicon 
carbide is particularly known for its hardness and the most 
common use of SiC is as an.abrasive. Appendix A presents a 
listing of some relevant physical parameters of SiC.

SiC1s large energy gap and high melting point make 
it appealing for the fabrication of high temperature, high



current semiconductor devices. In particular, it has highly 
covalent bonds so that both p and n doping lead to reasonable 
carrier mobilities. However, despite the fact that most of 
the usual methods of crystal growth have been successfully 
demonstrated for SiC, growth of device quality crystals has 
been extremely difficult. Most of the crystals grown are of 
insufficient size to be useful. Also there is inadequate con
trol over the shape and structure of the crystals produced. 
This is largely due to the ignorance concerning the causes of 
polytypism mentioned previously. Finally, it has proven dif
ficult to prevent contamination of the crystals, especially 
by nitrogen.

The short-range structure of silicon carbide is quite 
simple. It consists of a four-coordinate, diamond-like 
arrangement of alternate silicon and carbon atoms. The long- 
range order of SiC is extremely complicated due to its poly
typism. The standard nomenclature used in the description of 
the various polytypes is that of Ramsdell (1947). Each poly
type is defined by a number designating the number of layers 
in the hexagonal unit cell and a letter representing the crys
tal symmetry: C, cubic; H, hexagonal or R, rhombohedral.

One way to specify the structure of each polytype 
would be to give the location of each atom in space. This 
description is complete but overly detailed. A simpler de
scription (Wells, 1950) is based on the fact that all silicon



carbide structures consist of layers of one basic unit, a 
plane of SiC^ (or equivalently CSi^) tetrahedra. This is 
shown in Fig. 2.1 Each layer of tetrahedra can be stacked 
either "parallel" or "anti-parallel" relative to the layer 
below (Fig. 2.2). Let us denote parallel stacking by "a" 
and anti-parallel stacking by "b". ,

Although an infinite variety of stacking arrangements 
is possible, only a relatively few are observed as polytypes 
of SiC. The most common polytypes have a sequence of just a 
few layers which is then repeated throughout the crystal:

Sequence
a a a b b b 
a a a b b 
a a b b

cl cl cl

Cubic (3C) SiC possesses the familiar zinc-blende crystal 
structure. The unit cells of the above polytypes are indi
cated in Fig. 2.3.

Other methods of characterizing the structure of 
silicon carbide include that of Wyckoff (1963) and Mitchell 
(1957). The best review of the structure of SiC is that of 
Shaffer (1969).

Polytype
6H

15R
4H
3C
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Fig. 2.1. Planes of SiC^ Tetrahedra.



(a)

Fig. 2.2. Stacking of Tetrahedra
(a) Parallel; (b) Anti 
parallel.



Mod1fication 
( 15 R) 

0 
I 
2 
3 
4 
s 
0 
7 
8 
9 
lOA 

OSi 
•c 

Modification II 
(6 H) 

~-SiC 
· Cubic 

8 

Modification Ill 
(4 H) 

0 I 2 3 4 S A • Zn 
l I I I I 1 os 

Wurtzite 

Fig. 2.3. Crystal Structure of the 
Most Common Polytypes of 
SiC. 

(From Ott, 1925.) 



Optical Properties of 
Amorphous Semiconductors

In considering the interaction of light with an iso
tropic, non-magnetic medium Maxwell's equations (in Gaussian 
units) become

V • E = 0 (1)
? * $ = : -  i ff (2)
v • 5  = o (3)

v x s = #  #  + 4 =r s (4)

where
E is the electric field,
H is the magnetic intensity,
c is the speed of light in vacuum,
s is the dielectric constant, and
a is the conductivity.

Because experiments on optical properties of solids 
usually involve essentially monochromatic light, we can con
sider the propagation of a single plane wave by writing

E = E0 e1(g-r - ut> . (5)'

w is the angular frequency of the light and q is the complex 
wave vector. q points in the direction of propagation so 
that E-q = 0.

The wave equation for monochromatic light is found by 
taking the curl of (2) and substituting (4) to obtain



Substituting (5) into (6) we have

5 2 = ^  + i  ( 7 )03

In general e and a are a function of w and are complex. For 
w ^ 0 we can thus see that there is no physical distinction, 
between the real part of the conductivity and the imaginary 
part of the dielectric constant (and vice versa). It is 
therefore traditional to write (7) as

q2 = 4" e - (8);
c

where i is the complex dielectric constant. We can write

e = £ i + L e 2 ( 9)

with ei and £2 real. Because e specifies the response of the 
medium to any applied external field, it can be shown that 
causality considerations relate e i and e2 (Wooten,- 1973) ;

“'-p doj' (10)

and
[ £  1 ( 03 ' ) -  1  ]

0  03 ' 2  -  032
d 0 3 '  ( I D

with P representing the principal value. Equations (10) and 
(11) are known as the Kramers-Kronig dispersion relations.
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It can now be seen that a knowledge of e 2 for all 

frequencies completely determines e 1 , and e 1 and Eg together 
completely define the optical properties of the medium. 
Therefore the objective of any theory or experiment is to 
determine E g ( w ) .

It is useful to define a complex refractive index
n as

q . = y n = (n + i k) ; h,k real. (12) 

Squaring and using (8) we find

e1 = n2 - k2 (13)
Eg — 2n k . (14)

Finally, the reflectivity at normal incidence is given by

As mentioned previously, the imaginary part of the 
dielectric constant is related to the real conductivity and 
thus to the absorption of energy in the medium. In semi
conductors , absorption associated with electronic transitions 
is referred to as the fundamental absorption band and is 
found mainly in the visible and near ultra-violet. In the 
case of crystalline semiconductors, the fundamental electron
ic absorption bands as represented in plots of eg exhibit 
relatively sharp structure. This can be seen in Fig. 2.4 for
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40

30

20
CVJUJ

53 4 6 87 90 2
■fcw ( e V )

Fig. 2.4. E2 of Germanium.
Experimentally determined crystalline (c) 
and amorphous (a); constant matrix theory 
using crystalline DOS (open circle) and 
amorphous DOS (closed circle). (From 
Donovan and Spicer, 1968.)
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crystalline germanium. The sharp structure is produced by ; 
singularities in the joint density of states which are the 
result of ^-conservation in the optical transitions. The 
existence of it as a good quantum number is associated with 
translational symmetry within the crystal.

In amorphous semiconductors there is no long-range 
order and thus no ^-conservation. Therefore, it is not sur
prising that the absorption bands in amorphous semiconductors 
exhibit very little sharp structure. In the case of germa
nium (shown in Fig. 2.4), silicon, III-V compounds and now 
silicon carbide, the absorption spectrum forms a single-peak 
band which is shifted to lower energies relative to the 
crystalline band. Some other elements have two-peak bands 
and shifts to higher energies. An excellent review of the 
optical properties of various amorphous semiconductors is 
given by Tauc (19 74).

Tauc et al. (1965) were the first to assume that only 
energy is conserved in optical transitions in amorphous semi
conductors and that the optical matrix element is constant 
over all energies. They obtained for the absorption band

, i 1 £2(w)a T Pv (E) Pc (fiuj+E) - de (16)
o

where w is the angular frequency of the light and p (E), 
p (E) are the valence and conduction band densities of elec
tron states of energy E,
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In applying (16) to amorphous germanium, Donovan and 

Spicer (1968) used the density of states of crystalline ger
manium and found that the absorption band peak was at too high 
an energy compared to experiment (Fig. 2.4). They obtained 
satisfactory results using the density of states of amorphous 
germanium as determined by photoemission experiments. On this 
basis they concluded that the change in optical properties in 
going from the crystalling to the amorphous state cannot be 
understood without considering the corresponding change in the 
density of states.

Brust (1969), on the other hand, has successfully cal
culated the absorption spectrum of amorphous germanium assum
ing that the band structure and density of states of the 
amorphous and crystalline states are identical. He assumes
the effect of disorder is to produce very strong scattering
which leads to a broadening of the delta-function which ex
presses energy conservation. This uncertainty results in a 
large uncertainty in 3c. Kramer (1970) used a similar but more 
general approach for the calculation of the broadening of 
crystalline band structures. With a few adjustable parameters, 
these "complex band structures" have been successful in treat
ing amorphous silicon and germanium.

It is significant that in the methods of both Brust
and Kramer the wavefunctions are associated with a 5c-vector. 
Spicer and Eden (1968) first pointed out that photoemission
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studies can distinguish between direct (^-conserving) and 
indirect optical transitions. Spicer and Donovan (1970) 
showed that Brust's theoretical photoemission energy- 
distribution curves for amorphous germanium did not agree . 
with their experimental results. They concluded that there 
is no evidence that Jc is a meaningful quantum number in amor
phous germanium and that the density of states of amorphous 
and crystalline germanium differ significantly.

More recently Ching and Lin (1978) have satisfactor
ily calculated the absorption band of amorphous silicon using 
a continuous-random-tetrahedral network as a structural model 
for the atomic positions. They determined the electronic 
energies and wavefunctions with the method of linear combina- 
tion of atomic orbitals. Although they assume k-conservation 
in the calculation of s 2, their use of a 54-atom unit cell 
results in such a small Brillioun zone that the approach 
should be equivalent to an indirect transition model.

