THE EPITAXTAL DHPOSITTION OF STILICON

Thesis submitted for the degree of
Doctor of Philosophy
by

Michael Censlive

February, 1972. Department of Metallurgy,
Imperial College of Science
and Technology,
University of Londcn,



Abstract

This work describes studies of the structure and electrical
properties of epitaxial layers of silicon deposited onto (111) oriented

silicon single crystal substrates by evaporation in ultra high vacuum,

The structure of the layers has been investigated by electron
diffraction and transmission electron microscopy., The variation of
the minimum epitaxial growth temperature, with growth rate has been
investigated and the results compared to those reported in the literature
for epitaxial growth of silicon under similar conditions, The results
are discussed with reference to a model based on the effects of ion
bombardment, From the analysis, the activation energy for anneal
of radiation damage in silicon is calculated and found to be in accord
with published values, The electrical properties of the layers have
been investigated and correlation found between the structure as
determined by electron microscopy and resistivity profiles, The
resistivity profiles have been found to be consistent with an iso-
thermal damage anneal model which yields activation energies of the

process in agreement with published data.
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Introduction.

The word epitaxy was first used by Royer (1932) to describe the
growth of one crystalline material upon the surface of another, so

that there was a unique relationship between their crystal axes.

The earliest studies in this field were limited to the study
of orientation relationships between various combinations of materials
whose crystallography could be found by visual inspection, This early
work gave way to more detailed studies using electron diffraction
techniques and transmission electron nicroscopy to examine the structures
of thin films produced by vacuum evaporation onto crystalline substrates
such as rock salt and mica, The basic techniques, and the results
of the early studies on orientation, micleation and growth and the

defects observed, have been reviewed by Pashley (1956: 1965).

The fundamental points of interest may be briefly summarised,
vizi-
(1) The effects of the different substrate crystal structures on the
orientation and growth of the layers,
(ii) The mechanisms of nucleation and growth and their effe cts on

the orientation and crystalline perfection of the deposit,

In cases where the deposit and the substrate are the same material,
the process may be called auto-epitaxy. In this case there is no
initial lattice mismatch, and the process may be considered as

ditect crystal growth from the vapour phase,

The intensive application of epitaxial growth techniques to
semiconductor device mamufacture, began in 1961, when it was shown
that the epitaxial growth of silicon on a silicon substrate could
produce new device geometries, and improve the characteristics of

devices produced by standard diffusion techniques,

The basic advantage of epitaxial growth techniques over diffusion
is the ability to grow a layer of high resistivity material upon a
substrate of lower resistivity, or different doping type. This
structure can then be used to produce devices by standard diffusion

techniques,
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Whilst it is in principle possible to produce a high resistivity
layer, by diffusing in a dopant of the opposite type to that already
present, the successive diffusions required to produce the active
junction regions would then cxceed the solid solubility limits, A
detailed account of the techniques used in device manufacture is given

in Runyan (1969).

The initial studies of the epitaxial growth of silicon were carried
out using chemical vapour transport methods, These were developed
from well~established processes used for the production and purification

of silicon for the semiconductor device industry,

The majority of reported studies of the growth, defects and
properties of epitaxial silicon layers have been carried out on layers
deposited by chemical transport methods, Because of their wide-scale
use in the present-day semiconductor industry, the chemical transport
growth methods and results will be briefly reviewed. Before discussing
the results obtained in the various studies of epitaxial silicon growth
the crystallography of silicon and the diffraction techniques used in
the study of the structure of epitaxial layers, will be briefly

reviewed,
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Chapter 1, Crystal Structure and Electron Diffraction,

1,1, The Crystal Structure of Silicon

The silicon interatomic bonds are covalent, and the crystal
structure is diamond cubic, Fach atom A, is surrounded by the four
nearest atoms B, arranged at the vertices of a tetrahedron, This
arrangement is shown in Fig. (1.la), and the position of such a
tetrahedron in a face centered cubic (F.C,C,) space lattice of the
diamond structure is shown in Fig. (1.1b), The diamond structure
atom sites which lie on two F.C.C, sublattices, which are displaced
so that the atom sites of one sublattice lie in the tetrahcdral

interstices of the other sublattice.

The diamond structure can then be described as an FiC.C, lattice,
with a basis of 2 atoms per lattice site, “~The basis is oriented
along the [111] direction and separated by %-the length of the unit
cell diagonal, Because of the existence of the two sublattices;
the (111) planes consist of pairs of planes, as shown in fig. (1.1c),
the atoms of one plane of a pair belong to 1 sublattice and the
others to the other sublattice, The lattice parameter of silicon

is 5.4291%,

1.2, Stacking in Face Centred Cubic and Diamond Lattices.

1.2.(1) Stacking Fault Defects,

The F.C.C. unit cell has an atom at each corner and an atom at
the centre of each face, This structure is close packed, If the
atoms are regarded as hard sphercs of equal diameters, arranged to
give the cell structure, as shown in Fig. (1,22), then it can be seen
that the (111) planes consist of spheres in closé packed arrangement,
ie, each touches its six neighbours in the plane, Thus the atoms
of the next (111) layer must lie in the 'hollows' formed by the sphores
of the initial layer, if the close packed structure is to be maintained:
see Fig. (1.2b). There are two scts of 'hollows' which can be occupied:
these may be designated B sites and C sites, the initial layer being
designated A sites, By adding successive (111) planes in the site
sequence ABC, ABC, ABC ... , the F.C,C, structure is obtained,
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If in a region of the crystal, the site stacking sequence is ABC, ABC,
BCA, BC, then the region is said to contain a stacking fault, Stacking
faults may be produced in a number of ways: c¢g. a shear parallel to

the fault plane, or by localised expansion or collapse of the lattice

in a direction normal to the fault plane, For these various methods

of fault formation, the partial dislocations which bound the faults will
be different: Although the fault vector will be the same in each case,
Frank (1953), has used a displacement vector Qj normal to the fault
plane; to describe the fault,

The crystal is considered to be divided into two sections, as
shown in Fig, (1.2c). The displacement of section 2 relative to
section 1 is the displacement vector of the fault, Thus for an
extrinsic fault, the sections must be separated to accommodate the
extra plane of atoms, and for an intrinsic fault, section 2 must be
moved towards section 1, to close the gap caused by the removal of a
plane of atoms., TFrom this it is seen that the displacement vectors

are of the form % .i, [111].

Faults which arise from a shear mechanism in the fault plane
will have fault vectors of the form 3[112] These vectors differ
from 3 [111] by a lattice translation vectorj since B [112] + 2 (1107 =
3 [111] and.2 [110] is a lattice translation vector. Thus 3 [111]

is an equivalent representation of the fault vector E [112]

In the diamond structure it has been shown that the (111) planes
consist of pajirs of planes as shown in fig, (1.1c). The stacking
sequence for these double planes is of the form Aa, BB, cY, Acx, Bp,
Cy, etc, VWhere the planes are as denoted in Fig. (1l.1c). Aa, BB
are the widely spaced planes, and Y, Aj o B, B C, are the closely
spaced planes whosc spacing is % that of the widely spaced planes,

In the diamond structure, stacking faults can be produced in
similar ways as described above for the F,C,C, structure, An
intrinsic fault is of the form Aa, BB, Aa, BBy CVy ...., the pair
of planes Cy, having been omitted, The dislocations and faults in

the diamond structure have been reviewed by Hornstra (1958).
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He has shown that the stacking faults in the diamond structure are
analogous to those in the F:€,C, structure and so may be described

by displacement vectors E’Uf the form £ < 111 >,

1.2.(2) Stacking Sequence of Twins,

A defect commonly found in epitaxial films, is the twin, A
twinned region is formed, when a portion of the lattice takes up a
certain orientation relative to the r:st of the lattice, the two

portions of the lattice remaining in contact,

The twin may be regarded as formed by either a rotation of a
portion of the structure relative to the rest, - the axis of rotation is
then called the twin axis - or by the reflection of the lattice in
a plane called the twin plane, Fig., (1.2d) shows the orientation
relationship between a twin region and the parent lattice, the
matrix. The stacking sequence across the twin boundary on a (111)
plane ks then A,B,C, A,B,C, B,A,C, B,A, The C sites indicated form
the twin plane, This form of twin boundary in which there is one
to one lattice site correspondance across the boundary is called
a coherent twin boundary. Twinning on planes where there is no one
to one iattice site correspondance ocross the boundary is called

incoherent twinning.,

An interesting form of twinning is often obzerved in epitaxial
films of F.C.C. materials deposited onto F.C.C, substrates, If the
substrate surface is considered as a set of A stacking sites, then the
first layer of the deposit can occupy either 'B' stacking sites or
'C' stacking sites, since both sites have equal probabilities of
occupancy. If in a region of the film, the stacking sequence ABC
ACBACB...... is followed where the 'A' sites indicated are the substrate
surface, then it is seen that the deposit is in F.C,C, stacking
sequence, but is in twin orientation with respect to the substrate,
This form of twinning is called double positioning, and has been
investigated by Pashley and Stowell (1963) for epitaxial films of

gold grown on (111) oriented rock-salt substrates,
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1.3. Eilectron Diffraction and Transmission Microscopy.

The methods of structural investigntion used in this work were
electron diffraction and transmission microscopy. These subjects
will be briefly reviewed to provide a background of terminology and

techniques.,

1.3,(1) Electron Diffraction

The analysis of the diffraction of electrons by a crystal lattice
is most easily carried out using the concepts of the Ewald sphere,
and reciprocal lattice, Rymer (1969); has shown that the diffraction
pattern is those points in the reciprocal lattice which touch the

Ewald sphere, and are allowed by the structure factor.

The crystal lattice determines the reciprocal lattice by the

following relationship:

If ay aj a, are the crystal lattice basis vectors, then the
reciprocal lattice vectors, b, b, b, are such that a, b, = g, ..
i 31 k 173 ij
!
|

From this it is seen that [bj =& If the crystal lattice basis
3

is orthogonal, then bi is parallel to ai; bj to aj, and bk to A .
Also the reciprocal lattice vector v = hbi + kbj + 1bk’ is p rpendicular
to the (hkl) planes of the crystal lattice,

Bach point in the reciprocal lattice represents a plane in the
real lattice, For each point in the reciprocal which lies on the
Ewald sphere, a diffracted beam will be produced by the planes in the
real lattice, if the indices of the plane (which are also those of
the reciprocal lattice point) satisfy the structure factor rules,

For the diamond structure, the selection rules as given by Cullity
(1953) are, as follows:- for allowed reflections the indices h,k,1
are all even or all odd; and valucs of (h + k + 1) which are equal

to 2(2n + 1) where n is an integer, do not give rise to allowed
reflections, TFig. (1.3a) shows the diffraction pattern for a silicon
crystal oriented so that the incident electron beam is along the

[111] direction,

The indices of the diffraction spots are assigned as follows,
If (UVW)* is a lattice point in the reciprocal lattice Lx, then the

=
condition for this point to lie in the reciprocal lattice plane (HKL)
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through the origin is [h'k'1']%. (UW)® =0, [(n'k'1")¥ is the
vector normal to the reciprocal lattice plane (HKL)E and (UVW)K is
a vector defincd by the origin and the coordinate points U, V, W,

of the reciprocal lattice point,]

From the geometrical relationship between the reciprocal lattice

L” and the real lattice L, when both are cubic,
[h'k'1'7 = [nka].

Thus for the beam incident along the [111] direction the
reciprocal lattice points which lie in the (111) reciprocal lattice
plane are given by (UVW)E. [111] = O, ie, all points of the form
U+ V+ W =0 and which are allowed by the structure factor, will be
produced in the diffraction pattern. Fig, (1,.3b) shows the orientation
of the (111) diffraction pattern relative to the incident electron
beam, If the direction of the electbon beam is parallel to that of
the positive [111] direction, andthe diffraction vectors are as
indicated, then the positive [111] dircction is parallel to the vector

product g A B2.

1.3.(2) Geometry of the Diffraction Pattern

Fig., (1.4) shows the formation of a diffracted beam D from a
crystal with the (hkl) planes inclined at the Bragg angle to the
incident electron beam I, If the specimen to screen distance is L
and R is the radial distance of the diffrocted beam, then from
Fig. (1.4) 20 2’% radiens, From Bragg's Law, 2dhk1 Sin® %' ) where
dyyq is the interplanar spacing of the (hkl) planes. For small angles
2 sin ®© ¥ 28, Then thl dhkl = AL. The quantity AL is called the
camera constant, and is constant for a given geometry and electron

lense currents, Thus from knowledge of AL, and thl’dhkl gan be found,

1.3.(3) Geometry of Kikuchi Lines.

A prominent feature of the diffraction of electrons by crystalline
material of good quality is the formation of Kikuchi lines:
[Kikuchi (1928)7.
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Fig, (1.B4)
" GEQOMETRY OF THE DIFFRACTED BEAM,
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In the formation of the diffraction pattern, the electrons are
assumed to undergo one coherent scattering process; thus no energy

is lost and Bragg's Law is obeyed,

In the formation of Kikuchi lines, the electrons are assumed to
undergo at least two successive scattering interactions, the first, an
inelastic scattering process which produces a small change in energy
and hence wavelength; the second, a coherent scattering process, which
obeys the Br-gg equation, The distribution of intensity produced by
the incoherent scattering process is favoured in the forwards direction,
If the scattered rays travelling from X meet the crystal planes at
the Bragg angle © as shown in Fig, (1.5a), then the ray XQ is diffracted
in the direction QQ' and the ray XR into the direction RR', Since
the intensity of scattered electrons is grdater along XQ than along
XR, the Bragg reflections cause a net transfer of intensity from
XQ to XR.

The effect of all the reflection directions available from a set
of crystal planes, is to produce two cones of rays of semivertical
angles (90-8). The inter section of these cones with the screen
produce pairs of lines, one of which is brighter than the background
and the other,corresponding to the loss of intensity,is darker than
the background, Fig. (1.5b) shows the geometrical arrangement of
the Kikuchi lines, From this diagram it is seen that ;E = tan QB’
where w is the distance between the Kikuchi lines, From Bragg's

Law 2dhk1 Sin GB = A, thus = AL since for small 6

"k1* Shia

Si o~ aris Lt . . =
in 2 = tan 20, From comparison with the eqn thl dhkl AL

it is seen that thl = W, It is assumed that the small change

hki*®
in wavelength is negligible,
If the spccimen is tilted so that the (hkl) planes are at the’
Bragg angle to the electron beam as shown in Fig. (1.5¢) then from
the geometry, it is seen that one of the Kikuchi lines corresponding
to the (hkl) planes passes through the (hkl) diffraction spot, and the
other line passes through the centre, or 000 spot., TFrom this it is
seen that by means of the Kikuchi lines, the specimen may be tilted
so as to set any of the crystal planes at the exact Bragg angle, to

the electron beam,
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1.3.(4) Effect of Crystal Imperfections on the Diffraction Pattern,

(i) Twins.

A region of twinned material within the crystal will act as a
crystal in a differsnt though characteristic orientation with respect
to the matrix, Thus it will produce a characteristic additional spot
pattern in the diffraction pattern of the matrix, Pashley and Stowell
(1963) have shown that for F.C,C, structure material the twin reciprocal
lattice points lie along < 111 > directions passing through the matrix
spots, Fig. (1.3c) shows the (111) diffraction pattern for silicon
with twinned material present, As well as the twin spots indicated
in the diagram additional spots produced by double diffraction effects
are also shown, Double diffraction occurs when the electron beam
is diffracted successively by crystalline material in different
orientations, The additional spots can be indexed in terms of the
indices of the matrix spots, for example, the spots indicated by X in
Fig. (l.3c) can be seen to lie at radial distoncds of L that of the
matrix spots of the form {ﬁZZj; thus these spots can bé denoted by
; {522 s where n takes valu:s comensurate with increasing radial

distance of the diffraction spot,
(ii) Polycrystaline Material

If the specimen consists of an assembly of small crystallites
randomly oriented then the reciprocal lattice of the assembly consists
of a set of reciprocal lattices, each corresponding to & crystallite,
set at random orientations, This is equivalent to a set of

spherical surfaces each of radius o HEE_ s where dhkl is the inter-
k1
planar spacing of the (hkl) planes in the small crystals. The

diffraction pattern of the polycrystalline array is a set of concentric
circles formed by the intersection of the Ewald sphere, and the set

of concentric spheres forming the reciprocal lattice of the assembly,
The radii thl of these rings are given by the equation

thl'dhkl = AL, where dhkl are the interplanar spacings of the (hkl)
planes in the crystalites, and AL the camera constants, Thus a

diffraction pattern consisting of spots is produced by material which is
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predominantly a single crystal, A polycrystalline specimen will
produce a diffraction pattern consisting of rings of angular radii

characteristic of the material,

If the size of the crystallites is of the same order or larger
than the electron beam diameter (usually of the order 1p) then a
single crystal spot pattern will be produced, but the pattern will
change discontinuously os the specimen is moved through the beam,

thus bringing differently oriented grains into the electron beam,

1.3.(5) Transmission Electron Microscopy: a brief review.

The study of the structure of the silicon layers by transmission
electron microscopy, involves the examination of the variation of
the intensity of the image. This intensity variation is termed
constant, Contrast in transmission microscopy can arise from two
effe cts; absorption contrast and diffraction contrast, For crystalline
materials the latter mechanism is the more important., As the electron
beam passes through a crystalline material, the beam is split into a
direct beam, and beams diffracted from the various crystal planes,
The directions of the diffrncted beams depends on the crystal plane
spacings as discussed above, section (1.3.(2)), If only the direct
beam is used to produce an image by preventing the diffracted beams
passing through the objectife apperture, then the transmitted intensity
depends on the difference between the incident intensity and that
diffracted by the crystal. The intensity of the image then depends
very sensitively on the crystallographic orientation of the foil
with respect to the incident electron beam, Thus any form of
localised lattice distortion or irregularity, gives rise to contrast

variations in the image,

The investigation of the intersity variations have been carried
out by Hirsch et al (1965) who have shown thont if the foil is oriented
with respe & to the electron beam, so that the incident beam is
reflected by only one set of the crystal lattice rlanes; the contrast
effects produced by crystal defects could be calculated, The above
diffracting condition is termed a two-beam diffracting condition, and

occurs when a set of crystal lattice planes is at the exact Bragg angle
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to the incident electron beam, From Fig, (1,5c) it can be seen that
this condition can be established by the use of the Kikuchi lines to
indicate the orientation of the specimen., The image produced by the
use of the direct beam, is called the bright-field image, Imaging

by use of a diffracted beam is calleda dark-field, It has the advantage

of greater image contrast than the B.F, im:ge,

There are two methods of producing dark~field images:
a) the low resolution, dark-field;

b) the high resolution dark-field,

a) Low resolution dark-field

In this method the objeative aperture is simply displaced from
the central directly transmidsted beam position to allow the chosen
diffracted beam to pass through to produce the image. Since the
diffracted beam used is not close to the oxis of the lenses, the large

amount of spherical abberation which occurs limits the resolution,

b) High resolution dark-field

This is obtained by tilting the electron gun mechanically; or
by tilting the beam, electrostatically or elactromagnetically, So
that the chosen diffracted heam passes down the lens axis, this eliminates

spherical abberation effects, Thus, high moagnifications can be used,

If the dark-field image is produced from a diffraction spot which
is not a matrix spot, then the material producing this diffracted beam
will appeur in bright contrast, this is termed domain contrast, If
a double diffraction spot were used; then only those regions whe e the
beam can be successively diffracted by two or more different crystals
will appear bright. These regions are the boundaries between the
regions of different orientation, This gives rise to outline contrast

in the image,

A full descritpion of the various analytical techniques used in

transmission electron microscopy is given in Hirsch et al (1965),
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Chapter 2. Review of Literature

2,1, Chemical Methods used in the Production of Epitaxial Silicon

Layers,

This thesis is concerned with vacuum evaporated epitaxial layers
of silicon; the most widely investigated and the most commercially
important methods for the production of epitaxial silicon layers,
however, are chemical transport techniques, TIor comparisony these

methods will now be briefly reviewed,

The chamical reactions most commonly used are as follows:-
(i) Hydrogen reduction of volatile halides,
(ii) Disproportionation of halides,

(iii) Pyrolysis of hydrides,

The halides most commonly used are silicon tetrachloride or
tetrabromide, These are both volatile liquids at room temperature,
A typical chemical vapour transport system is shown in fig. (2.1).
Purified hydrogen is passed over a temperature-controlled bath of the
halide, The amount of halide picked up is determined by the hydrogen
flow rate and vapour pressure of the halide at the bath temperature,
The mixture of the gases is led over the. substrates which are heated
by radiation from an inductively heated'susceptor. The tilted
substrate support shown in fig., (2.1) ensures that each substrate sees
an undepleted gas stream., All connecting pipes are made of inert
materials to avoid contaminating the layers with reaction products,
The arrangement described above is typical of most systems in use at
the present time, A more detailed description of chemical transport

systems is given by Li (1966).