In view of the previous discussion, we shall use the 
non-direct, constant matrix model given by Eq. (16). We 
derive Eq. (16) by first considering the calculation of the 
absorption coefficient a, defined by

_ POWER ABSORBED/voldme 
* “ INCIDENT FLUX 1

The absorption coefficient determines the fractional increase 
in light intensity as a function of the distance of propaga
tion x.
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The incident flux in an absorbing' medium is still 

given by the Poynting vector (Landau and Lifshitz, 1960)

S = ^ Re (ExH)• (18)

The electric and magnetic fields can be expressed in terms 
of the vector potential

î (q»r-wt)

i G f 1 - -*) -

A = A e o
x

- A  ■? ' " ' e co

using Eg. (17) 
We have

i
= Ao e N v z e . ̂ (19)

i Re f(-iojA*) x (iqxA)

(A*•A)q - (A*•q)A
"  I  Re 

- #  q

= ^  |Ao |2 e-"xq (20)

using q-A* = 0 in. the Coulomb gauge.
In order to calculate the power absorbed per unit 

volume we make the usual assumptions of solid state physics—  
we ignore electron-electron interactions and model the solid 
by a single electron moving in a lattice formed by the fixed 
nuclei. For a semiconductor such as silicon carbide the
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distribution of one electron states per unit, energy (density 
of states) plotted as a function of energy yield separate 
valence and conduction bands. At normal temperatures, essen
tially all the valence states are occupied by electrons and 
all the conduction states are empty. Energy is absorbed in 
the medium by an electron in the valence band annihilating a 
photon and jumping to a state in the conduction band. We 
assume that non-direct transitions are allowed and therefore 
all valence to conduction band transitions are theoretically 
possible. We can express this by writing that the

POWER ABSORBED 
VOLUME Wij hm pv (Ei)-pc (Ej)dEjdEi (21)

where W^^ is the quantum mechanical transition rate between
states with energy E. and E . , dim is the energy of the photon- * - 3
absorbed, and p (E.), p (E.) are the valence and conductionv i  c 3
band densities of state.

Applying Fermi's Golden Rule we find

W. . = ^  IV. . I 2 6 (E--E.-zha)) ■ (22)13 ^  1 311 3 1
with

V. . =31 <J>j* [A-$] (Ĵ dv (23)

where <J>j and <j>̂ are the final and initial wavefunctions and 
A-^ represents the interaction of the electromagnetic field
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— cx / 2 xand the electron. Assuming that e is slowly varying '

over the volume of concern we have 

. . . 2 , ,2
vji

-ax
♦j

einu/c x p

We can now solve for the absorption coefficient
2

a — ttc
nw

■einux/c p 4>̂ dv

). dvi . (24)

PV (E) pc (E+ficj)dE (25)

and also for the imaginary part of the dielectric constant.

eln“x/c pj dv
. 2

P CE) ,f> (E+fxw)dE . (26)

Evaluation of the volume integral as a function of energy 
would require a detailed knowledge of the specific wavefunc
tions . Since this is unavailable, the volume integral is 
assumed constant yielding the expression used by Tauc (1965)

/ \ 1.£2 ( W ) Ci — 2" PV (E) pc (E+hto) dE (16)

' Since at high photon energies the electrons are 
essentially free, Eq. (16) has to be modified at high ener
gies to give results consistent with the Prude model. Thus 
we have



It has been found that the calculated values of reflectivity 
are relatively insensitive to the selection of' ui .

Finally, the scale of e2 is uniquely determined by 
use of the sum rule (for instance, Wooten, 1973)

where N is the density of valence electrons, m is the elec
tron mass and e is the electron charge.

properties of an amorphous semiconductor can be determined 
if we have a valid expression for the amorphous valence and 
conduction band densities of states.

disordered systems has been the single-site Coherent Poten
tial Approximation (CPA) introduced by Soven (1967). The CPA 
models a disordered system with a uniform effective medium 
whose density of states is determined by a self-consistency 
requirement. The method is limited because it can not easily 
include effects arising from multiple site scattering. An 
excellent review of the CPA is that of Elliott et al. (1974).

The main effort to include multiple-site scattering 
in the treatment of disordered systems has -involved the use of

4trNe2 (28)

The essential result of the model is that the optical

Calculation of the Density of States
The theoretical method most used in the study of
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finite clusters of atoms. One disadvantage of this approach 
is the large size of the clusters which are required to re
move the sensitivity of the results to the boundary conditions 
at the cluster surface. Yndurain et al. (19 74) dealt with 
this problem by imbedding a cluster of atoms in a Bethe 
lattice of infinite extent (Figs. 2.5 and 2.6) and using the 
resulting Hamiltonian to obtain the local electron density 
of states on the central atom of the cluster. By averaging 
over suitable cluster configurations one should be able to 
calculate the average density of states for the disordered 
System under consideration.

The main advantage of this cluster-Bethe-lattice (CBL) 
approach is its simple treatment of the boundary conditions 
on the cluster. A main disadvantage is the method's lack of 
self-consistency. The density of states introduced by the 
Bethe lattice is independent of the nature of the central 
cluster. Better results are obtained if the Bethe lattice 
density of states is modified so that the Bethe lattice better 
represents the disordered system under consideration.

The improvement of this self-consistent cluster-Bethe- 
lattice (SCCBL) technique can be demonstrated using the 
"worst possible case", i.e. , we apply the technique to a per-, 
fectly periodic crystal where a cluster approach is usually . 
inappropriate.
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@ 2

Fig. 2.5. Cluster of Atoms for a Tetrahedrally 
Coordinated Crystal.
The central atom is labeled 0, atoms 
one bond away are labeled 1, two bonds 
away 2, etc. A Bethe lattice is 
attached to each dangling bond of the 
"3" atoms.
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Fig. 2.6. Tetrahedrally Coordinated 
Bethe Lattice.



We consider a single S orbital per atom, tetrahed
ral ly coordinated, tight-binding Hamiltonian used by Yndurain 
et al. (1974),

where the sum runs over nearest neighbors.
The density of states of energy E on any given site (call it 
0) is given by

where P denotes principal part, we can write Eg. (30) as

two bonds away by 2, etc. (Fig. 2.5). The cluster-Bethe- 
lattice method consists of choosing -a cluster which is large 
enough to reflect the connectivity of the lattice and con
necting, to each bond which is broken to form a cluster, a 
Bethe- lattice (Fig, 2.6) whose Hamiltonian is formally iden
tical to Eg. (29) but contains no closed rings of bonds.

(29)

P 0 (E) = <0| 6 (E-H) | 0> . (30)

Using the result of complex analysis

6 (E-H) (31)

Po (E) = - 7 Im <0)GI0> (32)

with G e (E-H) 1 and satisfying the eguation

EG = 1 + HG . (33)

We now label all atoms one bond away from 0 by 1
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It is essentially the connectivity of the cluster and the 
density of states of the Bethe lattice which determine the 
local density of states inside the cluster. This is empha
sized in Appendix B which reproduces Yndurain's calculation.

In the self-consistent cluster-Bethe-lattice method 
the density of states inside the cluster is determined by 
the connectivity of the cluster and the requirement that the 
density of states be independent of cluster size. The latter 
requirement would automatically be satisfied if the cluster 
were embedded in a "perfect" medium, i.e., the crystal lat
tice itself. This requirement would also be expected to hold 
in a disordered material where again the average density of 
states of any particular atom should be independent of clus
ter size. It is therefore self-consistent to require that
the cluster-Bethe-lattice satisfy this condition.

We solve Eq. (33) by taking matrix elements between 
a basis set { | î >} to obtain

E <i | G | j> = 6i . + I <i|H|ri><(n|G| j> . (34)
J n

For a cluster which includes third nearest-neighbors we have

E <p | G | 0> = 1 + 4V<11 G | ti>
E <11 G | 0> \ = V<0 | G | 0> + 3V<2 | G | ti>
E <2 | G j 0> = V<11 G I 0> + 2V<3 ' | G j 0> + IV<3 j G | 0>

. . E<3 ' | G| 0> = 2V<2 !g |0> + 2VT<3 ' | G | 0>
E <3 | G | 0> = V<2 | G | 0> + 3VT<3 | G | 0>
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where T = T(E) is a transfer matrix defined by the equation

<n+l|G10> = T<n|G|0>. . (36)

This expression is valid for those sites n > 4 which lie out
side the central cluster and is justified by the lack of con
nectivity in the Bethe- lattice (Appendix B). We can solve 
for <01G| Q> in this third nearest neighbor cluster and find

<0|G|o> 3

Similarly for a smaller second nearest neighbor cluster we 
have

<0| G| 0> 2' =

We can determine T and therefore the density of states by 
requiring that

<0 | G | 0> 2 = <0|G|0> 3 . (39)

In Fig. 2.7, the SGCBL density of states obtained 
from Eg. (32) is shown (together with the exact density of

E  r 4 V 2

E - 3V2
E-3VT (38)

E 4V2

E - 3V2

E - 4 V2 IV2
E-2VT E-3VT (37)
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+ 2.0 +3.0 +4.0

Fig. 2.7. Density of States Results for a Tetra- 
hedrally Coordinated Crystal.
The exact result (thin solid line), the 
cluster-Bethe-lattice result of [8] (dotted 
line), the self-consistent cluster-Bethe- 
lattice results for <̂0 | G | 0̂  2 = <(0|G!0̂ >2 
(thick solid line), and for /0 IGI0\^ =
<T> | G | Cf> 4 (thick dashed line).
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states and the results of the cluster Bethe-lattice calcula
tion) . The improvement obtained by using the self-consistent 
cluster-Bethe-lattice is striking. Equation (39) may be 
generalized to

<0|G|0>n = <0|G|0> n+1 (40)

thereby including more structure in the cluster. Also shown 
in Fig. 2.7 is the density of states obtained by setting n=3 
in Eg. (40). There is clear, albeit slow, convergence to the 
exact result.

The SCCBL technique has also been used for a simple 
cubic lattice. The results of SCCBL using 2-3 clusters, the 
CBL 3-atom cluster and the exact density of states are shown 
in Fig. 2.8. The improvement of the SCCBL method is again 
significant. In all cases tested the SCCBL band width was 
closer to the exact result than the CBL result. In addition, 
the SCCBL had no isolated poles outside the band and was 
normalized to one state per atom.

It should be noted that Eqs. (39) and (40) yield
multiple roots for T. For larger clusters there could be a 
problem in choosing the correct root. However, the excellent 
SCCBL results for small clusters lessens the need for larger 
clusters in general.

. A disadvantage of the self-consistent cluster- 
Bethe-lattice model is that it is currently limited to
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Fig. 2.8. Density of States for a Simple Cubic Crystal.
The exact result (thin solid line), the cluster- 
Bethe-lattice result (dotted line) and the self- 
consistent cluster-Bethe-lattice result for 
<(0 | G | 2 = <0|G|0> 3 (thick solid line).
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systems possessing simple Hamiltonians. In order to calcu
late the valence density of states of amorphous silicon car
bide, we must use a tight-binding Hamiltonian with four 
valence states per atom. It was. therefore necessary to use 
the cluster-Bethe-lattice technique. In fact, the lack of 
ring structure in the Bethe lattice itself suggested its use 
as a structural model for amorphous silicon carbide. This 
approach was first successfully used by Rajan and Yndurain 
(1976) to calculate the valence density of states of amor
phous germanium.

We consider each silicon and carbon atom to have 
four SPg hybrid orbitals (Pauling, 1967) whose configuration 
is shown in Fig. 2.9. We assume chemical order and ignore 
the effects of bond stretching and bond bending relative to 
the crystalline configuration shown. All interactions be
tween nearest neighbors are included and these interactions 
can be parameterized and fitted to band structures (Chadi 
and Cohen, 1975). This is done in Appendix C. The nearest 
neighbor parameters which have to be specified and their 
values (in electron volts) are

<4l I H U £>
<(® 5 ! H | d>

<<f> 1 I H |
<3> l | H | <j> s>
1 I hU5>

+ 1.50
+ .22

1.50
1.4 8

6.79

1 I H U  6>
<3> 5 I H I * 2> 

<3> 2 | H | <J> s> 

<3> 2 1 H U  e)> + .69

.71

.77

.63

(41)
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SILICON

CARBON

B

Fig. 2.9. SP3 Hybrid Bonding Orbitals of 
Silicon and Carbon.
The orbitals are numbered 1-8 and 
directions_in space designated by 
A,B,C,A,B,C.



The { | <#>j}>} refer to the wavefunctions associated with the 
hybrids of Fig. 2.9.

We must again solve Eg. (34)

n
(34)

where now the basis set { | i)>} consists of the collection of 
silicon-carbon "molecules" which form the bethe-lattice. Each 
"molecule" possesses the eight states ( | <i> î> / | <)>2̂> r • • • | <j> g"̂)
shown in Fig. 2.9. G and H are represented by 8x8 matrices 
(Appendix D) and the density of states is given by

We obtain the following infinite set of linear equations.

Green's function between the eight SP^ orbitals of molecule 0

— IM. Trace { < 0 | G | 0 > j (42)

+ V

+ V

(43)



thand the eight SPg orbitals of its i nearest neighbor in the
L direction (see Fig, 2.9). The matrix V_ (L - A,B,C,A,B,G)h

contains the Hamiltonian matrix elements of the SPg orbitals 
of one molecule and those of its nearest neighbor along the 
L direction.

In order to solve the system of Eg..(43) we define 
the following six (8x8) transfer matrices

Tt = G^, L 1 , L = A,B,C,A,B,C
l i  L , U  1 |  , U  ( 4 4 )

such that

< o  -  t b g o ,o

G§ “ o - t b g 0,o etc- : <45)

Using Eg. (44) in the second of Eg. (43) we have
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Similarly for Tg we can find

E - Ho o - VATA - v c Tc  - vbtb : vata - vctc tb

= Vg . ■- (48)

It should be obvious from Fig. 2.9 that a rotation of 2tt/3 
about the 1-5 orbital's axis cyclically permutes directions 
(A,B,C) and directions (A,B,C). Thus if one defines a rota-. 
tion matrix R (Appendix D) which operates on the 8 orbital 
basis set { | <{>̂ } .we ,can say that

TA ,= K Tb E-1
Tc = R T^R-1

T- = R TgR- 1
y

=.. R T ^ R " 1 . (49)

iSimilar relations hold for and q .
Thus Eqs. (47), (48) form a set of coupled equations 

which can be solved for T̂ . and T-. In practice only a numeri
cal solution can be found by means of a simple interative pro
cedure. For the first few steps of the iteration a positive., 
imaginary part is added to E. After convergency is reached, 
the imaginary part of E is removed and convergency is again 
achieved. It was found that up to 10 0 iterations were needed 
for convergence, and in general, it was found that convergence 
was much slower at the band edges.
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It should be noted that the configuration of the 

carbon and silicon atoms shown in Fig. 2.9 is characteristic 
of cubic silicon carbide (3C-SiC). Other polytypes include, 
in addition, the. configuration in which the upper and lower 
bonding orbitals lie above one another, as obtained if the 
silicon atom alone is rotated ir radians about the 1-5 orbitals 
axis in Fig. 2.9. Thus different Bethe lattices can be used 
to model different amorphous polytypes of silicon carbide. 
However, this does not alter the total density of states be
cause a unitary rotation'operator can always be constructed 
which will transform the Bethe-lattice Hamiltonian of one 
polytype into that of another. This.is a result of the ring- 
less structure of the Bethe lattice and is - consistent with 
its use as a model of an amorphous structure.

In Fig. 2.10 we show the valence density of states 
of amorphous silicon carbide obtained from Eq. (12) using 
the parameters of Eq. (10). The main features of this theore
tical curve include the main broad peak at ^3.5 eV and the 
gap between the lower lying S-states and the P-states cen
tered at -8.3 eV. The gap is a direct result of the chemical 
ordering introduced in the Bethe lattice. This gap is found 
in the valence band of all published band structures for crys^ 
talline silicon carbide (Fig. 2.12). The sharp rise of the ■ 

density of states at the band gap edges is due to the one
dimensional nature of the Bethe lattice (Ashcroft and Mermin, 
1976) .
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Fig. 2.10. Valence Density of States of Amorphous SiC.
u>

The CBL tight binding calculation (dashed line) and experi
mental results of Tejeda et al. (1973).
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The CBL tight-binding calculation (solid line), the 
x-ray study of Ley et al. (dashed line) and the 
photoemission work of Pierce and Spicer (dotted line).
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Also shown in Fig. 2.10 is the density of valence 

states of sputtered films of silicon carbide determined by 
x-ray and ultra-violet photoelectron spectroscopy (Tejeda 
et al., 1973). Even taking into account the energy broad
ening (%!.0-1.5eV) inherent in photoelectron spectra, the 
agreement between the two curves is not very good. In par
ticular, the bandwidth of the theoretical result is too nar
row. This is consistent with the S-state cluster-Bethe- 
lattice result discussed previously. However, even an 
empirical lengthening of the theoretical curve would not 
give complete agreement with experiment.

The experimental results show a small indentation 
instead of a gap in the density of states at -lleV. Tejeda 
concludes from this that sputtered silicon carbide is chemi
cally disordered and that the valence band of amorphous sili
con carbide can be represented as a broadened sum of those 
for amorphous silicon, amorphous carbide and crystalline 
silicon carbide. However, although such a sum of CBL theore
tical curves would produce a curve similar to the experimen
tal curve in Fig. 2.10, it is not clear that amorphous 
silicon carbide is chemically disordered.

Arguing against the idea of chemical disordering is, 
the work of Fagan (1973) on the optical properties of sput
tered silicon carbide films. Since silicon-carbon bonds are
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at least partially ionic, the associated vibrational modes 
are inherently infrared active. Using the sum rule

Neff cue2 (w) doj (50)

it is therefore possible to relate the effective density of 
ion pairs to the optical properties of silicon car
bide in the infrared. Fagan concluded that within the accu
racy of the data there was no reduction of oscillator strength 
in the amorphous phase as compared to the crystalline phase 
and hence no significant fractional change in the chemical 
ordering.

■ . Another difficulty with the supposed lack of chemical
ordering in sputtered SiC is the presence of ordering in 
sputtered films of the III-V compounds, as evidenced in the 
persistence of a valence band gap (Shevchick and Paul, 1972). 
It is not clear why the sputtering of silicon carbide would 
be-so dynamically different so as to produce almost.complete 
chemical disordering..

\ Finally, in regard to the present work, it is very 
likely that' sputtered and radiation damaged amorphous silicon 
carbide might be structurally different. Fagan (1973) mea
sured the reflectivity of sputtered films of silicon carbide 
in the 1-4 eV spectral region and found values averaging 3%
less than the values of Phillip and Taft (1960) for crystal
line SiC. This differs substantially from the results for
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• radiation damaged silicon carbide found in this study in 
which the reflectivity increased by up to 40% over the crys
talline values. It is obvious that there is at present in
sufficient evidence to determine whether or not radiation- 
damaged silicon carbide is chemically disordered.

In Fig. 2.11 we show the density of valence states 
of amorphous silicon calculated again using Eg. (12) with the 
parameters of Chadi (197 7). Also shown are the broadened 
density of valence states of evaporated silicon films as deter
mined by the x-ray photoelectron studies of Ley et al. (1972) 
and the photoemission work of Pierce and Spicer (1972). In 
this case the agreement between theory and experiment is rea
sonable considering the variation in the experimental results. 
Pierce and Spicer have emphasized that the properties of 
amorphous films of Si and Ge are very dependent on the prep
aration conditions. In particular they report that the 
optical-absorption edge may be shifted as much as a few tenths 
of an electron volt depending on such factors as evaporation 
rate, vacuum level, evaporator-to-substrate distance and sub
strate temperature. This indicates that there may be better 
control of experimental variables obtainable while using 
radiation-damage to induce disorder.