The reaction which occurs using SiCl, is as follows:
SiCl, + 2H, = Si + 4HC1, This reaction was studied by Sedgwick (1964)
and Lever (1964) who showed that it proceeds in two steps.
1. SiCl, + Hp - SiHC1; + HCL
2, SiHC1l; + H, —» Si + ZHC1,

The deposition rate and layer quality were investigated by several
workers: Theurer (1961), Bylander (1962) and Steinmeyer (1963).
They found the rate and quality were determined by the substrate
temperature, the SiCl,/H, ratio, the flow rates, and the system

geome tries,
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The results of the above workers are summarised in fig. (2.2).
From these results it is seen that to obtain layers of good crystal-
linity, high growth temperatures arc required, At these high growth
temperatures, usually of the order of 1200005 dopant diffusion between
substrate and layer occurs, This effect reduces the sharpness of the
doping profile, The magnitude of this effect is illustrated in
fig. (2.3) which shows the impurity profile of a layer grown at 1275°C
for 20 minutes on a substrate of low resistivity. The profile shows
that the dopant diffusion effect extends over 2p into the layer,

(Data from Grove et al (1966).)

In order to minimise this diffusion effect, reactor operating
conditions of gas flow-rate and reactant vapour concentrations are
chosen to give the highest growth rate giving good quality at the
temperature used, to reduce the time spent at the high growth
temperatures, However, in practice, inter-diffusion effects limit the
sharpness of resistivity profiles, and therefore the minimum usable
thickness of the epitaxial layer. In order to avoid the effects of
the doping gradients at the interface, the epitaxial layers are

usually Z,IOu thick and the device active regions are limited to the

top Spa

In attempts to reduce the growth temperature and hence the
diffusion effect, other reactions and silicon compounds have been
used, Miller and Grieco (1963) used the reduction of S8iBr,, since
the Si - Br bond has an energy of 3 ev, compared with the Si - C1
bond energy of 3.7 ev, They fourd that the hydrogen reduction could
be carried out at temperatures of the order of 1050°C However,
the growth rate obtained at this temperature was of the order of
0,061 per minute, Thus because of the lower growth rates, the
small decrease in growth temperature was not very beneficial because

a longer growth time had to be used,

Trichloro-Silane, SiHCl;, has also been used by various workers,
because of the simpler reaction mechanism suggested by the results
of Sidgwick and Lever on studies of S§iCl, reduction, Glang and
Wajda (1962), and Rundle (1968) found that using SiHCl; the deposition
rates were independent of substrate temperature for certain reactant

flow rates,
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This result was confirmed by Sutton (1469) using very high reactant
flow rates. This effect favours uniformity of growth in the presence
of small temperature fluctuations which are inevitable in a gas

flow system.

However, though the reaction mechanism is simpler, the temperature
and growth rates are of the same order of magnitude as observed for
the reduction of SiCi,, ie, ~ 1200°C and, 0,5 -~ 1p per minute, Joyce
and Charig (1962) report that for substrate temperatures < 1000°C
the growth is polycrystalline,

The disproportionation of silicon iodide had been used by Litton
and Anderson (1954); to produce the high-purity starting material
for device manufacture, This reaction was used by Wajda et al (1960)
and May (1965) to deposit epitaxial layers, The method used was to
insert the source material, substrate and iodine in a secaled quartz
tube under reduced pressure of hydrogen, The tube is placed in a two
zone furnace. For high preésures of iodine; source material temperatures
of ~1100°% and substrate temperatures of §00° - 90000, growth rates

of 5p per hour were achieved,

The growth temperature is cxtremely low, but because a closed
system is used, reaction products cannot easily be removed, These
tend to congregate at the interface and may cause imperfections,
Arizumi et al (1968) observed this behaviour in the growth of epitaxial
germanium, and attributed it to excess Gel,, absorbed on to the substrate

at the beginning of the deposition,

A technique for obtaining high quality layers using SiCl, and a
growth temperature of 90000 was reported by Nakanuma (1966). In
this method, the epitaxial growth is commenced at 120000, and after
sufficient time to grow several monolayers of Si, the substrate
temperature is reduced to 90000 whilst maintaining the initial growth

rate by keeping the reactant flow constant,

Because of its unstable nature, Silane, SiH,, should be decomposable
at low temperatures, However, because of handling difficulties,
1ittle work had been done, until it was found that concentrations of
5% Sill, in an inert gas were relatively safe, Kagdis (1962), using
reduced pressures of the order 2 - 10 torr of Silane, obtained epitaxy

on (111) oriented silicon substrate material at 96000,
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Mayer and Shea (1964) diluted silane with hydrogen and investigated
the growth rates and temperatures as functions of the SiH,/H, ratio.
They found that single crystal layers could be grown in the temperature
range 11'75O - 1210%, However, the layer quality as deduced from
electrical measurements was relatively poor, compared with layers

produced by the standard SiCl, process,

This work was extended by Bhola and Mayer (1963), who also
investigated doping effects using arsine and borane, They found that
for growth temperatures < 1000°C the layers were polycrystalline,

This conflicts with the findings of Kagdis (1962) which were confirmed
by the results of Joyce and Bradley (1963) who obtained epitaxy over
the entire range of tempcratures - 90000 to 1260°C using a silane
molecular beam technique, Joyce and Bradley's analysis of the reaction
kinetics of the silane decomposition reaction -

SiH, = Si 4 2H,
showed that the rapid decrease of growth rate at temperatures less than
1000°C was due to the rate limit of the removal of hydrogen from the
substrate surface, Using this result, Richman and Arlett (1969)
diluted the silane with helium and achicved growth rates of 0.6p
rer minute at temperatures of 9OOOC.

The results of various workers using silane are presented in

fig., (2.4) for convenience in comparisons,

From these results it is secn that epitaxial growth can be
achicved at low temperatures with silane, but with the exception of
the work of Richman and Arlett, the low temperature growth rates
obtained are very low., The use of silane has not cnabled high

quality epitaxial layers to be grown at temperatures less than 1000%¢,

2.1.(1) Bffect of Substrate Orientation on Growth Rates.

Tung (1965) investigated the variation of growth rate with substrate
orientation using the hydrogen reduction of silicon tetrachloride.
His results are shown in fig. (2,5a). These variations are followed
in form by the other chemical reactions though with some differences
in rates, Tung also found that there was a critical rate, above which

large numbers of pyramidal growth defects were observed, This
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critical rate was also found to be dependent on substrate orientation
as shown in fig, (2,5b), These restilts suggest that rate effects

on a given surface can produce regions of different orientation by

the following possible saturation effect, If the rate of supply

of material exceeds the wmaximum growth rate of the surface orientation
at that temperature, then the excess could grow in other orientationsy
The variation of growth rate with misorientation could be explained

as follows: for growth on an exact (11l) surface; the rate would be
controlled by production of steps or growth fronts by condensation;
For misoriented surfaces these active rcgions would already exist,

Thus, higher growth rates are possible on vicinal surfaces,

From fig. (2,5a) it is seen that the (111) orientation has the
lowest epitaxial growth rate, The reason for the predominate use of
(111) oriented material is mainly the ease with which large defccte=
free crystals of this orientation can be grown for substrate production,
Bean and Gleim (1969) have also shown that the (111) oriented material,
chipping during cleaving is much less scverc than for other orientations,
This is believed to be due to differences in the Young's moduli for
the various directionst the < 111 > having the highest modulus,

<100 > 1.3 x 10'2 dynes per sq, cm,

<110 > 1,7 x 10'? dynes per sq, cm,

<111 > 1.9 x 10'? dynes per sq, cm,
From the findings of Tung (1965) the substrates used for epitaxial
growth are misoriented by 1 to 2 degrees, to avoid defects being

produced at high rates of growth,

2,1,(2) Substrate Preparation for Chemical Epitaxial Growth

Substrate wafers are produced by slicing the single crystal rods.
This initial slicing controls the orientation, The wafers are then
lapped to remer the saw damage, with a succession of diminishing
sizes of lapping compound, FEach lapping removes the damage of the
preccding stage, One face of the wafer is then polished to produce
an optically flat surface, The last layer of damage is then removed
by a chemical polishing method which does not affect the surface finish

of the wafer,

The effect of surface imperfection on the growth process is

discussed in the section on defects,
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2,1.(3) Defects in Silicon Epitaxial Layers

Crystal imperfections and defects play an important part in
controlling the electrical propertics of semiconducting materials,
The main result of increasing defect densities in general is a

reduction in the carrier mobility and life-time,

The main defects found in epitaxial silicon layers are stacking
faukts and dislocations, In addition to these faults twinned regions
in the form of tripyramidal. defects or micro twin lamelae are also
found; however, these latter defects arc only found in films grown
in the presence of contamination, espccially hydro-carbon material as
was shown by Miller et al (1963). Lawrence (1965) has shown that
tripyramidal defects can also be produced by the presence on the

substrate surface of small fragments of silicon,

Stacking faults have been investigated in great detail.by etching
techniques, and optical microscopy; Chu and Gaveler (1963); and by

transmission electron microscopy; by Booker (1964).

The stacking sequence for (111) planes in the diamond structure
was shown in scction 1, and the causes of stacking faults, such as a
shear process, or collapse of vacency clusters, were discussed. In
epitaxial growth of silicon, it has been found that stacking faults
may be grown into the crystal during the deposition process. The
fact that the faults grow with the crystal is a conscquence of the
covalent nature of the bond, which gives a low fault energy.
Amelinckx et al (1962) have estimated the fault energy to be of the
order of 50 ergs per cma. The stacking faults lie on (111) planes
and so have characteristic geometrical forms which depend on the
orientation of the (111) planes with respedt to the growth geometry.
For the (111) growth surface, it is seen that the {111} planes form
a tetrahedronj one of whose faces is the growing surface, and the
opposite vertex is at the substrate, Thus if a fault were nucleated
at this vertex, a stacking fault would be propagated along the 3
inclined faces forming the tetrahedron, The mechanism of fault
initiation will be discussed later, Fig, (2,6) shows the geometry
of the fault tetrahedra, produced if faults propagate along all
three {111} planes, It is possible for the faults to be propagated
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along two close parallel (111l) planes. This will give rise to the
geometry of fig. (2,6¢c,d). The fault consisting of a close pair of

line faults,

If only one face of the tetrahedron propagates with growth as a

fault, a single line fault is produced,

Since the faults have the characteristic geometry, it is seen
that the length of the trace of the fault in the growth surface is
related to the depth of the point of origin of the fault by a geometrical
factor.for (111) growth the depth of the origin point = O.81x[fhe length
of the trace in the surface] (Mendelson (1964).

As well as the single geometric forms discussed above, interaction

during the growth of the layer, may produce different geometric forms,

Finch et al (1963), Queisser et al (1962), Mendelson (1964) and
Schwuttke and Sils (1963) investigated the causes of stacking faults
in layers grown by chemical transport methods, They found that
localised surface stresses, mechanical damage and surface oxide patches,

were among the main causes of stacking faults,

Batsford and Thomas (1964) showed that washinpg the substrate in
'tap water' before depositions also caused large numbers of faults in
subsequent growth, This effect was also found by Pomerantz (1967), who
assumed it to be due to the presence of heavy-metal ions. Chu and
Gavaler (1963) used etching techniques and found that the dislocations
at the ends of the two forms of fault whown in fig. (2.6 a,b) and (c,d)
were of two different types., On etching those at the ends of the line
faults produced etch-pits, whilst the same etch did not produce pits

at the vertices of the triangular stacking faults,

This difference was confirmed by the X-ray diffraction work of
Schwuttke (1963), who found that the partial dislocations associated
with the line defects had Burgers vectors of the form % < 112 > vwhereas

triangular faults had dislocations with < 110 > Burgers vectors,

To account for these varied effects many models for fault nucleation
have been proposed. Jaccodine (1963) proposed a process based on
the collapse of vacancy clusters at the growth interface, This

mechanism was used by Silcox and Hirsch (1959) to account for the
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small tetrahedral faults seen in quenched gold., The results of Notis
and Conard (1963) support this mechanism; however, as shown by Mendelson
(1964) this model is incapable of accounting for the geometric forms

of the line faults.

Booker and Stickler (1962) proposed a model for stacking fault
nucleation, based on the local micmatch of the initial growth nuclei.
The geometrical shape being determined by the shape of the initial
mismatch boundary, These studies were continued by Booker and Howie
(1963) and Booker and Stickler (1963). These results confirmed the
model, and Booker and Stickler (1963) showed that the nature of the
initiating mismatch area could be deduced from the nature of the stacking
fault produced in subsequent growth, The relationship between the

various faults is as follows:

If a pair of faults with a common partial dislocation are at an
acute angle to each other, then they are of the same type, ie. both

intrinsic or extrinsic.

If the angle is obtuse then, the faults are of opposite types,
ie, intrinsic, extrinsic or vice versa. The various arrangements are

shown in Fig.(2.6)

The model suggested by Booke et al discussed above, is similar
to that suggested by Mendelson (1964), in which the mismatch takes the

form of a partial dislocation at the layer substrate interface,

Whilst the exact process of defect nucleation is not certain,
methods for the elimination of stacking faults has been evolved by
various workers, Batsford and Thomas (1964) have shown that pre-
annealing the substrate at 120000 for 15 minutes in a current of
purified hydrogen will reduce the fault density in subsequent growth,

by several orders of magnitude,

The effect of the state of the surface was studied by Henderson
and Whitton (1969), who found that removal of the top half micron of
substrate surface by a gas-phase etch reduced the fault density in
subsequent growth from 10° to 10* per sq., cm, The etching technique
used was that devised by Lang and Stavish (1963) using anhydrous HC1
at a substrate temperature of 1200°C,  This gives a featureless

surface, superior to that produced by wet chemical polishing.
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The reaction which occurs is the reverse of the deposition reaction,
ie, Si + 3 HC1 - SiHCl1; + H,, The findings of Henderson and Whitton
are confirmed by the work of Chu and Tallman (1964) using water vapour

as an etchant,

2,1.(%+) The Growth Mechanism in Chemical Epitaxy

The mechanism involved is not yet completely understood. However,
some Simplified models have been produced for various reactions based
on studies of the thermodynamics and reaction kinetics. Theurer (1961),
Charig and Joyce (1962) and Bylander (1962) have studied the reduction of
$iC1, and SiHCl; and have concluded that the silicon is formed on the
substrate by a surface-controlled reaction, Burton and Cabrera (1949),
Franie (1949), Burton et al (1951) and Cabrera and Vermilyea (1958)
have produced general theories of growth from the liquid and vapour

phase based on the existence of steps of ledges in the surface,

The formation of these steps has been discussed in great detail
by Cabrera and Vermilyea (1958) and Frank (1958), and much experimental
evidence exists confirming the effect of steps on surface phenomena,
These theorics suggest that the rate of growth is proportional to the
surface step density. This is confirmed by the work of Tung (loc cit),
Thus the substrates produced commercially for epitaxial growth are
misoriented by up to 2" trom the (111) direction to produce a high
step density on the surface. If the surface steps are active in the
growth then the growth mode should be that of lateral growth by extension

ol these surface steps.

Transmission microscopy studies by Charig and Joyce (1962) using
hydrogen reduction of SiHCl; have shown that the initial growth takes
the form of discrete islands or clusters of atoms, the smallest observed
being of the order 500}% in diameter, Three dimensional growth centres
were also found by Rawlins and Brosselard (1966) in studies of the
initial growth mechanism, using the reduction of $iCl,. Their findings
are similar to those of Charig and Joyce (opus cit) in that the nuclei
were not crystallographically shaped, These results indicate that the

surface steps are not active during the initial growth,
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The growth, after coalescence of the nuclei has occurred probably
proceeds by a step-flow mechanism, This result is sugrested by the
work of Resvez and Evans (196%4) who studied the surface topography of
continuous layers grown by reduction of SiCl,. Using replication
methods they found on (111) surfaces, fine striations along the < 110 >
directions and rows of low ridges normal to < 112 > directions, These

latter features were interpreted as surface growth-fronts,

Summary

From this review of the chemical growth processes, it is seen that
the processes in present use have the disadvantage of high growth
temperatures, These in turn limit the resistivity profile which can

be obtained because of the dopent diffusion effects,

2,2, Vacuum Evaporation,

The investigations of the epitaxial growth of silicon by vacuum
evaporation may be divided into two groups,
I Those experiments carried out in high vacuum conditions,

ie. those of working pressures greater than 10”7 torr,
IT Those studies carried out in ultra high vacuum, in working pressures

in the range 10 8 to 10 '0 torr,

2.2.(1) Results of Growth Studies Carried out at Pressures > 10 7 torr,

Because of the great chemical reactivity of silicon, the use of
crucibles of refractory oxides or metals results in the deposition of
contaminated layers: Hale (1963). Also at the high temperature
required about 150000, the rate of attack of the crucible is rapid,

Thus in order to deposit contaminant-free material, the main
method used was that of electron bombardment, Hale (1963) used a °
piece of silicon, melted on a water-cooled hearth, This method kwd-gb”m
superceded by that of Unvala (1963) who mounted the source into a
recess in the hearth, which improved the cooling and stability, and
allowed the silicon to act as its own crucible, with only the focus

zone being molten,
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Substrate Preparation

The substrates used were mainly of the (111) orientation, and were

produced by the standard methods of sawing and lapping, and chemical
polishing to remove the lapping damage, The exact orientations used
by the various workers are not given, but may be assumed to be 1° - 2°
off the (111) orientation as used in chemical epitaxy processes,
Before use the substrates were polished in standard chemical polishing
solutions, and before deposition they were cleaned by heating., Since
the thermal trecatment is of importance in controlling the state of the
surface, we shall review the effects of thermal treatment on silicon

surfaces in some detail.