The effects of short-range order on the valence den
sity of states can be investigated by using the cluster- 
Bethe-lattice method. For silicon carbide,-a 38 atom cluster
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possessing the zinc-blende structure (3C-SiC) was introduced 
into a Bethe-lattice represented by the now-known transfer 
matrices defined by Eg. (44). The set of equations (34) 
(Appendix E) was again solved and the valence density of 
states was determined by Eg. (42). The results are shown in 
Fig. 2.12 along with the x-ray photoelectron spectra of 
Welch (1968) for an unspecified polytype of SiC. Also shown 
are the valence DOS for the two most recent band structure 
calculations for 3C-SiC— the first principles linear combina
tion of atomic orbital calculation of Lubinsky et al.(19 75) 
and the empirical pseudo-potential method of Hemstreet and 
Fong (1973). (Note that only the upper part of the Hemstreet- 
Fong valence band is shown.)

Again, the feature of the CBL curve most worth noting 
is that its bandwidth is too narrow. This was also found in 
the case of the one state per atom CBL Hamiltonian. One 
would expect that if it were not presently computationally 
out of scope, the SCCBL method would yield superior results.
As it is, all the main features of the experimental curve 
can be found in the CBL result. The main peaks of the CBL 
curve at -3.3, -6.3 and -11.0 eV correspond to the experimen
tal ones located at -3.3, -7.9 and -12.5 eV respectively.
The CBL valence band gap at -8.3 eV compares to the experimen
tal value of -10.3 eV. (The density of states in the gap of
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The present CBL calculation (large dots), x-ray photo
electron spectra of Welch (small dots), and the band 
structure calculations of Lubinsky et al. (solid line) 
and Hemstreet and Fong (dashed line).
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the experimental curve is not zero because of auger transi
tions which produce a low-energy tail on the upper band.)

An anomaly of the CBL result is a very sharp narrow 
peak near zero energy. Rajan and Yndurain (1976), in their 
work on Ge, found this peak to be substantially reduced for 
larger cluster sizes. Larger clusters were avoided here to 
keep the size of the Hamiltonian matrix manageable.

In Fig. 2.13 we show the cluster Bethe-lattice val
ence density of states for silicon along with the x-ray 
photoelectron spectra of Welch (19 68) and Ley et al. (1972). 
Also shown is the valence DOS of a typical band structure 
calculation,.that of Kane (1966) . Again we see that the CBL 
bandwidth is too narrow, moving the location of the three 
main peaks from their proper positions. The CBL curve also 
lacks structure at -4 eV, thereby narrowing the main peak.

Overall, one can say that the cluster-Bethe-lattice 
results for the valence density of states of SiC and Si are 
in satisfactory agreement with experiment. This is particu
larly true in light of the small size of the clusters use.d 
and the simple nature of the calculation as compared to band 
structure techniques. In particular, the main difficulty of 
the CBL technique is its narrow bandwidth and this can be 
treated phenomenologically in light of the previous SCCBL 
results.
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■ Finally, in order to calculate the fundamental ab

sorption bands of amorphous silicon carbide and silicon using 
the constant matrix model (Eq. 16) , an expression for the. 
density of conduction band states is required. In the con
text of a tight-binding calculation, a large number of atomic 
states contribute to the conduction band. This would make 
the matrices used in the cluster-Be the-lattice technique pro-* 
hibitively large, and therefore this calculation was not done. 
The experimental photoemission results in the case of amor
phous silicon (Pierce and Spicer, 1972) indicate that the con
duction band is essentially a step function in energy, lacking 
the structure found in crystalline silicon. Similiar results 
were found by Donovan and Spicer (1968) for amorphous ger
manium. Because of a lack of additional experimental data, 
a step function model was therefore assumed for the conduc
tion band of amorphous silicon carbide.

Also required for the use of Eq. (16) is a value for 
the indirect energy gap separating the valence and conduction■ 
bands. For silicon, the gap was set to 1.1 electron volt.
For silicon carbide, the gap was set 2.9 eV based on the mea
surements done by Phillip and Taft (1960) on the absorption 
edge of 6H-SiC.



CHAPTER 3

EXPERIMENT

Silicon carbide samples were obtained from the 
Norton Company, Niagara Falls, Ontario. The platelets were 
black in color, indicating p-doping (Golightly, 1969). Sili^ 
con wafers were obtained from the Motorola Corporation, 
Phoenix, Arizona.

The polytype of each silicon carbide crystal could 
usually be determined unambiguously by x-ray diffraction 
techniques. Since the c-axis of each SiC platelet is per
pendicular to its main face, the Laue transmission pattern 
of each crystal could be compared to published standard pat
terns (Tung and Faust, 1973). Transmission patterns were 
recorded using a Polaroid XR-7 system mounted on one port of 
a standard Philips 35 kilovolt x-ray generator with a Cu tar
get. The crystal to film distance was 3 cm and Polaroid film 
type 57 (ASA 3000) was used. Samples were first cleaned in 
ethyl alcohol and then mounted directly behind the x-ray 
collimator. Exposure -times averaged about fifteen minutes.

Several of the silicon carbide crystals were found 
to contain more than one polytype. Cubic silicon carbide is 
especially known to "twin" on the surface of crystals of

45



46
other polytypes. After all optical measurements were made, 
the one silicon carbide cubic crystal was identified by im
mersing it in a molten salt etch and examining the etch pits 
(Faust, Tung, and Liaw, 1973). The sample was etched for 
several minutes in molten NaOH and then washed in boiling 
water and diluted HC1. The triangular etch pits character- • 
istic of 3C-SiC were then visible on portions of the non
irradiated sections of the crystal using an ordinary 
microscope at 50Ox.

Crystalline samples.were radiation damaged using the 
5.5 million volt (High Voltage Engineering model CN) Van de 
Graaff accelerator facility at The University of Arizona. A 
diagram of the apparatus is shown in Fig. 3.1.

A radio frequency gas ion source is located in the 
high voltage terminal and produces positive ions. The ions 
accelerate along an evacuated tube and those, with the 
selected charge-mass ratio are bent by the 90° magnet at 
the base of the accelerator. A pair of charge sensitive 
slits then samples the beam in order to stabilize the energy 
of the ions. The slits are connected to a feedback circuit 
which controls the terminal voltage by varying the corona 
leakage current. Finally, the ions can pass into the target 
chamber either directly or through a magnetic quadrapole lens 
which is used for additional focusing. The beam current is 
measured by use of a Faraday cup located at the rear of the 
target chamber. Singly ionized nitrogen (N), argon (Ar)
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Fig. 3.1. Major Components of the 5.5 Million Volt 
Van de Graaff Facility at The University
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xenon (Xe) and krypton (Kr) were at' various times available 
at 2 MeV energy in currents up to 3 microamperes.

The samples to be irradiated were cleaned in ethyl 
alcohol ^nd mounted with epoxy on thin brass plates. Each 
plate has a hole of 1/4 inch diameter which determines the 
area of radiation damage on the crystal. The plates were 
then mounted inside the sample chamber on a wheel which can 
be rotated to irradiate each crystal. Vacuum levels inside 
the sample chamber during irradiation were typically 10~6 mm 
Hg. Irradiation currents averaged about 2 microamperes, 
although it should be noted that a small fraction of the 
accelerated ions are multiply charged due to electron strip
ping. Thus the ion dosage figures given in the next chapter 
should be considered as an upper limit.

In considering the degree of disorder due to irradia
tion with energetic ions, we can analyze the changes in the 
reflectance spectrum as a function of increasing dosage. We 
anticipate that sharp structure will disappear and a steady 
state reflectance which is insensitive to further irradiation 
will appear. Such a crystal can then be said to be optically 
amorphous. Inherent in this definition is the notion that 
the observed change is caused by the damage produced by the 
incoming ions and not by their mere presence within the irra
diated crystal. It is therefore important that the implanta
tion range of the bombarding ions be significantly larger



49
than the penetration depth of the light in the spectral 
region under study.

There have been many ion implantation range studies 
done on silicon because of its usefulness in semiconductor 
devices. For bombardment of silicon with 2 MeV xenon ions, 
the tables of Smith (1977) indicate that the implanted ions 
should form a Gaussian distribution of range .71 micron with 
a standard deviation of .18 micron. To calculate the pene
tration depth of light we can use the expression 2/a, where 
a is the absorption coefficient. For crystalline silicon, 
the penetration depth is not more than .04 micron in the 
2-12 eV photon energy range. Since a similar value would be 
expected for amorphous silicon, the overwhelming majority of 
the ions are obviously well removed from the incident light.

In the case of silicon carbide, no one has as yet 
published range data for the penetration of heavy ions. How
ever, the data of Davies and Corner (1973) for the penetration 
of light ions into silicon carbide yield values similar to 
those for the penetration of the same ions into silicon. It 
is therefore reasonable to expect that the agreement would 
hold for heavier ions as well. Since 2/a for crystalline Sic 
is no more than .08 micron, we can assume that the incident 
light never interacts with a significant number of implanted 
ions in amorphous silicon carbide.
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Reflectance measurements: were made at room tempera

ture using a McPherson Model 235, 1/2 meter Seya-Namioka 
monochrometer. A Bausch and Lomb diffraction grating 
(radius = 498.1 mm, 600 lines/mm, ^blaze = ^^00 A°) was 
used as.the dispersing element. The light sources used were 
a standard incandescent lamp and a McPherson Model 630, 
Hinteregger type gas discharge lamp. The discharge lamp 
had a water-cooled capillary and a.forced air-cooled cathode 
and was used with a DC power source. With hydrogen gas as 
the excitation medium, it produced a continuum spectrum from 
1600 to 5000 A 0 and a multiline spectrum from 900 to 1600 A°. 
A diagram of the experimental setup is shown in Fig. 3.2.

The sample chamber is shown in detail in Fig. 3.2.
Two beams of light (each .approximately 3mm x 4mm) enter the 
chamber from the grating. The lower beam is reflected by 
an aluminum mirror down to a photomultiplier tube (PMT) 
mounted on the bottom of the chamber. Another PMT is mounted 
so that it can move in a circle about the sample holder which 
is located along the cylindrical axis of the chamber. The 
sample holder can move up and down so that the upper light 
beam either strikes the PMT directly or reflects off the
i 'sample and then back to the PMT. In the latter configuration 
the tube is placed adjacent to the incident beam so that the 
reflection from the sample is near normal (8 = 9°).
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Fig. 3.2. U.V. Spectrometer and Sample Chamber.



The two. photomultiplier tubes were. RCA type IP-28 
with an S-5 spectral response and were sensitive to ultra
violet (UV) radiation as low as 2000 A°. In order to detect- 
radiation below this wavelength both PMT's were coated with a 
fine layer of the phosphor sodium salicylate. This was accom
plished by dissolving sodium salicylate powder in methyl 
alcohol and spraying it on the tubes with an air brush. The 
quantum efficiency of sodium salicylate is relatively con
stant in the 1000 A° - 2000 A° region and its fluorescent 
emission spectrum peaks at 4200 A° which is compatible with 
an S-5 spectral response. Both PMT's were connected to a 
standard linear dynode chain so that the anode DC current 
produced is proportional to the amount of incident light.- 
In addition, both PMT's were connected to the same program
mable high voltage power supply. A feedback circuit adjusted 
the H.V. output in order to keep the output current of the 
bottom PMT constant. This allowed continuous scanning through 
spectral regions of high and low lamp intensities.

With this experimental apparatus the reflectance at 
any particular wavelength is given by the ratio of the inten
sity of the upper beam as reflected off of the sample to the 
intensity of the beam before it strikes the sample. By 
taking into account the fluctuations of the light source and 
the dark current of the PMT we have



where R is the reflectivity;
11 is the current of the top PMT at a time t,

with the sample out of the beam;
J i is the current of the bottom (reference) PMT 

at time ti;
12 is the current of the top PMT at a time t2 with
■ the sample in the beam;

J2 is the current of the bottom PMT at time t2/ and
0..S. is the dark current of the top tube at a third 

time 13 .

If the feedback circuit controlling the PMT high
voltage worked perfectly, then obviously Ji would always
equal J2. The observed .3% fluctuations in J are mainly
associated with large fluctuations of the emitted intensity 
of the light source. Thus, the net effect of the bottom 
(reference) PMT is to compensate for any change in the light
intensity during the interval t̂  to t2/ where 11 - t2>>t,
the characteristic time period.of the lamp's light output.
This method is less precise but probably more accurate than 
those schemes for which t1-t2<<t such that J i=J 2 by defini
tion. This will be discussed in greater detail a little 
later.

In order to facilitate data collection, the experimen
tal apparatus was interfaced to an .Imsai 8080 microcomputer 
which is based on the Intel 8080 microprocessor. Figure 3.3
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shows the block diagram of the interface board. The current 
from the two PMTs passes to 2 Keithley picoameters. The rise 
time (10% to.90%) of the model 414s is 0.05 sec and that of 
the 417 is <.001 sec. This mismatch in response time is com
pensated for by passing the output of the picoammeters to a 
quad op-amp where both signals are scaled and damped by a set 
of matched active double-pole low pass filters (rise time 
= .25 sec) .

The output of the filters is passed to a multiplexer 
which, under computer control, selects which channel to send 
through a buffer to a 12-bit analog to digital converter.
The 12 data lines and associated control lines are then con
nected to one port of the parallel input/output board of the 
IMSAI.

Data is collected under a combination of human and 
computer control. The operator sets the position of the top 
PMT, the sample and the starting wavelength of the scan.
Once the scan begins (usually at a rate of 50 0.A°/minute), 
data is collected by the computer as allowed by the speed of 
the analog-digital conversion. Every 5A° a pulse is sent to 
the computer which allows it to keep track of the change in 
.wavelength. Three consecutive scans measuring Ii and J i,
I2 and J2, and O.S. are necessary in order to determine R 
using Eq. (51). The reflectivity can then be plotted as a
function of energy through the use of two digital-analog 
converters.
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It is not possible to measure R in one continuous 
scan from 900 A° to 6000 A°. For each wavelength X, the 
grating will also disperse second order radiation of wave
length A/2 in the same direction. Therefore, the experiment 
must minimize A/2 while transmitting A. This is accomplished 
by selecting the appropriate light source and filter. As 
Table 3.1 shows, the experimental reflectivity spectrum is 
usually a composite of 4 separate scans.

Table 3.1. Experimental Scanning Regions.

Lamp
Incandescent 
Gas Discharge

(H2-Gas)

Window
None
Quartz, 
LiF
LiF
None

Vacuum (10~^mm) . Wavelength
No 6200Ao-3800A°
No 4000Ao-2800A°

Yes
Yes

3000Ao-1450A° 
1600A°-900 °
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The main advantage of the present system is that it 

allows data to be taken very rapidly as compared to the point 
by point method. The sample can be mounted immediately in 
the chamber and the reflectance in the 1400-5000 A° wave
length region measured within 30 minutes. Also, by scanning 
different wavelengths of light continuously, the relative 
accuracy is also improved. Evaluation of the system perfor

mance shows that for one trial (AR/Rl^^iative ~ - '^l or
better throughout the entire scanning region. By averaging 
a number of trials, a factor of two improvement in achieved. 
The relative accuracy is limited principally by deviations in 
electronic linearity and by the differential drift in gain 
between the two photomultiplier circuits.

Another advantage of the present system is that the 
alignment procedure is quite simple. The purpose of aligning 
the system is to insure that the incident and reflected beams 
both strike the same point on the PMT with the same cross- 
sectional area. The sample is adjusted to lie along the 
sample chamber's cylindrical axis and the reflected beam is 
positioned at the same height as the incident beam. Since in 
this case all samples mount on the detachable sample holder 
in the same way, the alignment need only be checked occasion
ally. Analysis of the reflectivity of the sample after re
peated alignments indicate an error in absolute, reflectivity 

±.0 2 = (AR/R) absolute’ The performance of the reflectometer
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is demonstrated by Fig. 3.4 which shows the reflectivity of 
crystalline silicon.

Other methods which have been used to construct a 
scanning reflectometer include those which measure the inci
dent and reflected beam in rapid succession. Gerhardt and 
RUbloff (1969), using a rotating light pipe mechanism and 
synchrotron radiation as a light source, were able to achieve 
a relative accuracy of 10"5. In perhaps a more reasonable 
comparison, Huen et al. (1971), using a similar technique and 
a gas discharge lamp light source, achieved a (AR/R)re^=2xl0“ 
In both cases the alignment of the incident and reflected 
beams is especially critical, resulting in a reduction of the 
absolute accuracy to 3%. In addition, because of complica
tions introduced by use of feedback circuitry in trying to 
compensate for the sharp peaks in the discharge lamp spectrum 
the reflectometer of Huen requires an apparently lengthy 
calibration procedure to determine the absolute reflectivity 
of each sample.

Before its reflectivity was measured, each crystal
line silicon carbide sample was first degreased in ethyl 
alcohol, then soaked in a 50% hydrofluoric acid solution for 
20 seconds and finally rinsed in ethyl alcohol. Hydrofluor
ic acid (HF), while cleaning the surface of each crystal, 
does not attack silicon carbide (Fause, 1960). Crystals 
were immediately mounted on the reflectometer sample holder
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which was then placed in the sample chamber. The chamber 
was then evacuated. Measurements were made in the 8-12 eV 
spectral region first,, since it was found that the UV re
flectance was most affected by exposure to air.

A silicon carbide sample was also polished to deter
mine whether this changed the crystalline reflectivity. One- 
fourth micron diamond grit was embedded on the surface of a 
plexiglas plate on which the crystal face was rubbed using 
a soap and water lubricant. After several minutes of polish
ing, the main silicon carbide reflectivity peaks; were found 
to flatten out slightly although the overall reflectivity, 
remained unchanged. This is consistent with the results of 
Donovan, Ashley and Bennett (1963), who found that the optical 
characteristics of etched and electro-polished germanium 
crystals superior to those of mechanically polished crystals.

The sample preparation procedure for crystalline 
silicon was established by comparing the measured crystalline 
reflectivity to the. published values of Philipp and. Ehrenreich 
(1963). It was found that an etch in hydrofluoric acid of
5 seconds followed by an alcohol rinse produced satisfactory 
agreement.

In measuring the reflectivity of radiation damaged 
silicon carbide and silicon, it was found that the reflec
tivity was often significantly reduced at energies above
6 eV. This was attributed to a contamination film produced
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during irradiation in a diffusion pump vacuum environment. 
This film was particularly evident in silicon samples, where 
it was often visible as a yellowish coating on those crys
tals receiving an ion dosage of 1016/cm2 or more.