2,2,(2) Substrate Surface Cleaning Methods.

The state of the substrate surface has been shown to have a great
influence on the quality of layers grown by chemical transport methods,
Consequently elaborate chemical cleaning procedures have been devised
as discussed in part I of the review, The chemical methods used

cannot be used in vacuum systems because of corrosion effects,
L

Apart from traces of greases caused by exposure to the atmosphere
or handling, the main contaminant on the surface is a thin layer of
silicon dioxide, This oxide layer forms on any clean silicon surface
when exposed to the air, The thickness of the oxide layer has been
estimated by Archer (1957) to be of the order of 203, for oxide films

formed on a freshly etched silicon surface exposed to the air,

Allen et al, (1959) and Hagstrum, (1961) have shown that this thin
oxide ooating can be removed by heating the silicon to temperatnres
of the order 1200O - 130000, for periods of 3 - 5 seconds in vacua of
1079 torr. The oxide is removed by a reaction of the form $i0, + Si -
28i0, The SiO is volatile at high temperatures, Toombs and Welch (1952)
give values for the vapour pressure of SiO, which show that for temper-
atures of the order 1200°C, Pasio ~ 1073 torr and at 30°C, Pasio A 10 M
torr,

Lander and Morrison (1962) examincd the state of heat treated
silicon surfaces using low energy elcctron diffraction techniques

(L.B,E.D.) which are sensitive to the top few atomic layers at a surface,
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They investigated the oxide coverage of silicon surfaces at various
temperatures and pressures of oxygen, Their results show that for a
given pressure of oxygen, there exists a certain temperature, above

which the silicon surfnce will remain oxide-free,

The rate of recontamination of a cleaned surface depcnds on the
pressure and composition of the residual gases, The surface temperature
is also important since the sticking coefficients of the components
of the residual gases will vary with temperature, Also reactions
may occur to produce volatile or non-volatile surface compounds,

The maximum background pressure which can be tolerated depends on the
ratio of the activation time of the process being investinmated to the

time for the absorption of a monolayer of gas on the surface,

Table (I) gives the values of monolayer absorbate formation times
for various values of pressure,

2,2,(3) Substrate Surface Contamination Effects

The effects of the thermal treatments given to the substrates by
various workers showed significant differences, Unvala (1963), heating
substrates to 1200°C in wvacua of the order 10™° torr, observed no
traces of silicon carbide on the surface, uor in the layer grown
subsequently, Thomas (1966), although working at pressures of 10 7
torr, observed large quantities of silicon carbide after heating the
substrate to 1200°C, In some cases, the silicon carbide was found to

be epitaxially oriented with respect to the substrate,

Both Unvala and Thomas reported the presence of large numbers of
etch pits in the surfacc after heating, For pressures :510_6 torr,
the pits were observed to be well-formed triangles, with edges in
< 110 > directions, These pits have been observed in many studies
of annealed silicon surfaces: eg, Batdorf and Smits (1959), Newman and
Wakefield (1959)., The pits are caused by the localised chemical attack
by reactive guases, such as 0, or H,O0, in the ambient vacuum, Reactions
of the form Si + O, - 25i0 occur at localised points and the SiO, as
was noted, is highly volztile at the temperatures used, The removal
of the Si0, exposes a fresh silicon surface, thus producing a pit,
Farnsworth (1959); (1960) showed that both {111} and {311} planes are

exposed by this process which is given the name thermal etching,
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The results of Unvala and Thomas sugrest that the composition of
the residual gases is important, especinlly the relative amounts of
hydrocarbons, water vapour and oxygen. Ixcess of one or other of
these could account for the finding of no silicon carbide by Unvala,
whereas Thomas finds the surface to be covered with a layer, or assembly

of grains of silicon carbide,

From these results we see that under the conditions of vacua of
the order 10 ° torr to 10 7 torr, the anncaled silicon substrate surface
contains large numbers of etch pits, traces of oxide, and possibly
traces, or large amounts of silicon carbide, depending on the hydro-

carbon content of the residual gases,

2,2.(4) Variation of Minimum Epitaxial Temperature with deposition rate

and Pressure.

The minimum epitaxialtemperature is a useful parameter in comparing
the results obtained by the various workers, under differing conditions,
In the work described in group I of the revicw, the depositions were
carried out in a pressure range 10 ° - 10 ? torr, using oil diffusion
pumped vacuum systems, The high working pressures reported are a
direct consequence of the high temperatures required for evaporation
and substrate heating, and the resulting general outgassing effects,
Hale (1963) obtained epitaxy at a substrate temperature of 1200°%C, at
an evaporation pressure of 106 torr, Unvala and Beeker (1963), at
a pressure of 10 ® torr, found a minimum epitaxy temperature of 1100°C.
At 1077 torr, Gasson (1962) found a minimum temperature of 95000;
and Thomas (1966), also working at 1077 torr, obtained epitaxy at 800°¢c,

In the work of Hale, the deposition rate was of the order of
0.5 per minute, whereas Unvala used rates of the order 1p per minute.
In the cases of Thomas and Gasson, at pressures of 10 ? torr the
deposition rates were 0,5y per minute and < O,lp per minute, respectively,
but despite this large difference in rates, the difference in the

epitaxial temperatures found by Thomas and Gasson is only 150°C,

From these results it is seen thnt the epitaxial temperature is
reduced for lower evaporation pressures and for the deposition
pressures used by the above mentioned workers, it is seen that the

epitaxial. temperatures are more sensitive to the deposition pressures
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than to large vrriations of deposition rates, This finding is in
accord with most published results of epitaxial studies of various
materials, The presence or une iawrge amounts of silicon carbid

observed by Thomas did not affect the epitaxial process, This point
will be discussed later, Unvala and Booker (1963} found that increasing
the deposition rate required an increase in substrate temperature to

maintain epitaxial growth, Their results avc shown in fig: (2.7).

The increase in minimum cpitaxial substrate temperature with
deposition rate has been observed in most reported studies of epitaxial

growth: as reviewed by Hasse and Thun (1969).

Sloope and Tiller (1962; 1965) studied the variation of the
epitaxial temperatures with depositioh rate for germanium deposited
on to (111) oriented CaF,, over a wide range of pressures, 107° -
1079 torr, They found that for depositidn pressures less than 1076
torr, their results could be expressed as lincar plots of log (deposition
rate} versus the reciprocal of the minimum epitaxial substrate temperature,
The slopes of these lincs were interpreted as zcpresenting the surface
diffusion activation energy. For deposition pressures < 10 ¢ torr,
the values of these activ~tion energies did not vary with deposition
pressure, For pressures > 1076 toryr, variations from linearity were
found, These were ascribed by Sloope and Tiller to a contamination
effect probably produced by the residual gases, A similar effect

canl be seen in the results of Booker and Unvala shown in fig, (2.7).

2.2,(5) Variation of defect content of Bvaporated ! Silicon Layers,

e —————. ap e - = - —m e em e imem s Tl - ———— i ——

Dcfectu 1n Evaporated Silicon Layers
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The defects found in evaporated silicon films have been investigated
in detail by’HEXQLQIEEE-ESGEg; (1966), and found to be identical to
those observed in layers grown by the chemical vapour transport methods.
The geometry and origins of these faults has been discussed in Section

2.1,(3) of this review,

Hale (1963), using optical microscopy and etching techniques, and
Thomas (1964), using transmission electron microscopy, reported the
presence of large numbers of stacking faults and dislocations in their

layers,
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Thomas (1964) found that the densities of both dislocations and
stacking faults decreased with increasing substrate temperature, but
increased with increasing deposition rate, At a growth temperature of
1200°C and deposition rate of 0.5y per minute the stacking faults could
not be eliminated, Thomas also observed large numbers of tripyramidal
defects in all the layers grown, These were due to silicon carbide

contamination as was shown by Miller (1963).

Unvala and Booker (1964) found that by increasing the deposition
rate above a certain value, they could eliminate the stacking fault
defects completely, for substrate temperatures in the range 1200°C to
1100°C,

This critical rate was found to vary with the pressure at which
the evaporation was performed, being ~ O,%p per minute for pressures
of 10 7 torr increasing to 1y per minute for pressure of 1076 torr.
This effect was interpreted by Unvala as the gettering of residual
traces of oxide on the substrate surface by the impinging silicon vapour,
A confirmation of this effect is Hale's (1963) observation that oxide
mask regions on the substrate could be removed by evaporating silicon
onto the substrate held at temperatures of the order lEOOOC, which
is the value used by Unvala, Unvala further showed that the introduction
of oxygen during evaporation caused the formation of large numbers of
stacking faulis, This result confirms the model of Finch et al (1963)

for the nucleation of faults by oxide particles,

Unvala also demonstrated the efiuct of hydro-carbons in producing
tripyramidial defects by the admission of coal-gas into the vacuum

systen.,

Miller, (1963) points out that the tripyramidal . defect is only
found if both oxygen and hydrocarbon contamination are present
simul taneously. Thus the hydrocarbon content of the residual vacuum
in the case of Thomas must have been quite high, since in all layers

grown he found the tripyramidial defects,

The effect of carbon in producing the ripyramidal defect was
confirmed in the work of Nielson and Rich (1964), They exposed the

0 . . R
substrates at 1200 C to tcluene vapour immediately before deposition,
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Subsequent growth produced large numbers of the tripyramidal defects,
They also found that if after the toluene exposure,.the substrate was
heated to 1200°C for 30 minutes in a good vacuum, QE 10 7 torr) the
number of tripyramidial defects produced in subsequent growth was very
mich smaller, This indicated apparently that the carbide compound
was absorbed by the substrate, the carbon possibly going into solid

. A . . . 0
solution, Silicon carbide dissociates only at temperatures = 1700 C.

Nielson and Rich (1964) also observed the effects of deposition
pressures on the stacking fault densities, They found that for layers
grown at pressures of 5 x 10 8 torr, all the faults were of the same
size and had nucleated at the substrate-layer interface, Layers grown
at the same rate and substrate temperature, but at a pressure of
> 10% torr, had higher fault densities, and faults of different sizes
were observed, This latter observation indicated that some faults
had been initiated during the growth, possibly by the formation of

patches of oxide on the surface or by the absorption of residual gas.

2,2,(6) Nucleation and Growth Processes observed in Layers Depositod

at Pressurcs of 10 ¢ torr.

The formation of the epitaxial layer can be divided into three
stages.
1. The initial nucleation,
2, The growth of the nuclei,

3. The coalescence stage: formation of the continuous layer,

These stages were investigated by Hale (1963) using optical
microscopy, and by Thomas (1966) and Unvala and Booker (1964) using

transmission electron microscopy.

Hale (1963) observed island growth in which the depositing silicon
formed small well-oriented islands of triangular shapes on (111)
oriented substrates, The islands enlarged wund coalesced to form a
continuous layer, Hale (19F3) estimated the coalescence thickness to
be 3. %he coalescence thickness is an indication of the amount of
contaminafion of the surface, Booker and Unvala (1964), and Thomas
(1964) also observed island growth and found that the nuclei formed

only in etch pits_ on either the sides, or in the bottoms,
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Thomas (1966) observed that the growth continues in the etch
pits until they are filled., Further growth then occurred by lateral
extension of the nuclei until coalescence, During this stage no
new nuclei were scen on the surface, All the nuclei that Thomas (1966)
observed were of the same size, This indicnted that they were all
formed at the same time, and grew at the same rate, In contrast
to the observations of Hale the shapes of the nuclei were not

crystallographic.,

A1l the nuclei observed by Thomas (1964) contained large numbers
of defects, However, their growth and coalescence did not increase
the defect density, Thus the defect content of the layer was
controlled by the initial nucleation rather than by the growth process,
In contradiction to this observation, Newman and Wakefield (1964)
observed their initial nuclei to be almost defect-free, The defects
in their films were produced during the conlescence stage, This
result was similar to findings by Matthews (1959), and Jacobs et al
(196/ ) in studies of nucleation and growth process in metal films
grown on rock salt and on molybdenite substrates, In these metal
films the stacking faults were produced as a result of the mismatch
between the deposit and substrate lattices, This was discussed in
detail by Matthews (1959). This explanation cannot be applied to
the case of silicon Adeposited on silicon substrates since there is
then no lattice mismatch, A possible explanation may be that the
stacking faults nucleate at debris swept up by the growth fronts of

the nuclei, and entrained at coalescence,

Unvala]and Booker (1964) observed o strong rate dependence of

the nucleation process, At very high deposition rates, > 1lp per
minute, no nuclei were seen using optical microscopy. (Thus the size
of any nuclei present would have to be <1p diam,), At low
deposition rates <« 0,5 large nuclei of various sizes and non-crystall-
ographic shapes were observed using optical microscopy., (The size

of the nuclei in this case would then be > 2y in diameter,)

As in the work of Thomas (1966) the nuclei were found to contain
large numbers of stacking faults and dislocations, when examined by
transmission microscopy., The layer formation occurred by lateral

growth and eventual coalescence, Unvala also found, as had the
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previously mentioned warkers, that coalescence did not increase the
fault density, The coalescence thickness for low deposition rates
was estimated by Unvala (1964) to be of the order of 2 - 3u. This
value is very close to that of Hale (1963) and is probably due to the
effect of absorbed contamination due to the high working éfessure

of the order 10°° torr, similar to Hale's,

The rate dependence of the nucleation process was interpreted-é% BootreR
¥ Unvala (1964) to be the result of the removal of surface contamination
by a chemical reaction, This is exhibited in the variation of
nuclei sizes, which indicates that growth commenced at the warious
points at different timcs, due to the various regions on the substrate
surface becoming clean at different times during the initial growth

period.

The contamination responsible was investigated by electron
dif fraction and deduced to be silicon dioxide, in the form of an

amorphous layer,

The nucleation rate dependence was thus determined by the effect
of contamination and its rate of removal by the incident silicon.
Comparison of this observation with Thomas's findings of nuclei of
uniform size indicated that the contamination found by Thomas was
not removed by the getterinp process postulated by Unvala, This
again confirmed the difference between the surface contaminants found
by Unvala and Thomas, This difference was probably due to differences

in the composition of the residual goases,

After the coalescence process had occurred, the subsequent growth
occurred by a different mechanism, since no nuclei were reported
observed by the above workers on the surface of a freshly deposited
layer, This latter observation was similar to the results of Revsez

and Bvans, cited earlier in this review,

The results reviewed above, are evidence that the growth medhanism
in the post-coalescence stage of prowth, is a two~dimensional process

of lateral growth of possibly monolayer steps,
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2,2.(7) Electrlcal Proverties of High Vacuunm Evaporated Silicon Layers

e mmmee p e =t e —— L e = e e e e R

Of the works cited, only Unvaln, Booker (1964) and Hale (1963)

investigated the elecuricas wropervies of the layers in any detail.

Resistivity

L

The resistivity of the layer is a measure of the net amount of
dopant in thke layer. The scurces of the dcnants are!
(i) Diffusion from the substrate.

(ii) Contamination effects from the ambicnt gases,

vl

(iii} Coevaporation of the dopants in the source.

He

At the high grcwth temperatures that he used, Hale (1963) found
that dopant diffusion from the substrate was the dominant transfer
mechanism. He also observed variation in resistivity of various
specimens due to th: preferential evapcration of dopants from the source,
and also substrate surlace depletion effects caused by the high
tenperaturcs used to clean the substrate. By evaporating dopant

™Yy

from an ancillavy crucible, Hale (1953, also produced I°° junctions.,
These had very soft breakdown characteristics at low reverse bias
voltages, These poor quality I-V characteristics reflected the

high defect contert of the lay:ars

v

Booker and Unvaln {7664 carried ot a similar progremme of measwre

v N

ments on resistivitiza oul jvnctlon propertiss using much better
qualiiy layer:s. They found thct fov low resistivity source material
the layer resistivity wan the same as that of the source, to within

measurement errovs.

However, for high resistivity scurces the layers had much higher
resistivities than the source and had a tendency to be P type, even
for N type source material, This could be due to contemination
either by elecctrically active materinls or by preferentinl evaporation
of the dopnnts used in the source. DBooker and Unvala (1964) obtained
mox, values of 15 (O cm for P-type material and of 3 O cm for N-type

material,

The diode junctions grown by_Unvalaland Booker (1954) exhibited
sharo reverse biase breakdowns at between 30 and 40 volts for ~ 0.1 Q

ci N-type layers on 5-10  cms P-type substrates,
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The sharp breakdown is characteristic of good crystal structure,
although studies by Quiesser et al (1963) have shown that breakdowns

remain shorp for stacking fault defect densities up to 10° per sq. cm.

Sumnary

From these results, it is clear that by using vacuum evaporation
epitaxial growth has been carried out at lower temperatures than by
means of the chemical processes, However, the growth characteristics
and quality of the layers produced by vacuum evaporation were often
dominated by contamination effects and chemical reactions coused by

poor vacuunl conditions,

2,3. Results of Studies of Epitaxial Growth of Silicon carried out in

Ultra High Vacuum Conditions.

2,3,(1) Introduction; Sublimation Sources,

In sublimation, the material passes dircctly from the solid to
the vapour state, without the production of any liquid phase. This
type of source can only be used for materials which have high vapour

pressures in the solid state,

Honig (1954) gives a value of vapour pressure of 10 * torr for

silicon at 130000. (m.p, Silicon g{lthOC)

A typical form of sublimation source consists of a rod of silicon
clamped between two electrodes., The rod is usually 'necked' at the
centre to give a local 'hot zone' which is maintained at temperatures
around 13500C by passing a current through the rod, This type of

source has the advantage of simplicity and consequently high reliability.