In order to remove this film, radiation damaged 
samples were mechanically polished. Since several of the 
silicon carbide samples had either multi-layered or twinned 
faces, polishing was done with a felt pad containing 1/4 
micron diamond grit. This allowed the entire crystal surface 
to be polished, although not uniformly. Samples were again 
cleaned or etched in HF. before reflectivity measurements were 
made. Samples were polished until the reflectivity reached 
a maximum in the 10-12 eV spectral region. Further polishing 
then produced no additional changes in the reflectivity.



CHAPTER 4

RESULTS AND CONCLUSIONS

In Fig, 4.1 we have plotted the reflectivity of a 
silicon carbide crystal as a function of dosage of implanted 
2 MeV krypton ions. This particular sample had the highest 
crystalline reflectivity of all samples tested, while x-ray 
analysis indicated that it contained both the 6H and 15R 
polytypes. The curve labeled amorphous corresponds to the 
implantation of 1016 K.r ions/cm2. It was found that in irra
diating SiC with Xe and Kr ions, the completely amorphous 
state was reached. In all cases with this dose, further 
irradiation to 5x1016 ions/cm2 produced no additional change 
in reflectivity. This is in contrast to irradiation with 
2 MeV nitrogen ions, which were found to induce much less 
damage.per ion.

The most interesting feature of the amorphous curve 
as compared to the crystalline result is its increased reflec
tivity in the visible part of the spectrum. Such a change was 
expected because of the breakdown of ^-conservation in going 
from the crystalline to an amorphous state. However, the 
change seen here is sufficiently large that the irradiated 
spot appears significantly brighter to the eye than the sur
rounding undamaged part of the crystal. As mentioned in

62
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Chapter 2, Fagan (1973) did not measure such a change in the 
reflectivity of sputtered Sic films. Another interesting 
feature of this particular crystal's amorphous reflectance 
curve is the fact that, like the crystalline curve, its 
values are slightly higher than those obtained for other 
crystals. This would seem to indicate that the ion implan
tation process does not produce an extreme amount of surface 
roughness in the target crystal.

The reflectance curves for Kr implants of 1014/cm2 
and 1015/cm2 were unfortunately not polished before measure
ments were taken. Thus it is not clear whether the change 
in reflectivity at higher energies between the crystalline 
curve and the 10'14/cm2 curve is completely accurate. Cer
tainly surface contamination is a reasonable explanation for 
some of the change. This is especially true for the 1015/cm2 
curve. Since it is obviously in a state midway between the 
crystalline and amorphous state, the 1015/cm2 implanted SiC 
should probably be more reflecting at higher energies than 
the amorphous SiC.

Figure 4.2 shows the crystalline reflectivity of 
6H-SiC obtained here, along with the results of Rehn et al. 
(1976) and Wheeler (19 66). . The main features of the crys
talline curve are a change in slope near 6.6 eV, the main 
peak near 7.8 eV and a secondary peak near 10.4 eV. All 
three of these structures are also present in the data of
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Rehn while that of Wheeler shows additional structure at 
4.6 eV, 5.5 eV, 7.1 eV, and 8.3 eV.

In comparing these three curves it is important to 
discuss the sample preparation, techniques used in each case. 
In this study samples were cleaned in ethyl alcohol, immersed 
in HF for 20 seconds, rinsed in alcohol and then placed imme
diately into the sample chamber. Rehn cleaned his crystals 
by heating in air to 70 0 °C for 30 minutes and etching in HF 
for 10 minutes. Samples were then rinsed in water and metha
nol before being mounted with epoxy. Wheeler degreased his 
samples in isopropyl alcohol and then subjected it to suc
cessive etches in HF/HNOg and boiling H2 PO^/E^C^Oy imme
diately before placing it in the vacuum chamber. In all 
cases measurements were made at room temperature. Rehn used 
a scanning reflectometer similar to that of Gerhardt and 
Rubloff (1969) for his measurements while Wheeler used the 
traditional point by point method.

■ Samples were prepared using the prescription of 
Wheeler and showed no increase in absolute reflectance or 
structure. Indeed, as reported by Faust (1960) , the phos
phoric acid solution formed a coating on the crystal which 
lowered its reflectivity. This coating could only be re
moved and the reflectivity restored using HF etches of 
several hours.
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The sample preparation procedure of Rehn was regret- 

ably not tried. Rehn's results differ from those of the 
present work only in that his reflectivity curve possesses 
sharper structure and is lower at higher energy. Since sample 
preparation techniques are usually designed with the objec
tive of sharpening structure and raising the overall reflec
tivity, this difference is somewhat puzzling. One possible 
explanation is that Rehn's crystals were exposed for a longer 
time to air. In this study, such an exposure was found to 
lower the reflectivity slightly at higher energies. Philipp 
(1972), in his work on silicon, also noted such a reduction 
and attributed it to the presence of a surface oxide layer. 
Finally, the sharpness of structure could be due to the use 
of the thermal cleaning process, although this remains specu
lative. Certainly the resulution of the system used here is 
sufficient to detect structure such as Rehn observed at 6.6 
eV.

Also shown in Fig. 4.2 is the amorphous reflectivity 
of 6H-SiC after irradiation by 5x1016/cm2 2 MeV xenon ions. 
The curve has a broad maximum near 8 eV and is obviously 
similar to the amorphous curve of Fig. 4.1.

In Fig. 4.3 we see the reflectivity of crystalline 
and radiation damaged 4H-SiC. Both curves are virtually 
identical to their 6H-SiC counterparts. Also shown in Fig.
4.3 is the reflectance of the radiation damaged area after 
annealing in air at 1000°C for 10 minutes. Although the .
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reflectance is somewhat lower than the original crystalline 
values, all the main structural features are present and 
the bright radiation, damaged spot has disappeared.

The reflectivity of crystalline and radiation dam
aged 15R-SiC is shown in Fig. 4.4. Again there is agreement 
with the values obtained for 6H-SiC and 4H-SiC. For although 
this crystal did not appear to be as optically smooth as the 
others, the main peaks were found at the same energies with
in the relative accuracy of the apparatus. Thus, despite 
differing crystal structures which result in differing energy 
bands and energy gaps (Appendix A), the experimental reflec
tivities of 6H, 4H and 15R single crystal silicon carbide are 
essentially identical.

This result is in agreement with the work of Baars 
(196 7), who found little or no difference among the reflec
tance spectra of 2H, 4H and 6H single crystal zinc sulfide 
(ZnS). Only the reflectivity of 3C-ZnS was found to differ 
significantly from the other polytypes. In this regard sili
con carbide is no different as we can see in Fig. 4.5 which 
shows the reflectivity of crystalline cubic silicon carbide. 
The structure at 6.6 eV found in 4H, 6H and 15R SiC has been 
replaced by a peak near 7.0 eV. The. peaks near 7.7 eV and 
10.4 eV, however, remain unchanged.

Before it is even possible to understand this change 
in reflectivity in going from a hexagonal to a cubic crystal
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structure, it must be possible to assign the measured.peaks 
of 3C-SiC to the appropriate transitions in published band 
structures. This is a difficult task, however, because of 
the significant differences among published calculations.
Still another problem is the fact that equivalent structure 
in e2 curves does not occur at the same energy in reflectiv
ity curves. Experimental values of E2 for 3C-SiC could not 
be determined through the use of the Kramers—Kronig rela
tions because there are no available data on the reflectivity 
of 3C-SiC beyond 12 eV. Still, in comparing the LCAO cal
culation of Lubihsky, Ellis, and Painter (1975), the empiri
cal pseudopotential calculation of Hemstreet and Fong (1973) 
and the OPW calculation of Herman, Van Dyke, and Kortum 
(19 68) we do find some agreement. All three calculations 
show 2 main peaks in the fundamental absorption band, one 
between 7 and 8 eV and the other between 9 and 10 eV. In 
all three cases the peak at higher energy is assigned to the

Lgc transition. The lower peak is attributed by Lubinsky 
and by Herman to the transition while Hemstreet
attributes it to the l2v"*^lc transition. In addition, all 
three band structures show a direct energy gap of close to 
6 eV. However, the difficulty of theoretically determining 
the optical properties of even crystalline semiconductors 
is demonstrated in Fig. 4.5 by the calculated reflectivity 
of Lubinsky for 3C-SiC. Even taking into account the fact
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that the theoretical curve ignore indirect transitions, the 
agreement between theory and experiment is not very good.

Also shown in Fig. 4.5 is the reflectivity of xenon 
radiation damaged cubic silicon carbide. This curve is vir
tually identical to those of 4H, 6H and ISR-SiC indicating 
that the final radiation damaged state is independent of 
original polytype. Figures 4.6 and 4.7 show the reflectivity 
of crystalline and krypton radiation damaged 15R and 6H-SiC. 
To the limited extent tested here, the final radiation dam
aged state would also appear to be independent of implanted 
ion. The overall conclusion is that in terms of its optical 
properties, we are justified in considering the radiation 
damaged state to be amorphous.

As mentioned earlier, if data are available or a rea
sonable extrapolation is possible in extending the reflec
tivity to infinite energy, the Kramer-Kronig relations may 
be used to determine e2 from reflectance measurements (see 
Wooten, 1972). Obviously, it is possible for many different 
e2 curves to be consistent with the same reflectance measure
ments. Thus, additional criteria are usually applied to 
determine the validity of any particular £ 2  curve. In this 
study experimental e 2 curves were required to yield reason
able agreement for the expected band gap and to keep e2 posi
tive throughout the entire energy range.
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In Fig. 4.8 we have applied these techniques in 

determining £2 from the reflectivity data given in Fig. 4.2. 
The 6H-SiG crystalline reflectivity was extended to higher 
energy using the data of Rehn (1976). The amorphous SiC 
curve was extended to higher energy by continuing the slope 
found in the 11-12 eV region. In both cases an exponential 
fit was used to infinite energy. The results for the funda
mental absorption band of crystalline 6H-SiC show a main peak 
near 7.5 eV and a secondary peak near 9.5 eV. In comparison 
the amorphous SiC absorption band has only one broad peak 
located at 6.8 eV. This result is consistent with that of 
Donovan and Spicer (1968) for amorphous Ge shown in Fig. 2.3. ■

Also plotted in Fig. 4.8 are the theoretical funda
mental absorption bands for amorphous silicon carbide cal
culated using the constant matrix model of Eg. (16) in Chap
ter 2. The higher curve was calculated using the theoreti
cal density of valence states shown in Fig. 2.10. It shows 
a maximum near 6.7 eV, in good agreement with experiment.
The lower curve was calculated using the experimentally 
determined density of valence states of Tejeda et al. (1974). 
This curve has a broad maximum near 9 eV and so in comparison 
with experiment is shifted in the wrong direction in energy. 
This can also be seen if we graph the theoretical reflectivi
ties corresponding to these theoretical absorption bands. 
Figure 4.9 shows clearly that the upper theoretical curve,
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while not correct in all details, accurately reproduces the 
main features of the actual experimental reflectivity.

In Fig. 4.10 we see plotted the experimental reflec
tivity of crystalline silicon. The data obtained here was 
in good agreement with values previously published (Philipp 
and Ehrenreich, 196.3, and Philipp, 1972) . Also shown are 
the effects of irradiation with 2 MeV Xe ions on single crys
tals of silicon. Structure found in crystalline silicon is 
gradually reduced until a dose of 5xl016/cm2 is reached. At 
this point no traces of crystalline structure remain. Al
though Xe implants greater than 5xl0:L6/cm2 were not done, it 
is reasonable in light of the silicon carbide results to 
consider this dose as sufficient to produce amorphousness.

The 5x1016/cm2 implanted sample was annealed for 10 
minutes at 800oC in air. The reflectivity measured after 
polishing (Fig. 4.10) shows that some of the structure found 
in crystalline Si is restored, including the lower reflec
tivity found in the visible.

Figure 4.11 shows a comparison of the results ob
tained here to the work of others in determining the reflec
tivity of amorphous silicon. McGill, Kurtin, and Shifrin
(1970) implanted up to 2xl015/cm2 40 KeV Sb ions into sili- ■ 
con in order to produce their spectra. Although slightly 
lower in overall reflectance, their results agree well with 
the present work. Phillip (1971) measured the reflectance 
of evaporated silicon films and found a small peak near



.8 

.7 

.6 

>-
~ 

~ 
~ 
0.5 
w 
..J 
LL. 
w 
0:: 

.4 

.3 

2 3 

SILICON 

4 5 6 7 8 9 10 II 

ENERGY (ev) 

Fig. 4.10. Experimental Reflectivity of Silicon. 

12 

0') 

0 



u- .3 -  UJo: x '

AMORPHOUS
SILICON

.1 -  REFLECTIVITY

1 1____ I____ I____ I____ I____ I____ I____ I___
3 4 5 6 7 8 9  10 II

ENERGY (eV)

Fig. 4.11. Experimental Reflectivity of Amorphous Silicon.

The results of the present work (solid line), the results of 
Pierce and Spicer (dotted line). The results of McGill 
(broken dashed line) are displaced 0.2 in reflectivity.



82
4.2 eV. Pierce and Spicer (1972) made measurements on a 
600A° amorphous Si film which was electron-gun evaporated 
directly within the reflectometer chamber. Their curve 
shows a maximum near 5.4 eV, as compared to about 6.0 eV in 
this work. This 0.6 eV difference in the location of the 
reflectance peaks is also, found in a comparison of the e 2 
peaks.

Figure 4.12 shows e2 of crystalline silicon, as 
determined by Philipp and Ehrenreich (1963) and of amorphous 
silicon as obtained from a Kramers-Kronig analysis of the 
reflectance data of this study. The peak of the latter curve 
is located at 3.9 eV, showing excellent agreement with the 
first principles theoretical e 2 calculation of Ching and Lin 
(1978). Also shown is the Kramers-Kronig analysis done by 
Pierce and Spicer (1972) of their reflectance data. Their 
e2 curve is somewhat lower, and centered at 3.3 eV.

While there is some uncertainty produced by the 
extrapolations used at high energy, it would appear that dif
ferences in the e 2 spectra of radiation damaged and evaporated 
films of silicon may be fundamental in origin. Indeed, as 
noted in Chapter 2 for silicon carbide, there is no reason 
to assume that both crystal structures would be identical.
The most reliable test would be a comparison of the density 
of valence states as determined in both cases by photoemission



83

AMORPHOUS
SILICON

40

35
C R Y S T A L L I N E

30

25

20

2 4 6 8 10 12
ENERGY (eV)

Fig. 4.12. Fundamental Absorption Band of Silicon.
The experimental crystalline result of 
Philipp and Ehrenreich (dotted line), 
the experimental amorphous result ob
tained here (dashed line), and by Pierce 
and Spicer (broken dotted line), the 
theoretical amorphous results obtained 
here (solid line) and by Ching and Lin 
(broken dashed line).



84
experiments. However, as of yet such experiments have not 
been done on radiation damaged crystals.

Also shown in Fig. 4.12 is eg of amorphous silicon 
calculated using the constant matrix model with the silicon 
Bethe-lattice density of valence states (Fig. 2.11). It can 
be seen that this curve, while peaked at a reasonable value 
of 3.2 eV, has a maximum value which is far too small com
pared to the experimental curves. The obvious explanation 
of this theoretical failure is that the constant matrix model 
is incorrect for amorphous silicon and that the matrix ele
ments for higher energy transitions must be smaller. This 
would have the effect of lowering the curve at higher energies 
and thus raising the peak in order to satisfy the sum rule.

Bauer (1974) achieves good agreement in calculating 
£2 for amorphous germanium by considering transitions from 
the upper p-states independently of excitations from the 
deeper s-p states. He suggests such a scheme would also 
produce satisfactory results for silicon. Since the theore
tical constant matrix model e2 curve for amorphous SiC is 
also somewhat too low in comparison to experiment (Fig. 4.8), 
it might well be appropriate to apply his model to it as 
well.

In concluding this work it would be appropriate to 
summarize its major findings: First, the self-consistent-
cluster-Bethe-lattice method is an effective technique for
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calculating the electronic density of states for a periodic 
crystal. .

Second, the cluster-Bethe-lattice method can be used 
to calculate the main features of the valence densities of 
states of amorphous and crystalline Group IV semiconductors.

Third, the crystalline reflectivity of the 4H, 6H, 
and 15R silicon carbide polytypes has been experimentally 
found to be identical. The reflectivity of 3C-SiC has also 
been measured.

Fourth, the reflectivity of radiation damaged silicon 
carbide and silicon has been measured and found to be signif
icantly different from the reflectivity of SiC and Si amor
phous films.

And fifth, the constant matrix model works well in 
calculating the optical properties of amorphous SiC, but 
should be modified in its application to Si.



APPENDIX A

PROPERTIES OF SILICON CARBIDE

This table of data on silicon carbide is a summary 
of the information appearing in Appendix II of the Proceed
ings of Third International Conference of Silicon Carbide 
(Marshall et al. , 197 3).

Physical Property Type Value Temp(°C)
Formula SiC
Molecular weight 40.1
Density 6H. 3.211 g/cm3 20

3C 3.210 20
Melting Point (35 ATM) 3C 2830±40°C ■ -

(decomposes)
Lattice Parameter (a ) 3C 4.3596A° -
Lattice Parameter (c ) 4H 10.046A° -o 6H 15.11738A° —

15R 37.30A° —
Hardness 3C 9.2-9.3 Mohs 20
Compressibility - 0.21xl0-6kg/cm2

(to 500 ATM)
Thermal expansion Hex 5.12xlO-6cm/°C 25-1000

3C 3.8x10-6 200
5.8x10-6 1000

Specific heat 3C 0.17 cal/gm°C 20
0.28 1000

Hex 0.165 27
0.27 700 .

Thermal conductivity Hex 0.410 w/cm°C 20
0.213 1000

j (Ml) 3C 0.255 200
0.155 1000

11(111) .■SC- 0.226 200
0.155 1000 :

Shear modulus Hex 27,27.85x10 6psi 20
Bulk modulus Hex 14.01xl0.6psi 20
Young1s modulus Hex 65 , 69x10 6psi 20

86
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Electronic Property
Energy gap

Energy gap shift 
with temperature

Exciton energy gap 
(Energy gap - binding 
energy of exciton)

Work function 
Effective, mass

Dielectric constant e-
£si 
£s I I
s

Debye temperature 

Magnetic susceptibility 

Electrical resistivity

Type Value Temp (°C)
6H 2.86eV 300
3C 2.2,2.6eV 300
3C -5.8±.3xlO-4eV/°K 295-7006H -3.3xlO-4eV/°K 300-700
3C 2.390eV 4.2°K -

4H 3.265eV -
6H 2.023eV -

15R 2.986 -
Hex 4. 6eV 300
3C 0.41±0.4m0 300
6H 0.25±.02mQ 300
15R '0.28±.02mQ 300
3C 9.72 300
6H 9.66 300
6H 10.0 3 300
3C 6.52 300
6H 6.52 300
6H 6.70 300