The main disadvantage of sublimation sources is the very low
deposition rate, This requires the substrate to be mounted very close
to the source to obtain useful deposition rates, The deposition rate,
and layer uniformity, can be improved by using an array of source
rods close together, thus forming a 'large area' source, Since
the deposition process is carried out at pressures of the order 1079
torr, surfaces remain clean for a time which is long, relative to the

deposition rates used.
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The time to form a monolayer of absorbed gases at a pressure

of 1079 torr is given in table (I),

With very low deposition rates, the rate of surface coverage
by residual gas absorptions may bocome significant, The effects
will depend to a great extent on the composition of the residual

gases,

2.3,(2) Growth Parameters for Epitaxy in UHV Conditions

One of the earliest studies of growth in ultra-high vacuum
conditions was that of Nannichi (1963), Using an ion-pumped system
he ottained epitaxy at substrate temperatures of 83000, using a very
low sublimation rate of 10 *p per minute (as estimated by the author)

at a pressure of 10 8 to 10 ? torr,

In o vacuum of the same order, Handelman and Povilonis (1964)
grew layers at a rate of 0,% per minute, at substrate temperatures

of 110000, also using an ion pumped system,

This growth temper-ture was a consequence of the experimental
arrangement used, (the substrate being mounted very close to, and
heated by radiation from, the sublimation source) and so may not
represent the minimum substrate tenperature for this growth-rate,

and vacuum conditions used,

Handelman and Povilonis (1964) found a high degree of uniformity
and reproducibility in the perfection of the layers, They also
observed a variation of layer quality with deposition pressure,
Layers grown at higher pressures; of the order 1077 torr contained

large numbers of included grains of vorious sizes,

Widmer (1964) improved the vacuum conditions and was able to
sublimate at a pressure of 1010 torr, using ~n oil-free system.
He investigated the epitaxy and defect content for (111) oriented
substrates using two deposition techniques, In one, which shall be
called 'direct', the silicon substrate was cleaned by heating to
~ 1200°C for several minutes, This removed the oxide, as discussed
previously., The substrate temperature was then reduced to that for

deposition, which was then commenced,
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In the second mdthod, silicon was 'predeposited' on to the
substrate, whilst at the above cleaning temperature. The substrate
temperature was then reduced after a few minutes to that of grewth
without interrupting the deposition rate (cf, the experiments of
Nakanuma and Unvala discussed earlier). Using the-direct method,
Vidmer found that layers grown at 0,03p per minute, at temperatures
of 32000, contained a mixture of large polycrystalline regions in an
amorphous or finely polycrystalline matrix, For growth temperatures
of 55000 at the above rate; the layers were single crystal, with

large numbers of defects, Layers grown at SOOOC, were defect-free,

From these results it is seen that the low temperature limit for

epitaxy lies between 55000 and 52000; for the rate used,

Using the pre-~deposition method; layers grown at 32000, though
polycrystalline, contained large prains with no amorphour region,

Layers grown at 55000 were defect-free,

These results confirm the general findings that the initial
growth and the substrate surface control the layer quality, since
in this pre-deposition case contamination from the residual vacuum

was negligible,

Weisberg (1967) showed the effect on the epitaxial process
of oxygen contapinant from the source material, By using as a source
oxygen-free miterial - (trade name Lopexj produced by Texas Instruments
Linited, nominal oxygen content O < 10'7 ppm) - he obtained epitaxy
for (111) oriented substrates at a minimum epitaxial growth temperature
of 450°C at 0.01 to 0.02p min ! at a pressure of 3 x 10 @ torr,
This minimum temperature is in accord with the results of Widmer,

who used a higher rate and a better vacuum.

Comparison of this result with that of Widmer suggests that the
deposition rate dependence effect is small compared with the contamination
effect., This effect could explain the result of Nannichi (1963),
who reported a minimum temperature of 85000 at an almost zero-rate
of deposition, In this case, the growth rate was probably equal
to or less than the surface recontamination rate by the residual
gases, and the minimum tempcrature of growth found was that for maintenance

of a clean surfacd,
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As well as the direct mcthod (defined above) Wiesberg (1967)

also used the pre-deposition method as used by Widmer, using a starting
temperature of 800°C, Layers grown by this method were again single
crystal at 450°C, but polycrystalline at 380°C, This latter value

is near to that found by Widmer for polycrystalline growth also using

a pre-deposifion method, Wiesberg nlso used (100) oriented substrates,
and using the pre-deposition method, found layers grown at 380°C were
strongly oriented, though with definite traces of twinned regions, as

detected by reflection~diffraction techniques,

This showed that the epitaxial temperature for (100) surfaces
was lower than that for (111) surfaces, This is propably due to
the different structures of the surfaces, as can be seen in table (II),
This effect was indicated in the work of Tung, reviewed in the pre¥ious
section (R,1.(1)).

2,3.(3) Low Energy Electron Diffraction Studies of Surfaces and

Epitaxial Growth,

The sensitivity of low energy elecctron diffraction effects to the
first few atomic planes at the surface makes this technique ideal for
the study of surface phenomena, The initial studies of the surface
structure of silicon by L E.E.D. werc carried out by Farnsworth et al
(1957/59/61). These studies were extended by Lander and Morrison
(1962,63), who showed that distinct surface structures could be
associated with the different diffraction patterns obtained, These
patterns were designated by a nomenclature introduced by Lander and
Morrison (1962) and extended by Wood (1964), The surface was given
the name of the L,E,E,D, diffraction pattern it produced,

These studies showed that silicon surfaces had definite structures
related, to but differing from the underlying bulk material, and that
various surface structures could be produced in the same material by

different thermal treatments,

In the case of silicon, Lander and Morrison (1962) found that the
(111) oriented surface of silicon gave two distinct, different, diffraction

patterns depending on the heat treatment given to the specimen,
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After high temperature (2,1000°C) amealing and rapid cooling, a
pattern designated the 8i(111)~7 was observed, If the specimen was
cooled very slowly or annealed at 600° to 700°C for a perfod of 15 =~

20 mins, then a different pattern was observed, This latter pattern
was designated Si(111)-5 by Lander and Morrison (1963). The retention
of the (111)-7 pattern after rapid cooling indicates the 'freezing in'

of this surface structure,

The existence of these two distinct patterns indicates the presence
of two distinct surface structures, each with jts own temperature
range of existence, VWhile the exact atomic surface structures that
the diffraction patterns represent are difficult to deduce, the diffrac-
tion patterns show that the structures of anncaled silicon surfaces

are different from that of the bulk., This is termed reconstruction,

Thomas and Francombe (19672) used L,E,E,D, techniques to examine
the structure of silicon layers sublimed on to thermally cleaned
silicon surfaces at different deposition temperatures, at a fixed
deposition rate of 0.03p min ', They found that for layers grown on
a (111)-7 surface at temperatures in the range 1000°C to 60000, no

change in the L,E,E,D, pattern was detected on cooling and re-examination,

For growth temperatures below €00°C the initial (111)-7 pattern
was found to have changed to give a pattern interpreted as a super-
imposition of the (111)-7 and (111)-5 patterns, This composit
pattern was interpreted as indicating the presence of domains of
(111)-7 and (111)-5 structures in the surface, Also, the constancy
of the relative pattern intensities observed before and after a given

deposition indicated that the domains werc stable during growth.

It was also observed that as the growth temperature was raised
towards GOOOC the relative intensity of the (111)-5 pattern decreased,
showing that the concentration of (111)-5 domains had decreased,

Layers grown at temperatures below BOOOC were either amorphous or finely
polycrystalline, since it was difficult to distinguish between these

two states by L.E,E,D,

Growth on a (100)-2 surface gave similar results; the initial
(100)-2 L.E_E,D, pattern was unchanged after depositions at growth

temperatures from 1000°C to 650°C, For deposition at temperatures
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between 650° and 300°C, modifications to the (100)-2 pattern were
seen in the form of extra spots, And for depositions below 25000
no spot pattern was observed, this latter indicating that the surface

and hence the layers were again amorphous or finely polycrystalline, -

The limits on epitaxial temperature found by Thomas and Francombe
using L,E,E,D, data are in agreement with the lower limit indicated
by Widner's results, obtained at almost identical pressures and
deposition rates, There is also good agreement with the lower limit
found by Wiesberg (1967) at a vacuum two orders of magnitude worse,
From these results it would seem that the lowest possible temperature
for epitaxy under zero deposition rate conditions was between 3500
and 400°C for a clean (111) oriented surface, The anomalously high
temperature reported by Nanichi is therefore suggested to be a

contamination effect,

This conclusion was reinforced by the detailed work of Jona (1968),
who examined dynamic L,E,E.D, patterns produced during growth experiments
using very low deposition rates (< 10 *u per minute, a value similar
to that used by Nannichi). Jona found the minimum temperature for
epitaxy on a clean (111) oriented silicon surface to be 40c°C,  For
deposition at 3&000, the L,E,E,D, pattern indicated a surface which,

though not amorphous, was highly disordered,

This minimum value found by Jona may be trken to be the zero
deposition rate minimum epitakial temperature, and is in full accord
with the findings reviewed above of Widmer, Yiesberg, Thomns and

Francombe, for (111) oriented silicon surfaces,

For a silicon (100)~2 surface, Jona (1968) found a minimum
temperature for epitaxy of 240°c, He also found that deposition on
a (100)-2 surface at room temperature produced a L,E,E,D. pattern
indicating an ordered surface structure, However, there were
differences between this (100)-2 room temperature growth pattern

and that from layers deposited at 240°C, onto a (100)-2 surface.

These results on the (100) surface showed the same trends as the
results of VWeisberg (1967) Francombe and Thomas (1967) and demonstrated
the marked effect of the difference in surface structure of the (111)

and (100) surfaces, (cf., Tung. loc cit,) as can be seen in Table (ID,
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Jona also investigated the annealing characteristics of very thin
amorphous layers deposited on to the clean (111) oriented substrate
surface, He observed that the crystallization process of these
layers occurred via two different surface structures before the
S$i(111)-7 surface structure was formed. The activation energy of
this crystallisation process was estimoted as 2,6 ev, This value
is of the same order as the silicon~silicon bond energy as given in
Table V,

2.3.(4) Variation of Defect Content with Growth Parameters.

Handelman and Povilonis (1964) found large numbers of stocking
faults in all layers grown. Annealing the substrate at 120000 for
periods up to 10 minutes before deposition did not affect the fault
density in subsequent growth. The growth parameters used -~ 1100°C
and 0,34 per minute - were the same values as those found by Unvala
(1963) to eliminate stacking faults at a deposition pressure of 10 6
torr in an oil-pumped vacuum system as opposed to the value of 108
torr in an oil-free system used by Handelman and Povilonis, This
suggested the presence of some form of contamination which was stable
at 120000, and was most probably silicon carbide, The presence of
silicon carbide in a: nominally oil-free ion pumped system might have
been due to the use of wax to seal the quartz sublimation chamber to

the metal pump manifold,

Widmer (1964) found that the layers grown by the direct method
at a substrate temperature of 800°C and deposition rate of 0.03p per
minute were defect-free, whilst those grown at the same rate at 55000
had fault densities of the order 107 per sq, cm, Using the pre-
deposition technique, layers grown at 550°C were found to be fault-

free by Transmission Electron Microscopy.

Thonas and Francombe (1967b) were able to correlate the results
of their L,E,E,D, studies with transmission clectron microscope
studies of the structure of the layers. They found that for growth
temperatures greater than 60000, where the (111)-7 structure was
maintained by the growing layer surface, the layer contained very few

stacking faults, Densities of the order 10° per sq. cm. were found,
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Layers grown at substrate temperatures in the range €00°%C to
40000, where the mixed surface structure develops, were found to
contain high fault densities, The fault density was found to increase
with decreasing temperature reaching levels of the order 10'? per

o
sq. cm, at substrate temperatures of about 400 C,

These results indicated that stacking faults may be caused by
the growth and interaction of the two surface structures, or, by the
presence of impurities, which werc present at too low a concentration

to be detected by L.E.E,D.

2.3,(5) Nucleation and Growth Processes in UH,V,

Abbink et al (1968) investigated the nucleation process by an
in-situ replication technique capable of high resolution, They used
substrates oriented so that the direction |111] was inclined by about
two degrees to the [112] direction 1ying in the substrate surface,
They found that substrate surfaces thermally processed at 90000 for
1 hour to give the (111)-7 L.E.E,D, diffraction pattern contained
large numbers of surface steps. The steps were found to be oriented
so that the normal to the riser was in « 112 > directions., The steps
were found to be either about 3i in height, or multiples of this height.
They also found large numbers of particles in the surface. These

were extracted by the replicas and found to be silicon carbide.

Silicon was sublimed onto substrate surfaces prepared as above,
at rates of 0.0lp per minute and substrate temperature of 800c.
Examination of the initial growth on the substrate surface by Abbink
et al, showed that this growth occurred in large islands which were
irregularly shaped., The formation of islands showed that the steps
on the annealed substrate surface had been inoperative during the
initial growth, _ Subsequent growth on a freshly deposited silicon
layer was found to take place by a step-flow mechanism no islands
being observed, The freshly deposited surface also contained large

numbers of silicon carbide particles,

The source of the carbon was unknown, Since the deposition
pressure was of the order of 1079 torr, the residual gases could not
have contributed sufficient carbon to account for the high density

of carbide particles observed,
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The initial growth process was also investigated by Booker and
Joyce (1966) and Joyce et al (1967), using the pyrolysis of a molecular
beam of silane, in ultra high vacuum conditions, Using very low
deposition rates of the order 1 to 0,11 per second and a Bubstrate
temperature of 800°C,~they found the initial growth on a thermally
cleaned silicon surface took place by island growth, On (111)
oriented surfaces the islands were well-formed triangles of uniform
size and distribution, The flank faces of the nuclei were found to
be {311} planes,

It was found that the presence of a surface oxide layer on the
substrate inhibited the formation of the islands, This accounted for
the induction period observed, during which the oxide was assumed to
be removed by a gettering process similar to that suggested by Booker
and Unvala (1964).

The shapes of the islands differ from those found by Abbink et
al (1968), who observed the islands to be non-crystallographically
shaped, This may be due to traces of oxide on the surface in the
case of Joyce et al (1967), since they did not use a high temperature
cleaning treatment. However, Joyce et al (1967) cite the absence of
stacking faults in the nuclei as indicating the absence of oxide on

the initial substrate surface.

Joyce et al (1967) also carried out gquantitative measurements
of the nucleation process, They found that for a given substrate
temperature, a saturation density of nuclei formed., A power law
rela jonship was found for this saturation density and the molecular
beam intensity viz, Ns = CI' *25, yhere Ns is the saturation density
of miclei,, and I is the beam intensity expressed as the number of
silane molecules incident per second on the substrate, The saturation
density was also found to be exponentially dependent on the substrate
temperature, following an equation of the form, N, = CexP [;gTJ .
Where E is the activation energy of the process., From the
analysis of the nucleation density, Joyce ¢t al (1967) derived
a value for the activation energy of surface diffusion. The value
obtained lies between 1,77 and 2,5 ev, These results were found to
be in agreement with a nucleation equation derived by Lewis and

Campbell (1966).
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Later work by Joyce et al (1969) and parallel work using L.K.E.D,
and Auger spectrometry by Charig and Skinner (1969) extended the

studies of silicon surfaces and nucleation mechanisms,

Using the silane molecular beam on (111) oriented substrates,’
Joyce et al (1969) found that for a constant substrate temperature,
the height to width ratio of the nuclei varicd with substrate pre-
Browth thermal treatment, The number of nuclei per unit area
remained constant for a given substrate temperature however, as found

previously,

As both the substrate annealing duration and temperature were
varied, the morphology of the nuclei was observed to change; Vell-
defined triangles were obtained after a two minute pre-growth anneal
at 1000°C., Thin irregular 'sheets' were found after a two minute
pre~growth anneal at 115000. After a ten minute anneal at 120000
no nuclei were seen (within the resolving power of the electron micros-
cope) in the subsequent growth. Thus two-dimensional or layer growth
had occurred, The parallel observations by Charig and Skinner (1969)
showed that after the pre-insertion chemical cleaning procedures
used by Joyce et al, the silicon surface showed strong oxygen and
carbon peaks, before any annealing treatment in vacuo, They found
that after 15 seconds at 1200°C the carbon and oxygen "auger signals"

from the substrate had disappeared.

This result is similar to the observntions of Nielson and Rich
(19€4) , - on the formation of tripyramidial defects following exposure
of the substrate to toluene, in that, post-exposure heating to 1200°C

caused the removal of the carbide contamination,

The above results indicate thut the impurity responsible for
island growth is carbon, The form of the carbon, whether as free
carbon or combined with silicon as silicon corbide, is uncertain,

although from the temperatures used, silicon carbide is more likely,

This effect of carbon is confirmed by the exXperiments of Joyce
et al (1969) in which contamination of a c¢leaned silicon surface by
exposure to ethylene at low pressures caused the appearance of growth
nuclei on subsequent deposition, Heating an ethylene-contaminated

surface to the temperatures given above restored the laminar growth mode,
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The source of the carbon surface contamination has been suggested

by various workers, - Bonsels and Lambert (1969), and Schink (1965)

to be carbon in solid solution in the substrate silicon, Concentratiocns
of the order 10'8 -~ 10'9 atoms of carbon per cc of silicon have been

found by the above workers using chemical analysis techniques,

The carbon containing gases present in UH,V, residual gases,
such as €O, ¥0,, CH, have been shown by Kahn and Summergrad (1967)
not to yeild carbide on contact with heated silicon., However,
Russel and Haneman (1969), using E.S.R., have detected traces of silicon
carbide on silicon surfaces heated in U,H,V,, this they suggested is
caused by the cracking of methane CH,. This, however, would produce

ammounts of carbon, too small to account for the observed effects,

2,3,(6) Electrical Properties of Layers Grown in UH,V,

Handelman and Povilonis (1964) investigated the dopant transfer
mechanism during sublimation, They found for boron-doped sources
the initial layer resistivities were greater than that of the source,
but after long source use the resistivities became equal to within
measurement errors, They showed that this behaviour was the result
of initial preferential evaporation of the silicon from the source,
This left a boron-rich surface layer which eventually caused a steady
state dopant transfer, Measurements on N-doped layers indicated a
similar behaviour, The high growth temperature used - 1100°C is
reflected in the substrate out-diffusion effects, especially for
N-type layers, because of the high volatility of group V elements

such as phosphorus and arsenic,

Thomas and Francombe (1969) observed a similar dopant transfer
mechanism: they found that the steady state was not achieved until
at least half the source array of heated bars had been sublimed.
Very uniform transfer of both P and N dopants from both high and
low resistivity sources was then observed, Using (100) oriented
substrates and a growth temperature of 5500C ensured high quality
layers as discussed earlier, P-N junctions were produced by subliming
the oppositely doped material on to P and N substrates. However,
the use of a 1200°C, five minute anneal to prepare the substrate surface

led to detectable out diffusion of the substrate dopant,
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Thus the junctions were not as sharp as the low growth temperature
should produce, Junctions produced by depositing P-type material
on N substrates gave better characteristics than those produced by

deposition of N-type material on P substrates,

By sequentially depositing P-type and then N-type material on
to P-type substrates, better diodes were produced, Since the junction
was then between two regions, both grown at 550°C, the substrate
acting only as a mechanical support and epitaxially orienting initial
crystal, Thus the dopant out~diffusion effect caused by annealing

did not affect the junction properties,

These electrical measurements showed that the sublimation method
was capable of better control and uniformity than was evidenced by
the results of the evaporation studies reviewed, and was capable of
producing layers of controlled resistivity reproducibly.

2,3.(7) Analysis of the Epitoxial Growth Data.

Table I1I summarises the reported results of epitaxial growth
temperatures, rates and deposition pressures. Table IV summarises

the reported variations of defect density with deposition parameters,

Fig. (2,8) is a plot of the log, (deposition rate) versus
reciprocal minimum epliaxial subsirate temperature for the results
given in Table TI. As can be secn, the data falls on to straight
line plots: AB the results of workers of the group mentioned in
section 2.2.(1) of the review; and CD and DE the results of growth
experiments carried out in ultra-high vacuun, It is interesting to
note that the results of Nannichi and Handelman and Povilonis,
although carried out under nominal U,H,V, conditions, fall on the
line AB, thus confirming the effect of residunl gas contamination,

and the result of Thomas lies closc to the line DE,

The slope of line AB, fig. (2,8) gives an activation energy
of 3,3 ev, This value is in good agreement with the values of the
silicon inter~atomic bond energy of which various values have been

found: these are tabulated in Table V,
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TABLE IIT

VARIATION OF EPITAXTAL RATES AND

TEMPERATURES FOR (111) ORIENTED SUBSTRATES,

Depgf%Zlon Deposition Deposition
mic;ons Temperature Pressurec Reference
.min.-1 Deg. C torr
AL x 107*E 320° 4,10710 Jona (1969)
0.036 320° 1010 Widmer (1964)
0.02 350° 1079 Thomas and
Francombe (1967)
0.1 420° 1079 Thomas and -
Francombe (1969)
x 10°% 830° 1078 Nannichi (1963)
0,01 450° 1078 Wiesberg (1967)
0.3 1100° 10 8 Handelman and
Povilonis (1964)
1 1125° 1076 Hale (1963)
0,01 950O 10 7 Gasson (1962)
0.5 800° 1077 Thomas (1966)
2.8 1200° 107 Unvala 2ad .
' BoekeT (1968)

h

Deposition Rate quoted as % monolayer per min;

equivalent to“lxlo-”‘p if 1 monolayer assumed to be 1A,

HE_ . .
“Private communication; M,H. Francombe,

B|soe also fig. 2.7,
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VARTATTION

TABLE IV

A A r— At

OF STACKING FAULT DENSITY

WITH DEPOSITION PARAUMLTERS

62

Depgii’;‘,lon Substrate Deposition Fault
. Temperature Pressure Density Reference
. . microns D c N ..
N Cg. tor sq. cm,
min,
o "o 7
0.036 550 10 10 ) Wianor
0.036 800’ 10710 0" ) (1964
0 -
0.02 650 10 9 ~ 10° ) Thomas and
_ ) Francombe
0.02 400° 1079 > 10'0 ) (1967)
0.3 1200° 1077 o ) Unvala and
o _ . ) Booker
1.0 1200 106 o~ ) (1964
= Nominally zero as given i refercnce,
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From fig, (2.8) it is also seen that with the two exceptions
noted above, the results of growth studies in U,H,V. form two straight
lines, CD and DE, Since the ordinates for the section CD are almost

equal, the slope is not determinable.,

This may be interpreted as indicating that there is no strong
rate dependence of the epitaxial process over this range of deposition
parameters, The portion DE has a slope of 2,08, indicating a

process activation energy of 0.41 ev,
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3, Apparatus and Experimental Techniques,

3.,(1) General Description of Apparatus

The vacuum chamber consists of a twelve inch diameter stainless
steel cylindrical well fitted with ports to accommodate various feed-
through assemblies., The vacuum seals on the ports are of the Varian

'conflat' type using annealed copper gaskets,

The system is rough-pomped by sorption pumps using molecular
sieve, (10} pore size) cooled by liquid nitrogen, This method of
roughing avoids any possible hydrocarbon contamination such as could
come from back-streaming of rotary-pump oil vapour, The main pump

is a diode ion-pump rated at 140 litres per second.

The ion pump is commected to the well through a 4" all-metal
valve, vhich allows the ion-pump to be isolated when the system is let
up to atmospheric pressure. The pumping speed in the well is considerably
reduced by the valve and the associated pipe-work, and is probably of
the order of 70 - 80 litres per second. The well is also fitted

with a titanium sublimation pump, with a water-cooled collar,

The electron-beam furnace, ion-gauge, and electrical feed-throughs

are mounted on the various ports,

The system was also fitted with a mass spectrometer: [an AET
model MS 10]. Initially a twelve inch diameter Pyrex bell jar was
used, to enable an external radiation-heater to be used, This was
later replaced by a glass cylinder and top-plate assembly.

. The general arrangement is éown in Fig. (3.1a),

The cylinder, top plate and well are sealed with 'L' shaped
Viton 'B' gaskets. The use of Viton gaskets allows easy demounting
of the cylinder from the well for substrate loading, but limits the
bake-out temperature to 150°C. Bake-out is accomplished by enclosing
the well and valve in an oven, The oven temperature is controlled A
by a thermocouple attached to the top plate, This ensures that the

Viton seals are not over-heated,

%,1.{1) Vacuum System Performance

After a 24 hour bake-out at 15000 base pressures of the order of
2 ~»4.10-9 torr are obtained. TFig. (3.,2) shows a 'typical' mass

spectrum trace of the residual gases,
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méa}Component Partial Pressure

; torr.
2! H %1.1‘x-1o‘9

171 o8 jhx 1070

18 1 HO0  iL.hx107

28 . CO 9 x 1079 torr™ (
PN t9.4 x 10710 ¥

4o ' A 6 x 10710 Z

44 1 CO, 16,8 x 10710 |

; xCalculated from Subsidiary
' peaks at m/e = 12 and 1k,

Note: 0, peak at m/a& = 32 is
.t2low noise level,

AN U S

[’%15] 2 12 14151671 |3 20 20 92 L0 Ll

' Fig. (3.2) ,
MASS SPECTRUM OF THE RESIDUAL GASES AFTER BAKE QUT OF
: SYSTEM AT 150°C FOR 15 HOURS,  PARTIAL PRESSURES OF

COMPONENT GASES CALCULATED FROM DATA IN MS10 HANDBOOK.
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32,(2) Silicon Vapour Source

The electron beam furnace is based on that designed by UNVALA
(opus cit), In this furnace a beam of electrons is electrostatically
focussed on to a silicon block mounted in a recess, in a water-cooled

pedestal,

The effect of heating in this manner is to produce a molten pool
contained in the centre of the silicon block, This method of heating,
where the material acts as its own crucible, is called auto-crucible or
skull melting. Since molton silicon is very reactive, this method of
containment has the great advantage of avoiding a crucible, and hence
any contamination which could occur from its use, Fig, (3.3a) shows
the basic arrangement of the furnace electrode system and the position

of the filament which ensures line of sight protection for the source,

The filament used was a 0,02 inch diameter tungsten wire bent to
a circle, whose diameter is just equal to that of the rim of electrode
E', This ensures no direct line of sight between the filament and
the source, thus preventing contamination, and uneven heating of the

sides of the source,

Source Fabrication

Efficient cooling of the silicon scurce is most important in
obtaining a good auto-crucible effect, Thermal contact between the
source and base of the recess is poor and so the main heat loss is
by conduction through the walls of the recess, For the cooling to
be effective, the source must be a very tight fit in the recess, to
give good thermal contact over the limited area available, If the
source were ground so that it was a tight fit at room temperature, it

was found that expansion on heating caused the source to fracture,

By experiment it was found that the optimum 'fit' was that which
would just allow smooth rotation of the source in the pedestal recess,

when both were at room temperature,

Source Dimensions

The diameter of the source is the same as the o.d, of the pedestal
to give the correct electrostatic field shape, The length 1, fig. (3.3b),

is determined by the maximum power input, the effectiveness of the cooling,
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and the thermal conductivity of silicon, TFrom eXperiments it was

found that a length % of 1.2 cms. was suitable,

3,1.(%) Furnace Construction for U H,V, use

For use in U,H,V, the basic furnace design of Unvala (loc cit)
was modified to allow water cooling of heated areas to reduce out-

gassing, Fig. (3.4) shows the arrangement,

The electrode E' was made from a nickel cylinder, and is a tight

fit in the hollow annular section S,

This section 8 is linked to a loop of steel pipe P, which supports
the electrode B, This electrode E is made of ié—" thick copper sheet,

and was tightly clamped to the pipe P, by the clamp C,

The other part of the electrode E consisted of a sheet of copper
tightly clamped to the outer side of S, The system of electrodes is
supported by the pipes P'P', which are mounted on the focussing assembly
F, through the bellows B, to allow motion, as shown in Fig. (3.4).

Water is circulated through Pipes P' and S to cool the electrodes.

Electrode E' is closest to the filament and receives most of the
radiant heat, It is cooled by conduction into S. The cooling of
electrode E is probably marginal, since there is only a very small
contact area between it and the pipe P, This arrangement, however,
does allow easy removal of this electrode for cleaning and maintenance,
It is seen from Fig. (3.4) that the major part of the evaporated silican
condenses on the inside of electrode E, Thus, to prevent contamination
caused by flakes of silicon falling into the source, the electrode E

was periodically cleaned by abrasion,

In order to use 'tap~water' to cool the focussing electrode system
EB', to reduce outgassing, the polarity of the beam furnace is inverted
relative to the original system as used by Unvala (.1964 )., The
filament and focussing electrodes are at ground potential, and the
source pedestal is held at a high positive potential, Water cooling
of the source was achieved by the use of a closed-circuit deionised

water circulator,
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3.,1.(5) Operating Conditions of the Ele ctron Beam Furnace

Because of the large cooling effects of the auto-crucible method,
high furnace powers are required to melt and evaporate the silicon,
It was observed that a power input of the order of 500 watts was
required to just heat the focal point of the source to red-heat (700 -
goo°c)., A hizh operating voltage has the advantage of suppressing
space-charge repulsion, which tends to defocus the beam at the currents

used which were of the order 100 m.A,

For safety reasons, and also for relative ease of insulation,
the voltage used was limited to 10 XV, (Any X-rays produced will be

absorbed by the walls of the vacuum system,)

The furnace power is controlled by variation of the filament
temperature and hence the emitted current, keeping the voltage constant
at 10 KV, This control was accomplished by feeding the filament
transformer from a 'variac', This method also has the advantage that
the filament is run at the minimum temperature that will give the
required beam current., Using this control mode, as opposed to saturated emis-
sion mode, the stability of the beam furnace depends largely on the
filament current stability and the filament condition, In use, the
stability, as judged by variations observed in electron beam curcent,
was f6und to be very good. Only slight variations of the order of
2 m,A, in a standing value of 60 m.A, were observed, Manual control
was therefore considered to be adequate to maintain a constant value
of furnace current, and hence evaporation rate, The electron beam
is focussed on to the source by moving the electrode system EE' relative

to the pedestal by means of the rack and pinion shown in fig. (3.4).

3.(2) Substrate Heating

3.2.(1) Assessment of the Problem and Methods

The main factors influencing the choice of method of substrate
heating were as follows:i-~
(i) The nature and properties of the substrate material,
(ii) Uniformity of heating over the substrate area, and control
and stability of temperature,

(iii) The temperature likely to be required,
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(iv) The need to prevent stray radiation heating effects in order

to maintain as low a working pressure as possible,

.o Substrate Heating Methods

The methods which are available for use are as follows:
Electron bombardment, Joule heating, R.F, Induction heating, Radiation

heating,

The substrates used are in the form of circular wafers, 1%” diame ter
and 8 - 10 thou. thick, Thus the shape and fragility precludes the
joule heating method because of the difficulty of attaching conductors.

Electron bombardment and R,F, heating would be cumbersome and also

would produce a higher working pressure due to outgassing,

3.2.(2) Radiation Heating

Initial Experiments

The [irst radiation heater used consisted of an elliptical reflector,
at one of whose focii was mounted a 1 KW projector lamp (AEI A1/59),
The reflector was mounted over the bell-jar so that the substrate was

at the other focus.

This method had the advantage that the radiation source was
completely outside the vacuum system, Thus no contamination would
be caused, It was found, however, that for substrate diameters
> %" the heating was non-uniform, This was due to the construction of
the lamp filament assembly and its position relative to the focus of

the reflector,

3,2.(3) Substrate heater

The basis of the design consists of a plane radiator separated

by a short distance from the substrate,

The detailed calculations of the radiation exchange between

the radiator and the substrate are given in the appendix.

Construction of the Substrate Heater

The heater consists of six tungsten strips, each 2%" long, O0.,2"

wide and 0,005" thick, The strips are bent into the shape shown in
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Fig. (3,5). (Tungsten can be easily bent without cracking if heated
above 300°C.)

The heater strips are mounted between support strips, as shown
in Fig, (3.5), and clamped to them by small molybdenum plates secured
by 8BA screws,

The support strips are made of molybdenum, O,04" thick, tapped

to receive the clamping screws,

These support strips are mounted on a small steel base-plate,
using small ceramic washers as shown in Fig. (3.5). These washers
insulate the strips from the base plate; thus the tungsten strips are
electrically connected in series, via the support strips, This arrange-
ment requires a much lower current than would a single strip of tungsten
of the same area, The strips A and B showvn in Fig. (3.6) act as current
leads, A is comnected to the base plate, B is connected to an insulated

copper rod C.

Experiments with this heater array showed that the radiation

caused a large amount of outgassing,

Since for a hcat shield of emissivity 1, the 'temperature drop'
is only A»EOOOC, radiation screening by heat shields alone would be
difficult, requiring 3 - 4 heat shields, with the attendant difficulties

of outgassing and the long times taken to reach equilibrium,

This problem was solved by use of a water-cooled radiation screen,

Details of the construction of this are given in the appendix,

The small steel base-plate carrying the heater strips was bolted
into the box, Holes were drilled in the top to give clearance for
the bolts holding the support strips, and to allow the electrical
conniction C through the box wall, Some small holes were drilled in
randon places through the walls of the box to allow the enclesed volume
to outgass, Fig. (3.1b) shows the general arrangement of the substrate

heater, and its position over the electron beam furnace,

3.2{%) . The Mounting of the Substrate Heater

The 3" copper rod was taken through a hole in the top plate and
sealed by compressing a Viton 'O' ring as shown in Fig, (3.6a). The

tubular extension and jubilee clip prevent any lateral motion which
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would cause leaks, By loosening the clip, sliding the rod up or down
and re~-sealing, the distance between source and substrate can be varied
very easily, From Fig (3.4) it is scen that the top plate is in
electrical connection with the heater array via the copper box, and so
can be used as one of the electrical comnections, This requires the
other comnection to be insulated from the top plate on which it was
mounted, Since the maximum operating voltage of the heater is of the
order of 20 volts, electrical insulation and vacuum sealing are obtained
b& using a Viton washer in the arrangement shown in Fig. (3.6b). The
P.T,F.E, bush prevents the shank touching the inside of the hole in

the top plate, and insulates the nut from the top-face of the plate,

The tungsten heater strips are heated by passing alternating current
through them using a high current transformer, The heater temperature
is controlled by varying the voltage applied to the primary of the
transformer by means of a variac, The primnry voltage is measured

by means of a 1 m,A. f.s.d, meter in a bridge circuit across the primary.

The details of the calibration of the heater and substrate temperatures

against the meter scale are given in the experimental methods, section

(3.2.6.)

3.2.(%) Substrate Carrier Assembly

In view of the long cycle-time, the ability to deposit more than

one layer per pump--down is a great advantage,

The substrate carrier consists of five trays mounted on a stainless
steel ring R, The trays are of molybdenum, 20 thou. thick with a
central hole %” in diameter, The substrates are located over the
holes by three small pieces of tungsten wire spot welded to the tray.
Fig. (3.7) shows the arrangement of the tray and substrate., Each tray
is secured to R by a 10 BA counter-sunk screw, The matching of the
curvature of the edge of the tray to R ensures that each tray is
accurately located, yet has enough lateral play to allow for thermal
expansion, The use of the single screw fixing also avoids any expansion
stress which would be caused by the use of two screws or the spot-
welding of the tray to the ring, This method also allows interchange

of trays to permit the use of various sized substrates,
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The ring R is carried on a steel plate Sy and is located by the

sector H, which acts as a bearing as shown in Fig. (3.7).

To avoid cold-welding which can occur between like moving metals
in contact in U, H.V,, a 0,02" diameter molybdenum wire was spot-welded
around the edge of S, to act as a bearing surface, Also the locating
hub H was made from a high carbon steel, and made 0,01" smaller than

the internal diameter of R, to prevent binding,

The plate S is bolted to the open side of the copper 'box' and has

a l%" diameter hole to allow the evaporating silicon through,

The shutter used to control the evaporntion is mounted below 'S'
using one of the bolts securing 'H' as a spindle, A& soft iron 'bob'
allows a magnet to be used to control the shutter from ocutside the vacuum
system, Because it is indirectly operated, stops are fitted to

restrict the shutter travel,

When a loaded tray is in position in the heater, the tungsten
heater strips are completely shielded from the evaporating silicon,
thus preventing any attack (through the formation of a silicide).

A circular plate was bolted below S, to shield the other substrates

from evaporating silicon, during deposition,

The substrate carrier ring R is rotated by means of a crank-arm
mounted on the shaft of a rotary feed-through fitted to the top-plate,
The lower end of the shaft is housed in a hole in the plate S, The

arrangement of the crank-arm and carrier ring R, can be seen in Fig. (3.1b).

The rotary feed-through used was an 'Edwards' ordinary high vacuum
type. It was modified for UH.V, use by removing the vacuum-side needle
bearing and replacing the 2 neoprene 'O' rings normally fitted, by 3
viton '0O' rings,

With these modifications, it was possible to maintain vacua of the
order 10-9 torr whilst rotating the carrier, Because they are used
unlubricated and are frequently baked to the maximum permissible
temperature, the 'O' rings in the rotary feed-through degenerate with

use, To maintain optimum performance, they were periodically replaced.
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3,2.(6) Substrate Heater Calibration

A series of experiments was carried out to measure the substrate
temperature as a function of the heater temperature, and to calibrate
these temperatures against the reading of the meter in the heater

transformer primary.

For temperatures in the range 750°C to 1700°C for the heater
and 75000 to 1200°C for the substrate, a Leeds and Northrup optical
pyrometer was used, This was a disappearing filament-type (model
No, 8622 C) fitted with a 0,65p filter,

In use, an accuracy of ~ * 5°% could be obtained.,

Corrections to Pyrometer Readings

The corrections made to the pyrometer readings were as follows:

The emissivities of the heater strips and the silicon substrates

vary both with temperature and surface finish,

The value of 0.6 [Allen (1957)] was used for silicon and 0.45
was used for tungsten [Blau and Fisher (1962)], ’

A correction was also applied for radiation absorption by the
bell-jar wall, This was estimated by sighting on the liquid-solid
boundary of the molten scurce, and assuming this to be at 1ig0%

(mep. of Si), The difference was then assumed to be due to absorption,
(This absorption effect was assumed to be linear with temperature,

since no data was available.)

For the temperature range ~ 200°C to Aa85O°C, a thermocouple
junction was used, Thus in the range 7500 to 850O the pyrometer and

thermocouple measurements could be aompared for consistency.