3C 1430°K
Hex 1200 °K 300
6H -10.6xl0-6 

(g-mole)-1
30,0

6Hn 0.9 Ocm 25 °C
8.2 Ocm 600 °C

6Hp 5.2 Ocm 25 °C



APPENDIX B

CLUSTER-BETHE-LATTICE METHOD

We reproduce the results of Joannopoulos and 
Yndurain (1974) in applying the cluster-Bethe-lattice (CBL) 
method to a one-orbital tetrahedrally coordinated Hamilton
ian with only nearest neighbor interactions. We attach a 
Bethe lattice to the dangling bonds of a cluster which in
cludes all atoms labeled 0,1,2 and 3' in Fig. 2.5. (Atoms 
labeled 3 are replaced by a Bethe lattice). Applying Eq.
(34) of Chapter 2 yields the infinite set of equations

E<0|G|0>. = 1 + 4V<1|G|0>
E <1 j G | 0> = V<0|G|0> + 3V<2|G|0>
E<2|G|0> = V<(l|G|0> + 2V<3' |G|0> + V<4|G|0>
E<[3'|G|C%> = 2V<2|G|0)> + 2V<5|G|0)>
E<4|G|0> = V<2|G|0)> + 3V<6|G|0>
E<5|G|0> = V<3,|G|0> + 3V<7|G|0> (B.l)

6 e

o o / "

E <2N | G ! 0> = V<2N-2 | G| 0)> + 3V<(2N+2 | G | 0>
E<2N+11 Gj d> = V<(2N-1|G|0> + 3V<(2N+3 | G | 0)>
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The transfer matrix technique can be used to solve Eqs.
(B.l); we define

(B. 2)

Equations (B.l) can now be reduced to

. E<0|G|0)> = 1 + 4V<1|G|0>
E<1|G|0> = V <0 | G | 0> + 3V<2|G|0>
E<2 | G | 0)> = V<11 G | 0> + 2V<3 1 | G | 0> + VT<(2 | G | 0>
E<3,|G|0> = 2V<(2]G|0> + 2VT<3'|G|d> .

T is found by substituting (B.2) into (B.l) yielding

E <2N+11 G | 0> = ^ <(2N+11 G | 0> + 3VT <2N+11 G | 0)
and then

The local density of states in the cluster can now be 
found as

(B. 4) 

(B. 5)

(B. 6)

- - IM - 1
77 4V2E -

E 3V2

E _ VT - 4V2
E - 2VT

(B. 7)
This is the CBL curve plotted in Fig. 2.7.
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The use of Eq. (B. 2) to solve Eqs - (B.l) is only-

possible due to the lack of ring structure in the Bethe 
lattice. In the self-consistent-cluster-Bethe-lattice 
(SCCBL) method T is again defined by Eq. (B.2) but is deter
mined by a self-consistency requirement.. Thus in the SCCBL 
method Eq. (B.5), which can be used to determine the density 
of states in an infinite Bethe lattice, is irrelevant.



APPENDIX C

CALCULATION OF TIGHT-BINDING PARAMETERS

We have used the tight-binding parameterization 
scheme of Chadi and Cohen (1975) for zincblende crystals. 
The required matrix elements can be written as follows:

voc = ^  i H 'f’C* = i
4 Êso + 3EP0^

VO A E <3> 5 H <j>5> = 1
4 (ESI + 3epi)

VIC = <3> i H <i>2)> = 1
4 (ES0 - EP0}

VIA E <3> 5 H <J>6> = 1
4 %EST EPI)

V2 = <$> i H <P 5̂> = . 1 
16 (vss-3vxx” 6^xy~3VSOP-3vsIP^

V3C = <$ i H = 1
16 (vss+vxx+2vxy-3vsopw sip)

V3A = <jj>5 H (j)̂> = 1
16 (vss+vxx+2vxy+vsop-3vsip^.

V4

V5 : <%2

<<(>2

H

H * ?y

1
16
1
16

(vss

v̂ss

-vxx-2vxy+vsop+vsip)

“3VXX+2VXY+VsOP+VsIP^
(C.l)

The refer to the orbitals of Fig. 2.9. The parameters
on the right-hand side of Eqs. (C.l) are defined by Chadi
and Cohen in reference to those of Slater and Roster (1954), 
and are related to the band structure symmetry points by the 
relations
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E(ri) . ± y  ( f s o j J s i V  + v 2g ,

E(r15) = ± v ( Ep° 2- E'PI-) + VXX '

E<xl> - 0 "  ± V t E-S0-2~-P-r) + VSOP '

and

Eso + ESI
2

EPO + EPI
2

Eso + EPI
2

ESI + EPO
2

EPO + EPI
2

EPO + EPI

2

.̂ ESI ”  EPoX „ 2
E (xs) i * W 2 J VSIP '

E P 0  +  E p i \ 2 ’ 2
E (L 3) =  2  ±\l {  -2— J + (VXX + VXY) '

e (x5, . — ^  ± + V^y (c_2)

where the + and - refer to the conduction and valence 
band energies respectively. The first five equations of 
(C.2) can be used along with the results of band structure 
calculations to determine the matrix elements in Eq. (C.l).
In this case we have used the following energy gap values 
(in eV) of Hemstreet and Fong (1973):

AE(r!) = 25.0
AE(F15) = 6.5
AE(X x) = 16.0
AE(X3) . = 16.8
E(L3) = 20.0 (C. 3)
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Solving we find

voc + .22
VO A = +1.50
VIC = -1.48
VIA " = -1.50
V2 = -6.79
V3C ' = -.71
V3A ' = -.77
V4 = — .63
V5 = + .69

In the case of silicon we use the matrix elements of 
Chadi (1977)

VQC = VOA = +.23
VIC = VIA = -1.48

V2 = 5.24
V3C = V3A = -0.53

V4 = -0.29 
V5 = +.63 .

(C. 4) 
.41)

(C.5)



APPENDIX D

DEFINITION OF.MATRICES

We first must relate the tight-binding Hamiltonian 
matrix elements calculated in Appendix C to the Hamiltonian 
matrices used in Eg. (34) and Eg. (43) in Chapter 2. Using 
as a basic unit the 8 states of one silicon-carbon molecule, 
the self-energy part of the Hamiltonian becomes

v o c VIC VIC VIC V2 V3C V3C V3C
VIC VOC VIC VIC V3A V5 V4 V4
VIC VIC VOC VIC V3A V4 V4 V5
VIC VIC VIC VOC V3A V4 V5 V4
V2 V3A V3A V3A VOA . VIA VIA VIA
V3C V5 V4 V4 VIA VOA VIA VIA
V3C V4 V4 V5 VIA . VIA VOA VIA
V3C V4 V5 V4 VIA VIA VIA VOA

(D.l)

The interaction Hamiltonian between one Si-C molecule and 
another lying in the B direction (as shown in Fig. 2.9) is 
given by
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V3C V3C V3C V2

(D.2)

Similarly the interaction Hamiltonian in the B direction is 
given by

V3A V3A V2

(D.3)
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A rotation of 2tt/3 about the 1-5 orbitals axis is given by 
the matrix R defined by the relation

?1 RY

Explicitly we have

(D.4)

1 $ ]>■

1

I

1 3> —

U s >

1 7 >

U e > .

1 $£>
i—1 0 0 0

0 0 0 1
0 1 ■ 0 0
0 0 1 0

1 0 0 0
0 0 1 0
0 0 0 1
0 1 0 0

1 4»2)»

1 (i, 3 >

1

l + 5 >

I <t>6

(D.5)

It is now possible to relate those matrices associ
ated with one direction in space to those of another direc
tion. For instance, the interaction Hamiltonians in 
directions A, C, A, C are given by

VA = R VB R_1
vc = R vA R-i

VA = R VB R'1
v c = R V A R_1 - (D.6)

Similar relations hold for the transfer matrices Tt as given 
by Eqs. (49) in Chapter 2.



APPENDIX E

CLUSTER-BETHE-LATTICE METHOD WITH 
A REALISTIC HAMILTONIAN

We attach a 38-atom (19 SiC molecules) cluster to 
an infinite Bethe-lattice represented by the now known trans
fer matrices T^ of Eq. (44) in Chapter 2.■ We must solve the
following 19 coupled equations for Gg q
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(e-h o ,o,gM VA =0,0 + VB G2b 1o + VC GC2!o

VA TA Ga ,0 + VB GAB3,0 + VC GAC3,0

(E-Ho,o)^0 VB G 0, 0 + VA GA21 0 + VC G2C>, 0

+ VA GAB3,0 + vc GBC3,o + % %  g £ o

<E-Ho,o)G^ o VC G 0,0 + VA G2A„0 + VB 4V,0

+ VA GAC3 + V B G ic3 + VCTC G£ o

[VATA + VCTC + VATA + VBTB ] GB 2 %

+ %  .4*0 + vc g b * o

(E'H 0,0)G2B),0 ■ [v a t a  + W  + v b t b + vcTcl- 41! 0

- vb 44+ va 44
ie-h q .o15!!! ■

(2)
!v a t a  + v b t b + v b t b + VCTC 1GC2,0

+ vc 44+ va 44
<e-h o ,o) 4 4 o = tvATS  + v b t b + v a t a  + vcTcI G2c!0

+ vc 44+ vb4!,o
<e-h o,o> 4 2 4 = tVBTB + VCTff + VATA + VCTC! 41’ 0

+ va 44+ vb 44



In this notation g }.  ̂is the matrix element of the Green'sM, o
Function between the eight SP^ orbitals of molecule 0 and the

theight SP^ orbitals molecule M, one of its i nearest neigh
bors .
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The matrix Gg g can be found numerically by the use 

of matrix inversion subroutine. The valence density of 
states can then be found by using.the relation

Pg g(E) = 7 IM |tRACE Gg^g(E)| (E.2)
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