For effective use, the thermocouple junction must be in intimate
contact with the silicon substrate, Two methods were used to achieve

the thermal contact required,

(i) A thermocouple junction was 'brazed' to a silicon substrate.
(ii) A silicon slab was ground to the shape shown in Fig. (3.8b)
and a thermocouple junction inserted in the cavity, which

acts as a 'black-body' enclosure,
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The thermocouple voltages were measured with a Cropico (Model
6C) potentiometer, This has a direct-reading scale for the

thermocouple used:- Chromel; Alumel,

A cold-junction correction is provided by a scale displacement

which is pre-set to room temperature,

ca e Thermocouple Junction Fabrication

The junctions used were made in the following way:
the thermocouple wires (7 thou. diameter) were fused together in a

flame to give a small bead about 1 mm. diamecter,

The junctions made this way were tested by plotting cooling curves
for molten aluminium, These measurements showed that the junctions
so made, were reproducible and accurate to within the 1limit of the

Cropico potentiometer, which is = 2%,

Method of Attachment of the thermocouple junction to the

silicon wafer,

A flat was ground on the thermocouple junction bead to give a

clean metal surface and large contact area,

The thermocouple and silicon wafer were mounted in a jig
., with the "bond' lightly sprung against the wafer,
Between the wafer and the bead was placed a piece of aluminium foil
about 0.1" square and 0,002" thick., The jigged assembly was mounted
in a vacuum system and, the wafer was radiation heated until the
aluminium foil was secn to melt and wet the silicon and the bead.
The temperature was then rcduced over a period of 3 minutes to avoid

any stress.

The jigged assembly was then mounted under the substrate heater
and the calibration carried out. With this arrangement, the substrate
temperature as a function of heater temperature was measured for

different distances from heater to substrate,

The measurements made with the 'brazed' thermocouple were
repeated with the slab shown in fig. (3.8) to check if the junction
had been affected by the brazing process, The results of these

experiments are summarised in figs., (3.8a) and (3.8b).



°c

SUBSTRATE TEmMP,

MOOJ

L . b Tt — B e e

Fig, (3.8a)

JEURGUUUY SR

{200
GRAPH SHOWING VARIATION OF SUBSTRATE TEMPERATURE WITH /
i HEATER TEMPERATURE FOR DIFFERENT VALUES OF SUBSTRATE ‘
HEATER SEPARATION, :
ool O S
] SUBSTRATE-HEATER N SUBSTRATE - HEATER
1 I
S0 — SEPERATION %6' \ SEPERATION _15.6’
Goo
460
K
- /7
7/
‘s
200~ ///
il
EXTRAPOLATEDRY
o : ’//
/7
I
v
L] l ¥ l ¥ I L) I H l T ‘ '} l l l I
o 200 400 Soo oo foso 200 {400 1600 18eo 2000
TUNGSTEN HEATER TEMP, °c

ob]



e}

O

Deg

TEMPERATURE

1700 r
[Goo L

1500%

HEATER

1300}

12001

1100k

N

l ow. sl
.ASTRATE

QOoj 4/)f

goot g

e — — — — — — — Limit of
optical pyromcter

e - = o -

700¢

600¢

500

400

300}

METER SCALE

Fig. (3.8b)
GRAPH OF SUBSTRATE AND HEATER TEMPERATURES VERSUS METER
' SCALE READING.

‘ < 3 ems P>l
< dirm lapped
o | ) e
/I\ ,—j k= = =chemically
e S polished
- \ face

!
thermocouple cavity

."SILICON SIAB USED FOR THERMOCOUPLE MEASUREMENTS |



33

The graph of substrate temperature versus heater temperature
is linear as predicted by equations derived in the appendix,
It is seen from fig. (3.8b ) that departures from proportionality
occur at high temperatures. This is probably due to the shift of the
colour temperature of the heater towards the 'yellow' region: hence

the approximations used in the appendix do not apply.

. Uniformity of Substrate Temperature

The temperature distribution across the substrate was investigated
using the pyrometer, A small decrease in temperature - ~ 5°C - was

seen near the edge of the aperture in the carrier tray.

Temperature Variations during Deposition

During the deposition the substrate temperature could vary,
These variations could be caused by:-
(i) Variation of heater current,
(ii) Change of emissivity of surface due to deposition.
(iii) Effect of radiation from the furnace,

(iv) Contribution of the latent hcat of condensation of silicon,

Of these, (iii) and (iv) were estimated and found to be small:

< SOC. The main effect would be due to fluctuations in heater current.

In an experiment, during which a deposition was carried out, the
substrate and heater temperatures were measured over a period of
20 minutes, and no large variations were detected, using an optical
pyrometer, Thus any fluctuations of temperature would be of the

order 5°C - the limit of pyrome ter accuracy - and can be ignored,

3.3, Substrate Preparation

The substrates used were standard epitaxy substrates, purchased
from various manufacturers from their standard ranges, The substrates
are in the form of circular wafers of silicon 1" to 1} diameter,

8 - 10 thou. thick, depending on type and supplier , In the 'as-
received' state one face is polished to an optical flat finish, the

other is finely lapped or etched,
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The orientation of the faces is 1 - 2 degrees off an exact [111]
direction: (the reasons for misorientation were discussed in the

reviev) .

Both N type and P tyve substrates were used, the N type being
antimony~-dopzd of resistivity C.0050 cm. and the P type boron-doped,
resistivity 30 - 35Q cms., The econonics of purchasing did not allow

jnvestigation of a complete range of dopings and resistivities,

The use of commercial substrates had several advantages: it
avoided the need for slicing and polishing operations; which, without
the use of special machinery would have resulted in high wastage;
the quality and uniformity of the surface finish were better; and
because the substrates would be those used for commercial layers and
devices, o comparison could be made between the layers grown in this

investigation and those produced commercially,

3.3.(1) Cleaning Procedures

The aim of all cleaning procedures used is to produce a suriace

free from foreign materials,

As discussed in tho review, the most serious contaminants have

been found to be:

(a) Hydrocarbons, present as either an absorbed surface layer or in
the ambient goases,

(b) Oxide on the subsirate surface, or traces of oxygen or water
vapour in the ambient gnses.

(¢) Mechanical damage such as surface scratches, or particles of

dust on the surlace.
The cleaning procedures adopted were divided into two parts,

(i) The pre-loading cleaning.

(ii) Treatment in vacuo.

re,

(= Pre-loading Cleaning Procedure

——— R

The substrates were ultra~sonically cleaned in two changes of
trichlorethylene for 5 minutes to remove any traces of grease, The
trichlorethylene was then flushed away with ethyl alcohol, with which

it is miscible,
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The wafer was removed from the alcohol, and whilst still covered
with a film of alcohol, placed in a beaker of hot concentrated nitric

acid,

A vigorous effervescence occurs, which aids the removal of any
traces of organic materials., The wafer is heated for twenty minutes
in the acid, then removed and washed free of any traces of acid with

deionised water,

The substrate is then chemically polished using a non-preferential
etch of concentrated nitric acid, acetic acid and hydrofjuric acid

in the proportions by volume, 15:5:3.

. .. Polishing Procedure

The substrate was placed in a plastic beaker, polished face
uppermost and covered to a depth of 3" with the polishing solution,
The beaker was gently agitated for about 1 minute, care being taken
not to expose the silicon surface to the air, The etch was quenched
by adding excess acetic acid until the reaction ceasesj; then the etch

was displaced with deionised water.

The polishing time was limited to 1 minute, to prevent degradation
of the surface. (Polishing for longer than 1 minute gives an 'orange

peel' surface.)

After polishing, the wafer was soaked in hydrofluric acid for
5 minutes to remove any oxide, then washed free of acid in deionised
water, The wafer was then washed in a recirculating bath of deionised
water fitted to allow the conductivities of in-flow and out-flow to
be measured, These readings were taken as a measure of the cleanliness
of the substrate, When the 'out-flow' conductivity was equal to
that of the 'in-flow', the wafer was then assumed to be free of any

contaminant,

The wafer was withdrawn from the deionised water, edgeways, So
that any droplets adhering, are at the edge, where deposition does
not occurj; blown dry in a current of hot air, then loaded immediately

into the vacuum system,
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(ii)" - Heat Treatment in Vacuum

. . o)
The substrates were cleaned in vacuum by heating to 1200 C for -
20 seconds immediately before deposition, This treatment had been
shown by various workers to produce clean silicon surfaces, This

has been discussed in the review,

During this thermal cleaning process, variations in the partial
pressures of the ambient gases were observed, These observations

will be discussed at a later place,

3.4, Method of Deposition of Layers

After the bake-out and outgassing procedures described, the

vacuum is of the order of 2 - 4 x lO_9 torr.

The water cooling pipes are connected to all the units and the
furnace is run at 500 watts to outgas the source, This causes the

pressure to rise to 10-8 n:10-7 torr.,

This outgassing is continued for 30 ~ 40 minutes during which

8

time the pressure returns to the 10-9 ~ 10 ° torr range,

Increasing furnace power to 900 - 1000 watts causes a brief
8

gas surge, the pressure then falling to a low 10 ° torr reading,

which remains steady.

The substrate heater is then outgossed by heating to approximately
150000 for 3 minutes; this causes the pressure to rise to 10—7 torr
range briefly, then falling to a valué close to the previous steady

reading.

The furnace is then set to the power required for the rate of
deposition desired. A substrate is sotated into the heater and
centred over the aperture. The substrate is heated for 20 seconds

at 120000, then the temperature reduced to that of deposition,

The substrate is held at the deposition temperature for 4 seconds

to stabilise the temperature and then the shutter is opened,

Deposition is terminated by closing the shutter, The substrate
is held at the deposition temperature for a further 3 minutes, then

the heater current is reduced to zero over a 3 minute interval,
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The substrate is allowed to cool for a further 15 minutes, This
procedure wns used for all the depositions to standardise the growth

procedure,

3.4,(1) Measurement of Deposition Rate

There are two basic requirements:
(i) The determination of the rate of deposition,

(ii) The indication of any variation of the rate during the deposition

time, which could be up to 30 minutes,

Tnitial experiments had shown that the furnace electron beam
current was stable over long periods, and it was therefore assumed

that the deposition rate would be as stable,

The deposition rate was found from the measurement of the thickness

of the deposit and the duration of the evaporation., The rate is
thickness

time _
of 1100 to 1200°C is given by Honig (1954) as 10 7 torr, re-evaporation

then R = . Since the vapour pressure of silicon at temperatures

is negligible at the substrate temperatures used, ~ < 1000°C compared

with the deposition rate,

3.4,(2) Measurement of Layer Thickness

The thickness of the deposited silicon layer was measured by a
mechanical profiling technique using a "Talysurf' to track across
the step produced by the edge of the hole in the tray, This method
of measurement had the advantages of requiring no sample preparation,
of having good accuracy over a large range of thicknesses, and of
only needing part of the sample, providing that it included a portion
of the undeposited substrate, The accuracy is of the order of
< 2%, The use of the Talysurf' also enaobles measurements to be made
easily on the 'orange peel' surfaces, where confusion would arise with

the use of an interferome tric method,

3.4.(3) Uniformity of the Thickness

Holland (1956) has reviewed the theoretical distributions of

vapours for various source geometries, For the small arda emitter,

Cos?®

as is the case here, the evaparation rate R o —p———= where r is the
r
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radius vector and © the angle between the normal to a plane receiver
and r, IT to is the thickness for normal incidence then the thickness

tx at a point dist x from the axis

t

X 1 . . . .

e ~ ——r where x is the radial distance in the
o [1+ (H) ]

receiving plane, and h is the distance of the source, For substrate-

source separations of the order of 6 cm. and substrate diameters of

2 cms,
te 1
- —5 s W 0.94 where t_ is the thickness at edge
o} [l + QE) ]

of the layer.

Therefore the errors produced in measuring the thickmess at the
edge of the layer are negligible compared with the overall experimental

errors.,

3.5. . Methods of Examination of the Structure of the Layers

The main method used woas transmission electron microscopy, together

with transmission electron diffraction,

In order to study the structure of a materinl by transmission
electron microscopy, it must be thin enough to allow transmission of
the electron beam, The transmission thickness limit varies for
different materials, being inversely proportional to the atomic weight,
For silicon; Atomic wt. 28 the transparency thickness limit is
approximately 60004 (for electrons of 100 KV energy). At this
thickness the silicon is transparent to visible light and this effect
is used to control the thickness, The electron microscope used was
an AEI EM,6,B whose specimen holders are designed for 3 mm. diometer

specimens,

The 3 mm,., discs were cut from the layer using an ultrasonic
trepanning technique, The cutting tool consists of a short length
~3M, of %" nominal bore, thin-wall steel tube, brazed, together with

a nut to the end of a 4 B,A, bolt,

The tube used was 'cryogenic' tubing supplied as a sample by

Oxford Cryogenics Ltd,
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3.5.(1) Method of cutting the 3 mm. Discs

A glass slide was heated sufficiently just to melt some black wax,
which was spread out to give a thin layer on the slide. The silicon
specimen was pressed into the 'just molten' wax with the deposited
surface uppermost. (Pressing the slice into the wax enéﬁres that
there will be no unsupported areas, which would crack during the cuttingy
also the cut discs do not come loose and break up.) The glass slide was
allowed to cool, A thin layer of 'acetone ctllodion' was then painted
over the silicon surface, This protects the deposited layer surface
from abrasion, and being transparent allows the selection of a particular
specimen area, The discs are cut using a slurry of 3F grade carborundum
in water to which a little detergent has been added., The addition
of the detergent helps the slurry to flow into the cut, After the
discs have been cut, the silicon carbide particles are washed off

the slide, and the collodion layer is stripped off,

The discs are taken frem the slide by heating it very gently

to just remelt the wax, and removing the discs with tweezers,

The discs are cleaned by boiling in two changes of trichloro-

ethylene which dissolves any of the wax adhering to the discs.

For studies wherc knowledge of the relative position of the
discs in the substrate was needed; after heating the slide, each disc
was removed and cleaned individually. The cleaned discs were stored

in labelled containers,

3.5.(2) Method of producing thin regions for Transmission Microscopy.

The method of thinning is based on that of Booker and Stickler
(1962). The 'jet thinner' used is shown in fig, (3.10). It is
constructed from P,V.C,, this being resistant to the etch used,

The etch is a mixture of 10 parts to 1 part by volume of concentrated
nitric and hydrofluric acids,

The criteria. for good thinning are:
(i) Formation of a large thin area;
(ii) The production of a 'dimple' with a smooth polished surface,

The smoothness of the dimple surface can be seen in Fig. (3.10b).
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From experiments it was found that the thinning process depended
critically on the flow rate, jet diameter and jet to sample distance,
The jet thinner was designed cc that these parameters could be varied
and optimised., For the 1 mm. jet bore used the following settings
gave reproducible, good results:?

Head ~ 20 cms,
Flov rate ~ 3 -~ 5 'drops per sec' (2 ccs/min)

Jet-sample separation ~ 1 mm,

The 3 mm. discs were cleaned by immersion in carbon tetrachloride,
then rinsed in ethyl alcohol, and then allowed to dry on a filter

paper.

A clean glass slide was coated with a thin layer of acetone
collodion which was then dried under a lamp., When this coating had
dried another thin layer was applied on the first, and while this
layer was still 'wet' a disc was placed in it, with the 'deposited-
layer' side down, This was done carefully to avoid any trapped air

bubbles.

The slide was recplaced under the lamp, to dry the collodion,
Then using a low-powered stereo-microscope, a layer of 'Lacomit'
(acid-resistant varnish) was 'painted' around the disc to cover the
collodion, and to seal the edge of the disc to prevent under-cutting
attack by the etch, After painting with 'Lacomit', the slide was
replaced under the lamp to dry,

THe jet thinner is set up so that on looking through the microscope,
the illuminated hole in the jet is central in the field of view,
The etch flow-rate and head are set to the values given, and the
glass slide carrying the mounted specimen placed over the jet, as shown
in fig. (3.10) and positioned so that the 3 mm, disc is central in the
field of view, This ensures that the thin region will be more or less
central in the disc by virtue of the initial setting-up procedure.
At the low flow-rates used, the thinning process takes between 10 and
15 minutes, A photo-electric detector was used to monitor the

thinning: the circuit is given in the Appendix,

Vhen silicon is approximately 5p thick it is transparent to
'red' 1light and the thin region appears as a dull red patch in the
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field of view, As the region gets thinner, the red patch changes colour
through yellow, to a pale straw colour just before perforation, The
photo~electric detector was set to detect the 'red transParent'

stage, The transition from 'red' to 'straw' is relatively slow, taking
on average 30 - 40 seconds and was monitored by ‘eye'. At the

'stray’ stage the glass slidewas removed and plunged into a beaker

of water to quench the etch, It was often found afterwards that
during the transfer of the slide to the water, the residual droplet

of etch created a small hole in the silicon, In these cases of
perforation, the collodion undercoat prevents the acid from flowing

over the surface of the layer and attacking it, After washing the
specimen for a few minutes in a very gentle flow of water, the glass
slide is immersed in a dish of warm water and allowed to soak for

10 - 15 minutes. This causes the collodion to swell and detach itself
from the slide, freeing the silicon disc, The thinned disc needs

no further cleaning and can be examined or stared.

Fig, (3. 9b) shows the dimensions of the thinned region, It
can be seen that only the top 30004 is left in the thin region, Thus
in order to study the substrate layer interface, cither very thin
layers must be grown, of thickness :SHOOOE, or thinning carried out

from each side in turn,

3.6.(1) Experimental Method for Nucleation Studies

Since the initial growth process has a profound effect on the
structure of the layer, some experiments were carried out to investigate

the nucleation and growth stages.,

The basic technique used in most nucleation studies as reported
in the literature is to grow o series of discontinuous layers by
exposing the substrate to a constant deposition rate for different
times, This method was tried by scanning the shutter slowly across
the substrate, thus exposing it for a varying time, However, because
of the high deposition rates used, the results were in most casea not
satisfactory, [In most reported studies of the nucleation process
the rates used are of the order 1 - 504 per minute, This low rate
allows good control of the deposition durations,] In this work, however,
the rates used are an order of magnitude greater, The method used

was to create a zone of varying rate. A strip of molybdenum 3 mms.
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wide was mounted below the deposition aperture in plate S so that

it was 3 ~ 4 mms. below the substrate. Because of the finite source
area, a penumbra zone., in which the deposition rate varies, is produced
on the substrate: the experimental arrangement is shown in fig. (3.10Q),

From this figure it is seen that three zones are produced,

(i) A zone at the centre which is completely masked, designated
the mask zonej or M.Z,
(ii) Two regions, one each side of the MiZ, in which the rate of
deposition varies, increasing as one moves away from the M,Z;:

these are called Nucleation Zones or H,Z,

(iii) The regions outside the penumbra, where 'normal' deposition

occurs, designated continues layer of C,Z, regions,

These regions were investigated by replication techniques and

transmission electron microscopy.

3.6,(2) Replication Method

In the standard method of production of shadowed replicas,
Bradlvy (1959), the replica is freed by dissolution of the specimen,
This method was modified to enable the specimen to be recovered so
that transmission microscopy studies of the same area could be carried
out, The specimen, in the form of a standard 3 mm, diameter disc,
was cleaned ultrasonically to remove any particles of dirt, and then
a thin layer, 20 - 40 A, of aluminium deposited onto the surface,

A carbon layer about 150 i thick was then evaporated on top of the

aluminium layer, at normal incidence,

The thickness of the carbon layer is of importance, since if it
is too thick, the intensity transmitted will be small, and detail
will be lost. If the carbon layer is very thin, it will be very

fragile and difficult to handle,

To monitor the thickness of the carbon deposit, a piece of
'shiney' aluminium foil was placed alongside the specimen, and carbon
evaporation was stopped when the aluminium foil surface was a violet-blue

colour, This corresponds to a thickness of carbon of 100 to 200 ﬁ,
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The specimen was then tilted and shadowed by the evaporation of
heavy metals, Angles of approximately 720° and 30° to the specimen
surface normal were used. The metals used for shadowing were
gold, platinum and gold/paliadium alloy, as they come to hand,

The shadowing metals uscd &« high atomic weight, to give good

contrast,

The replica was removed from the specimen by slowly inserting
it replicated face upermost; at a slight angle, into a shallow dish

of dilute hydrochloric acid (1 vol. acid to 5 vols. water).

The aluminium dissolves and the replica floats off onto the
surface of the acid, The acid does not attack the specimen, the
replica, or the shadowing metals, The replicas were removed, and
floated on to a shallow dish of water to remove the acid, then

picked up on 3 mm, grids, and stored.
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Chapter 4., Results,

4,1, Growth Conditions for Epitaxy

The layers were deposited at various rates and growth temperatures
in the manner described in the experimental techniques section,
The layers were examined by electron diffraction and transmission
microscopy, to determine the conditions for the transition from
epitaxial to non-epitaxial growth, The presence of a ring diffraction
pattern was taken to indicate non-epitaxial growth, and the presence

of a spot pattern to indidate epitaxial growth,

The values of the growth parameters, Rc and T, - growth rate
and temperature - for the transition, were found as follows. The
values of growth parameters corresponding to single crystalline
and to polycrystalline growth were plotted and the points corresponding
to the transition were found by interpolation, The curve through
these points then represented the variation of critical growth rate

and temperature, R , T . Fig. (4,1) shows the graph so obtained,

It was also found that for growth temperatures’ below 380 ~
400°C epitaxial growth could not be obtained for any deposition rate,
This indicated 38000 to be the zero-rate minimum epitaxial temperature
for the (111) oriented silicon substrates,

u

4,2, The Structure of the Layers

4,2,(1) Visual Appearance and Topography

Layers grown on optically polished substrates were also optically

flat, whether epitaxial or polycrystalline,

Interferometric measurements showed the surfaces to be smooth
as shown in fig. 4%.2b, with no trace of faceting or steps, through

the entire range of growth parameters investigated,

The overall smoothness of the surface is shown in the streaking
of the diffraction spots and presence of Kikuchi  bands as shown
in fig. (4.2), This suggests that the layer surfaces are atomically
smooth: Pashley (1965).
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4,3, Analysis of the Structure of the Layers by Transmission Electron

Microscopy.

Introduction

The layers grown for values of deposition parameters which gave
epitaxial growth conditions showed large variations in structure,

quality and defect content,

In analysing and presenting these results, it was found convenient
to divide the layers into two groups, The division is based on the

observed structure as follows:?

Group I Those layers which consisted mainly of twinned material,
Group II Those layers which were well oricnted, and contained

stacking fault defects,

For this latter group, the fault density was token as a measure

of layer quality,

4,3.(1) Analysis of the Structure of Layers of Group I

It was found that the layers in this group were those grown in

the temperature range 400°C to 600°C and at rates > 0,1y per minute,

Within this group, variation of quality with deposition parameters

was observed, as seen from the following examples,

Fig. (4.3) shows the diffraction pattern, bright-field and dark-
field micrographs of a layer 3u thick grown at 0,1 per minute at

a substrate temperature of 460°C,

As can be seen from the diffraction pattern, fig. (4.3a), the
layer is epitaxial but the presence of the extra spots and a ring

marked R indicate the presence of considerable disorder,

This is confirmed in the bright-field micrograph, fig. (4.3b).
The presence of the extra spots around the {220} matrix spots

indicates the presence of twinned material,

The dark-field micrograph, fig. (4.,3d), token using the diffraction
spot indicated in fig. (4.3a), shows the twinned regions in bright
contrast, This is an example of domain contrast discussed in section
(1. 35). The presence of the ring R in the diffraction pattern

indicates the presence of polycrystalline material,






< 211 > directions., These streaks may lie in the plane of the
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The ring R can be seen to be resolved into individual spots,
showing that the polycrystalline regions are large, relative to the
diameter of the electron buaii, (estimated to be 1p), This is
confirmed by the dark-field micrograph fig. (4.3c), taken using a
spot in the ring to form the image, This micrograph shows some of
the grains, marked P in the micrograph, in bright contrast. The
diffraction pattern of figure (4,3%a) also shows the presence of
faint spots and streaks lying along the < 110 > directions. These
spots and streaks are caused by diffraction effects at the twin boundaries
and indicate that the twins may be in the form of 'stacks' of laminae,
Some twinned regions in the form of stacked laminae can be seen at S,
fig. (".3b and d). From these micrographs it can be seen that the
layer consists mainly of twinned material with some polycrystalline
grains, Thus although epitaxial, the quality of the layer is very

poor,

The effect of increasing the deposition temperature at
approximately the same growth rate can be seen in fig. (4.4), which
shows the diffraction pattern; bright field and dark field micrographs
of regions in a layer 2p thick, grown at O,1p per minute at a

substrate temperature of 600°C,

The diffraction pattern fig, (4.4a) has a more ordered appearance
and there is no trace of rings, Ixtra spots are visible, for example
at X in fig.(4.4%). These spots can be indexed as % (422) relative

to the matrix spots [they lie along the [422] directions and are

% the distance of the (422) spots from the origin.]

The diffraction pattern also shows prominent streaking along
pattern, or be produced by the interaction of the Ewald sphere with
reciprocal lattice spikes which do not lie in the (111) reciprocal
lattice plane, The formation of the % (422) spots has been investigated
in detail by Pashley and Stowell (1963); for films of gold, on F.C.C,
material grown on (111) faces of NaCl, which also has an F.C.C,

lattice, They found that these diffraction spots could be produced

by double diffraction of the eleétron beam at the boundaries between
doubly positioned twins, The stacking sequence for double positioned

twins was discussed in the review, section 1.
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Fig. (4.4c) is a dark-field micrograph taken on the double
diffraction spot X indicated in fig. (4.4a)., The boundaries of the
twin regions are seen in bwight contrast, as was discussed in the review,
From the microscope rotation callibrationm these boundaries are found
to lie parallel to the {211} planes normal to the foil plane as was
found in the case of Au on NaCl, by Pashley and Stowell, (1963).
Fig. (4.4d) is a dark field of an area of the specimen using the
diffraction spot ¥ a { 111} twin spot indicated in fig. (4.4a). This
micrograph shows triangular shaped areas which are composed of small
spots fn bright contrast. From the rotation calibration the sides of
these triangles were found to lie parallel to the double position
boundaries discussed above, thus it is probuble that the boundaries
of these triangular areas, are the double positioned twin boundaries.
This is confirmed by the correlation between the lengths of the triangles,

and the double positioned boundaries,

It is also seen that the small bright regions zre not visible
in the bright field micrograph (4.4b), but it is seen that some of the
bright regions in fig. (4.,4c) are composed of small bright spots.

4,3(2.) Structure of Layers in Group II

Introduction

The layers in this group had good crystalline perfection as
judged by the presence of Kikuchi lincs in the diffraction patterns:
Pinsker (1953); Pashley (1965). The defects found in the layers
were stacking faults, dislocations and & uniform distribution of small
defects which had the appearance of either a fine grain backgrouns,
or a distribution of black spots, in the micrographs, Thisdefect
content was cbserved to vary with both deposition rate and substrate

temperature,

Investigation of the Defects

I Stacking Faults

Hirsch et al (1965) have shown that under two-beam diffraction
conditions, an imperfection in a crystal introduces an additional

phase factor e—la; into the intensity of the diffracted wave?
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o= 2n gﬁRq where g is the operating diffraction vector, and R is
~ p=2 ~

the displacement vector of the imperfection, At a stacking fault,

both parts ov the c-oysuve, civ.¢ aud below the fault, are identical

in structure, but are tramslated relative to each other by the fault

shear vector R, Thus the rciative phase of the diffracted wave changes

discontinuously across the fault by the amount oj where o is given by

o= 21 gfgf (Since o is periodic we need only consider - m <o < T ,

and Arg (o + 2nm) = Arg o for integral n,)

In section (1,2) the shear vectors for stacking faults were shown
to be of the form iA%-< 112 >, and for the faults on the {111} planes
it was shown that these fault veetors could he represented by displacement

vectors of the form i.% < 111 >,

For o = 2mn; where m is an integer or zero, the contrast factor
-ig . . . s
e a’ is unity, Thus the fault will be invisible, and the contrast

observed will be that of a perfect crystal, Since a = 2rn §f2; the
condition for fault invisibility is §f2,= 0, or an integer that is,
g,is parallel to Rf This rule applies regardless of the sign of D;

i.e, for both extrinsic and intrinsic faults,

Thus if g,D = O, or an integer, the fault will be 'out of contrast’,
i,e, invisible. Thus it is seen that a fault on the (111) plane
for which v = % (11T1) will be out of contrast for a [220] diffraction
vector, but in contrast for a [202] diffraction vector, It is also
seen that faults on the (111, plane, ie. the planes parallel to the
substrate surface, arzs out of contrast for all {2?0} type diffraction

vectors, and hence invisible,

The contrast vroduced by the stacking fault in two-beam diffracting
conditions was shown by Hirsch et al (1965) to consist of fringes
parallel to line of intersection of the fault plane with the foil

surfaces,

Fig, (4.5) shows a series of micrographs of a group of stacking
faults under different two-beam diffracting conditions, The faults
are out of contrast when the operating diffraction vector E}is
paradlel (or anti-parallel) to the line of intersection of the fault
plarne and foil surfaces, This latter fact follows from the rule

derived above, The condition g.D = O, means that the vector g is
~ ~Jd
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perpendicular to Dj or the component of D in the plane of the foil,

It was also shown by Hirsch et al (1965) that under two-beam
diffracting conditions, the stacking fault fringe periodicity is gg
where Eg is the extinction distance of the operating diffracted beam.
For a {220} diffraction vector in siliconj Bg n; 750} (Hirsch et al).,
Thus the fringe periodicity is 375A in a direction parallel to the

electron beam,

The selected area diffraction patterns of the faults do not show
extra spots, thus confirming the features to be stacking faults
as opposed to micro-twin lamellae which can also give fringe contrast,
The stacking faults observed in the layers were similar in form to

those found by the various workers whose results have been reviewed,

It was found that for all the layers in group II, the '"1ine’
form of stacking fault predominated, and various sizes of faults were

observed,

Fig. (4.6) is a micrograph of a layer grown at 80000, at a rate
of 0,074 per minute, The micrograph was taken under two-beam
conditions using a rcflection of the {2?0} form, It is seen that
the line~-form faults were of dissimilar lengths, and also that the

triangular faults Ty, T, and T; were of different sizes,

From the geometry of the stacking fault, the length 1 of the
trace in the surface of the layer, fig. (4.7), is given by 1 = 1.22 x d;
Booker and Stickler (1962) where d is the depth to the point of origin
of the fault, Thus a variation of lengths of fault indidates that
the faults have been nucleated at different depths; since the layer
thickness is the same for a given specimen, The longest faults were
those nucleated at the interface, These had a length proportional
to the layer thickness, which we shall call 1D’ the characteristic
length,

As shown in fig. (3. 9c), the thinning process for transmission
microscope specimen preparation leaves only the top 50004 of the
layer, Thus for layers of thickness greater than 50004 the interface
region is removed., In fig. (4,62) it is seen that the whole of the
triangular faults, including the lower vertex, can be seen, Their

extension into the layer can be estimated from the number of fringes

visible in the fault,
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Fig. (4.7)

. . GEOMETRY OF THE STACKING TFAULT, AND THE TRANSMISSION

MICROSCOPE IMAGE, ABCD IS THE FAULT; ORIGIN O, t IS
THE THICKNESS OF THE TRANSMISSION MICROSCOPE SPECIMEN
d IS THE THICKNESS OF THE IAYER, A'B'C'D' IS THE
IMAGE OF THE FAULT,
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For reflections of the form {?20} in silicon, Eg is 7504 (Hirsch
et al (1965))., From this the depth of the point of origin of Ty,
which had 4 fringes visible, was approximately 15004, and T;, which had
2 fringes visible, had a point of origin approximately 7504 below
the surface, The small variation in the number of fringes visible
in the line faults is due to the thin region of the specimen being
slightly wedge-shaped, due to the thinning method, The differences
in mumbers of fringes also confirms that the triangular faults have
not been produced by growth and interaction of the line type faults
since if this was the case, the triangle and line faults would all

have the same number of fringes visible,

In films grown at higher deposition temperatures, the triangular
faults were more numerous and had sides of length lD as shown in
fig., (4.8a) which is a micrograph of a layer grown at 900°C and
0.1p per minute,

A similer effect was observed for very low deposition rates,
as shown in fig, (4.8b) which is a micrograph of a layer grown at

0,054 per minute at a temperature of 650°C,

4.3,(3) The Orientation of the Triangular Stacking Faults

The triangular stacking faults were always found to be similarly
oriented, Fig. (4.9a) is a micrograph showing two triangular faults
beginning to interact. Some etch pits Ey E, ,,, are visible: it
can be seen that the etch pits are oriented anti-parallel to the faults.
The etch pits were found to lie on the substrate side of the thinned

foil, and were caused by local preferential etching during the thinning.

Fig. (4,9b) is a diagrammatic representation of a section through
the foil, ABCD represents the etch pit and EF, FG, GE are the traces
in the upper surface, of the plane forming the etch pit., It is seen
that EFG is in parallel orientation to the trace of the stacking fault,
IJK,

If the etch pits are tetrahedra formed by the exposure of {lll}
planes, then the vertex will point in a <§11 >, It is seen from

fig., (4.9) that the fault vertices point in [211] type directions,
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L,3,(4) Measurement of Stacking Fault Densiby

For the layers of Group II; the stacking fault density was used
as a measure of the quality of the layers, The density expressed as
number of faults per square centimetre of layer, was determined by
counting the number of faults visible in the field of view; with
the specimen tilted into a two-beam condition, This procedure was
repeated for several fields of view and for up to three thinned discs
taken at random from the layer, Since in a given two-beam condition
we may assume % of all the faults present will be out of contrast,
the counts obtained may be assumed to represent g;% the number of faults
presenty thus the counts obtained were multiplied by g-, Fig, (4,10)
shows the results obtained, The large spread in the 420°C plot is
due to the difficulty of counting the individual faults because of

overlapping.

The results show that for a given substrate temperature, the fault
density increases with growth rate, The estimated spreads.could
preclude the observation of a non-linear dependence, however, a

growth rate dependence is clearly seen,

L,3,(5) Examination of Substrate-layer Interface

Fig., (4,11) shows a portion of the substr:te-layer interface of
a thin layer deposited at about 200°C,  This layer was produced by
opening the shutter for approximately 2 minutes and was estimnted to
be about 3 ~ S000A thick, Tt is seen that each stacking fault has a
small black spot, at the point from which the frult originates,

It is also seen that, whilst all the faults have the black spots
at the origin points, not all the black spots have stacking faults

associated with them,

The exact nature of these black spot defects could not be determined
but as can be seen from fig. (4.11c) some have regular and some irregular
shapes, Also, the regions appear wery much darker than the surrounding
silicon, and therefore may have a high absorption for electrons.
Fig.(4.11lc) also shows line features similar to those shown in fig, (4.8b,
and ¢), It is also seen in fig,(4.11) that these line features appear

to originate from the black spots discussed pbove,
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4,3,(6) Analysis of Stacking Faults

As discussed in the review, section (1.2,(1)), stacking faults

may be of two types - extrinsic and intrinsic,

Hirsch et al (1965) have shown that for two-beam diffracting
conditions the phase shift introduced by a stacking fault is a, where
a = 2r g.,D., g being the operating diffraction vector, and D the
displacement vector of the fault., (Elis defined in section (1.2.(1)).)
It was shown by Arts et al (1963) that the value of the phase shift o
could be found from the contrast of the outermost edge fringes in the
bright field micrograph of the fault, If on a positive print, both
the outermost edge fringes are in bright contrast, then o is positive,

If the outermost edge fringes are dark, then o is negative,

It was also found by the above workers that for foils thick enough
to produce absorption effects, the dark-field image of the fault is
pseudo-complementary to the bright field image in that the fault
fringe contrast reverses only for the edge fringe on the exit side of
the foil. From these results Gevers et al (1963) have shown how the
nature of the fault can be found. B T .
Following the analysis of Arts et al (1963) we can write o = 2n|D|. 8|

cos B, where B is the angle between the vectors D and Be For {111}

planes, D = i.;4< 111 > so D] = ; V3:" and from the definition of
~ z 2
reciprocal lattice vectors lghkl! = ia;_~§; which is fh? + E 4 1
K1 a
- 2y2
for cubic lattices. Thus for g vectors of the form {220}, le| = _g; ’

(taking the positive sign for | in. the above,)

Thus o = Efééiél Cos B —_—

Arts et al (1963) have shown that for the g vectors of the form {220}
« is positive for B acute. Thus the sign of Cos B depends on the

sign of a,

In fig, (4,122) the stacking fault is shown as produced by the
displacement of a portion of the crystal in the manner discussed in
Section (1.,2.1), F is the fixed portion and M the moved portion of
the crystal, It is assumed that the electron beam enters the crystal
through the fixed portion., Then it is seen for the given direction of

g that there are two possible values for B, corresponding to the two
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senses of the stacking fault displacement vector D,as shown in the

&

diagram,

From the definitions of the D Vectors, Section (1.2.(1)), it is
seen that Egis the extrinsic fault displacement and Biis the intrinsic
fault displacement, Since the fault inclination may also be opposite
to that shown in Fig. (4,12a), it is seen that there are four cases to
be considered. These are shown diagrammatically in fig, (4.12b)
with the edge fringe contrasts to be expected in bright-field, (BF)
and dark-field, (DF) micrographs., U and L are the edge fringes on the
beam entrance and exit faces of the foil, From comparison between the
DF and BF micrographs, the sense of inclination of the fault to the
beam can be found using the contrast reversal at the beam exit face,
and the sign of a can be found from the BF edge fringe contrast,

Hence, the value of B, acute or obtuse, can be found, and so the nature

of the fault determined.

From fig. (4,12b) it is seen that the nature of the fault can be
found from the dark-field image alonc; as has been shown by Gevers et al
(1963), if the origin of the g vector is marked at the centre of the
dark field fault image, then the direction of the g, vector is away
from a bright edge fringe if the fault is intrinsic, and towards a
bright edge fringe if the fault is extrinsic, regardless of the sense
of inclination of the fault to the beam, This rule applies also for
directions of ﬁinot perpendicular to the line of intersection of the

fault plane and foil surfaces.

The direction of the operating g vectar relative to the image,
can be found from the selected area diffraction pattern, provided
that the rotation correction for the magnification range used be applied.
Fig. (4.13a,b,) shows the bright field and dark field micrographs of
a group of stacking fanlts, The images appear as trapezia as shown
in fig. (4.7). TFor the faults shown in fig, (4,13) the parallel
sides of the trapezia are denoted by L - long; and S - short in the
accompanying table which gives the edge fringe contrasts observed.
Thus from the preceding analysis, faults 1, 2, 3, 4, 5, 8 are intrinsic,
and 6, 7 extrinsic, TFaults 6, 7 are two of the three faults forming
a tetrahedral defect, the third fault being out of contrast in the

micrographs,
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Stacking Fault Fringe Contrasts Observed in Fig. (4.13 a,b)

Fault Bright Field Dark Field Comp
Number Tdge Fringe Bdge Fringe .. Edge B
Contrast Contrast
L S L S
1 B B B D S acute
2 B B B D S acute
3 B B - - - acute
L D D D B S obtuse
5 B B B D S acute
6 D D D B S obtuse
7 B B B D S acute
L. 8 B B B D S acute.
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Fig. (4.13) also shows features at A, B, which give stacking
fault fringe contrast, but do not have the characteristic trapezoidal
shape, as shown by the uilei foulic, The exact nature of these
features is not known, but from analysis of the edge fringe contrast

they are extrinsic in nature,

The difference in nature between the triangle and line faults
is confirmed in fig. (4,14 which is a bright field micrograph of a

layer deposited at 80000 and 0,06 1 min 1,

From their geometrical forms, faults 1 and 2 lie on parallel
{111} planes, As can be seen, the edge fringes of fault 1 are bright,
whereas those of fault 2 are dark. The edge fringes of fault 3 are
bright, indicating that it iz of the same nature as fault 2. It is
also seen that the small triangular fault T has simttlar edge fringe
contrasts to faults 2 and 3 indicating that the nature of these
three faults is the same.

L,L,(1) Variation of Background Defect Content with Growth Parameters

In this scction micrographs and diffraction patterns of layers
grown at various values of deposition rate and substrate temperature,

are shown in order to compare the defect contents,

Fig. (4,15) shows the Aiffrastion pattern, bright-field and dark-
ficld micrograph of a layer deposited at O,14p per minute at a substrate
temperature of 70000o The diffraction pattern fig. (4.15a) shows the
presence of several fine rings, indicated by Ry R; R; in the figure.
These can also be seen in the form of broad diffuse halos passing
through the {220} and {ﬁ22} matrix spots, The assymetry of the
diffraction spot sizes, is caused by the foil being tilted from the

symme tric orientation relative to the beam,

From measurements of the diffraction pattern, we have:
Diameter of Ring R, 1.1 cms

Diameter of Ring R, 1.2 cms

Diameter of {220} diffraction spot circle 1,8 cms

Diameter of {422} diffraction spot circle 3,1 cms
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Using the equation derived in section
thl’ dhkl = AL; the radius of the {520} spot circle; and the lattice
constant of silicon 5.52%, wc have
AL = R220 ?Iéé
JEE“:‘EZ + O
Using this value of AL, the silicon {111} diffraction ring radius was
calculated to be 0,61 cms, this value is in agfeement with the measured
radius of Ry§ 0.6 cms, The radius of Ry is measured as 0,55 cms, this
value is close to the radial distance of diffraction spots of the form
%{ﬁEE}, which is calculated to be 0,52 cmsf using the value of AL
given above, The spots of the form %{ﬁEE}, could be produced by
double diffraction at double positioned twin boundaries as was discussed

earlier,

In this case the existence of a ring in this position may indicate
the presence of grains which are in double positioned arrangement with

respect to the matrix,

The presence of polycrystaline material indicated by the rings
Ry Ry, R; discussed above, fs confirmed by the dark field micrograph
fig. (4.15c) taken on ring R,. It shows the polycrystalline material G
in bright contrast, The edge region of the foil is also in bright
contrast due to the spiking through of the {111} reciprocal lattice

points,

Fig (4,15b), a bright field micrograph, shows the presence of
stacking faults and a distribution of granular regions, The stacking
fault defects indicated at F are usually only found in relatively
Bood quality epitaxial material, The small black 'blobs' visible in
this micrograph were due to contamination during the preparation of

this specimen,

The coexistance of the ring diffraction pattern and kikuchi lines
in the micrograph taken from the same specimen, can be interpreted as
indicating the presence of polycrystalline regions in an essentially

well-oriented single crystal matrix,

Fig. (4.16) shows micrographs of a layer deposited at the rate
of 0.1¥ per minute at a substrate temperature of 700°C. The ring

structures seen in fig, (4.15a) have given way to fine arced streaks
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indicated at S, some of which pass through the é(ﬁEE) points. The
centre spot is again seen to be surrounded by a broad halo and traces
of diffuse halos are also seen round the {220} and {322} matrix spots.

The halos, are less prominent than those seen in fig. (4,15a),

The bright field micrograph fig. (4.16¢c) shows a microstructure
similar to fig. (4.Lc), The selected area diffraction pattern in

fig., (4,16b) shows prominent Kikuchi lines,

Fig. (4.17) shows micrographs and a diffraction pattern of a layer
deposited at 0.15p per minute at 85000. The granular background can
still be seen, though it is less prominent than fig. (4.16b). In
fig. (4.17b) thickness extinction fringes are seen at the edge of the
foil, The granular background is seen as bright contrast areas on

the dark fringes.

The diffraction pattern fig, (4.17a) shows a broad halo surrounding
the centre spot, and a diffuse halo can alss be seen running through
the | 220} and {Ta-aa} Spots.

L

The diffraction pattern also shows streaking in <110> directions
which may be due to the presence of stacking fanlts or the associated
lattice strain., Fig. (4.17c,d) is a sterco-pair of a region near the
edge of the foil, From the sterco-pair, it is seen that the small
bright-contrust regionc are distiibuted throughout the entire foil

thickness,

Fig. (4.18) shows micrographs of a layer deposited at 900°C and
0.2p per minute, The diffraction pattern shows no trace of ring
structure., The bright field micrograph fig. (4.18b) shows a similar
microstructure to fig., (4.,16b). Fig. (4,1834) shows part of the region
in fig, (4.18b) at higher magnificationj from this the regions are
seen to have diameters of the order 300i, In fig. (4.18b) strong
contrast variation is seen on either side of the stacking fault at
P and Q. Along the line of the stacking fault, the foil is in an
exact two-be~m condition as shown by the selected area diffraction
ptiorn, fig. (4.18¢). On either side curvature of the foil causes
departure from the exact Bragg condition, and the bright contrast of
the micro-regions at P reverses to dark contrast at Q, A contrast

variation similar to that observed in fig. (4.17c) is seen at the
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thickness contours produced by the locally thin region at X in fig,

(4.18b).

In contrast to the background structure seen in figs. (4.16)
(4,17) and (4.18), fig. (4.8¢c) shows o micrograph of a layer grown
at IOOOOC; 0,041 per minute, It is seen that the background is similar
to that in fig., (4.6). Though the black spots are still present,
the density is much less than in fig. (4.7) but a number of « 112 >

oriented line defects is seen,

From these results it is seen that for layers grown at deposition
rates > O.1p per minute, the bright field micrographs show a contrast
variation which has the form of a granulated appearance., For growth
rates < 0.1y per minute the layer has large numbers of black spot
defect;, as can be seen in fig. (4.18a,e); and there is no granular

structure in evidence,

It dis also seen that the density of black spots varies with the
deposition rate,

4,4,(2) Contrast Effects Observed in the Background Defects

From the previous results of variation of defect content with growth
parameters it is seen that we may subdivide the layers of group II
into two sub-groups, viz:
ITa: those layers grown at deposition ratcs 2 0.1p per minute
ITb: those grown at deposition rates < 0.1p per minute.

Group IIa., Films grown at deposition rates > 0.,1p “icrons per minute

A e - Ot et 2 ol 0 s 4

From figs. (4.17) and (4.18) the main contrast effect observed
is the contrast reversal of the small regions across extinction contours,
In Fig. (4.,17) the contrast reversal occurs across a bend extinction
contour, and in fig. (4.18) the change in contrast can be seen at the
thickness fringes at the ecdge of the foil, This form of contrast
variation is termed structure factor contrast, and was originally
observed in specimens containing precipitates of a different phase

or structure,
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Structure factor contrast effects were investigated by Ashby and
Brown (1963), who showed that if an inclusion of thickness dt and
extinction distance Egi is in a foil of thickness t, then the net
effect is to.increase the effective foil thickness by the amount

Bg - B

dat. [_EL__EELJ where Bg is the extinction distance of the matrix.
Eglg

From Hirsch et al (1965), this change in effective thickness

gives rise to a change in diffracted intensity of dI, which for an

exact two-beam diffracting condition is given.by the equation

Eg - Eg-
I = -2ndt[o8 = 8 ] Sin (jE‘E Cos ( n’c \ b, (1)
Eg.Bg" &

where dt is << Eg.

At the two-becam diffracting condition, the intensity variation

dI is independent of the position of the inclusion in the foil.

For deviations from the exact Bragg condition, the contrast
observed will vary with the position of the inclusion within the foil.
Fig. (4.192) shows a region of the edge of the foil shown in fig, (4.17b)
at higher magnification, it can be secn that there are small regions,

H, in bright contrast on that side of the dark fringe which is towards

the edge of the foil.

At a bright fringe, the foil thickness t, is an integral number
of extinction distances, ie, t = n&g, Then for the two adjacent

dark fringes, t = (n * _)Fg

From the equation for al given above, it is seen that al varies

Tg ad
with t. FOTt:u-’BF%;ZL‘Lig.‘ie.t (Zn;l)g ]

14aT| is a maximmn.

In the direction of increasing foil thickness, ie. X to X, in
fig. (4.19a) the foil thickness incrcases from nEg at a bright fringe
to (n + L)Eg at the adjacent dark fringe., It is seen that the
regions indicated at H, ate at positions corresponding approximately to
foil thicknesses of (u + _JEg. ie. (n + _)Eg > t.. > nBg; where

H

tH is the foil thickness at the regions H,
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Since the regions H are in bright contrasty dI is positiveg
thus in the equation quoted above, Egl must be greater than kg,
Since equation 4,4(1)i can be written as

Eg - Bg* 2t N

dl = -ndt[———=-]. Sin
T Bg~ /
and for t = (n + 1)Bg, with integral n
I

2t
Sin —_\ = o+
Eg / lo

Thus from this result it is seen that the small regions have a
different structure factor to the silicon matrix material and the
extinction distance of this structure is greater than that of silicon,

..... - . - . - P

Group IIb: Films grown at deposition rates < 0,1 microns per mimte

In general the prevalent backgrcund defect, the large black
spots, did not show any strong variation with different g vectors, as
can be seen from figs, (4.5) and (4.13), However, in many cases very

small black dots giving strong contrast effects were observed.

Fig. (4.19b) is a micrograph of part of a layer grown at 800%
at 0,051 per minute. As can be seen, there are large numbers of
small spots, showing strong contrast effects, The direction of
the acting g vector is given by the line of the out of contrast side
of the stacking fault, S.

The black spot contrast vector, d, is defined as the direction
of the black to white contrast as indicated in fig, (4,19b), As
can be seen, whilst several of the d vectors lie parallel (or anti-
parallel) to g, the operating diffraction vector, the majority are

at an angle of approximately 300 to the line of g.

4,5, Nucleation and Growth,

4,5,(1) Investigation of the effects of the thermal treatment on the

Substrate Surface

The predeposition cleaning process involved rapidly heating the
chemically polished substrate to 1200°C for 20 seconds, then reducing
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the temperature to that of the deposition, The pressure changes
observed during the heating of substrates were investigated with the
mass-spectrometer, The results obtained are shown diagrammatically

in fig. (4.20), which shows the behaviour of the peak found at [gﬂ = 44,
It is seen that the "44 peak" rises and falls during a period less

than the total duration of the heat trcatment given, It was also
found that the hydrogen peak increased rapidly during the heating,

In order to investigate these processes in more detail, a substrate
was heated slowly from room temperature to 1200°C, over a period of
five minutes, It was found that both the "44'' peak and the hydrogen
peak began to increase rapidly at substrate temperatures of approximately
SOOOC. These experiments using both rapid heating and slow heating
were repeated on a substrate which had been oxidised to produce a
layer of oxide ~ 1lp thick, In this case no increase in the 44 or

hydrogen peaks was observed,

The oxidised substrate was also held at 1200°C for five minutes,
during which period no rapid increase of any peak heights was observed,
On recovering the oxidised slice, it was found that the oxide layer

was still present,

Fig., (4.21) shows micrographs and diffraction patterns of surface
regions of chemically polished substrates which have been thermally
processed as follows., TFig, (4,21a,b,c) shows the micrographs and
diffraction patterns of an arca in the mask-zone, [see fig. (3.10 )]
which had becn heated to 1200°C for 20 seconds, then held at 800°C for
20 mins, TFig. (4,21 d,e) shows micrographs and diffraction patterns
of a region of substrate which had been heated to SOOOC for 30 mins,

The vacuum in both cases was of the order § - § 10" 8 torr,

In the diffraction pattern fig, (4,21c) extra spots are visible
indicated at x and y, They lie along < 110 > directions,
Measurements from the plate showed that the {??O} silicon diffraction
spots lie at a radius of 1,00 cms from the undiffracted beam and the

spots x and y lie at a radius of ~ 1,25 cms, TIrom the equation

derived in section (1L.A(4)we have Ryd; = Rpd; = AL, Then d N,1.00.5.43.
‘ X ™~1,25(8 ?



A

Fig. (. 202 BEHAVIOUR OF MASS SPECTRUN

3 PEAX = =[)L DURING HEATING OF
: SUBSTRATH R
4. HEATER. ON FIRST TIME; WITHOOT

sussTRATE (HEATER TEMP ~ (g00%)

FOR OLVTGASSING®

2, REPEAT oF 1 AFTER
OVTEASSING AND Cool-—-DowN
3, HEATER, oON WITH SUBSTRATE |y
PosiTloN FOR PRE-TREATMENT OF
THE SUBSTRATE AT 1200
(HEATER TEMe. 1eoo°c,)
5 oN — 2 —>
N /ARy
20 20 o io 2o 20 o

T i = QSECONDS} —e

¥

. o

< e







135

where dX is the inter-planar spacing of the material responsible for
the diffraction spots %, y, Thus dx 21,818, This value is in good
agreement with the {EEU} interplanar spacing of B silicon carbode, for

which the value 1,82h is given by Toombs et al (1965),

From this result it may be concluded that silicon carbide is
present on the surface of the specimen which had been heated to 1200°C.
From the orientation of the carbide diffraction pattern it appears
that it is crystalline and epitaxial on the (111) silicon surface,
From fig. (4.21b) it is seen that the etch pit interior is relatively
free from silicon carbide since the additional spots do not appear
in the selected area diffraction pattern of the interior of the etch pits,

4,5,(2) Nucleation and Growth

Fig. (4.22) shows a series of replica micrographs of the nucleation
zone of a layer deposited at 800°C at a pressure of 10 ¢ torr. S.,D,
indicates the replica shadowing direation, The nuclei are seen to
be well oriented triangular pyramids, with one ecdge blended into the
substrate surface, The edges were found to be oriented along < 110 >
directions and the apices in < 211 > directions in the (111) plane,
Fig., (4,23a) shows that the faceting on the highest apex of some of
the nuclei indicated in the figure at P is similar to that seen in

the etch pits at P, shown in Fig. (4.23b),

The transmission micrographs of the etch pits shown in fig. (4,23b)
were taken under kinemotic, ie. "many beam'!, diffracting conditions,
to produce a better pit-shape delineation by the fringes, since the

etch pits are very shallow.

The tilt of the nuclei relative to the substrate surface can be
estimated from the transmission micrographs in fig, (4.24 a,b,c).
These micrographs were taken from the same specimen as the replica
micrographs of fig. (4.22) and are of similar; though not identical

arcas of the nucleation zone,

These micrographs show the nuclei in two-beam diffracting conditions;

the thickness extinction contour fringes are clearly visible at 15 t2.
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Fig. (4.25) .
DIAGRAM SHOWING THE  THREE DIMSNSIONAL GEOMETRY OF THE
GROWTH ISLANDS SHOWN IN THE TRANSMISSION MICRCGRAPHS
FIGS (4.22) (4.240)
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The fringes also indicate the overall flatness of the top-faces
of the nuclei, Using a {2?0} type reflection, the extinction distance
for silicon is 750R. Thus the tilt angle can be found from the
geometry, shown in fig. (4.25),

The value obtained for the tilt of the top face of the nuclei
relative to the substrate surface is approximately 30, The inclination
of the side faces of the pyramids can also be found from the geometry

of fig. (4.25). The value found is 30° to the substrate surface.

The main source of uncertainty in these values is the plate
magnification errors, The magnifications of the plates were deduced
from measurements of the image lengths of faults of characteristic length

lD’

together with measurements of the thickness of the layer,

The values of inclinations of the side faces of the nuclei

to the substrate surface are close to the value of the angle between a
{111 plang and a {311} plane. This indicates that these faces may
be {311} type planes, This is in accord with the observations of
chée et al (1967) on the morphology of the growth nuclei observed on

(111) oriented substrates,

The value found for the tilt angle of the top faces of the nuclei
suggests that the nuclei were in exact (111)"orientation, since the
substrate surface is missoriented by up to 3}0 from the [111] as
supplied by the manufacturer.

The etch pits shown in fig, (4,23) confirm that the surface was

L4 E

tilted from an exact cryst~’. 77 ‘< crisntcrion.

From fig. (4.22c and d) it can be seen that the nuclei increase
in size, whilst maintaining the tilted orientation relative to the
substrate, When the nuclei grew large enough to touch, coalescence
occurred. The coalescing process appeared to have involved the flow
of material between the nuclei so as to produce a discontinuous
layer of uniform thickness whose free surface was then parallel to
the substrate surface, The stages in this coalescence are shown in

fig, (4,22 e,f,g). The layer thickness at the initial coalescence
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stage can be estimated from the thickness fringes in fig, (4,24),
which is a transmission micrograph of the coalescing nuclei taken using
a {2?0} reflection, The number of thickness fringes at the edges of
the nuclei, indicates an initial coalescence thickness of the order of
1000} - 20008, This value is confirmed by the number of fringes

visible in the stacking fault indicated at F in.fig., (4.24¢).

The stacking fault fringe periodicity is gg . For (220)
in silicon Eg = 750}, which ydelds a layer thickness value of about
10004,

The later stages of coalescence are shown in the replica micrographs
fig, (4,22 £ and g) and in transmission micrograph fig, (4.24c) where
it can be seen that the layer marked L grew laterally at apparently
constant thickness to f£ill in the bare areas of the substrate;

indicated at S in the figure,

Fig., (4.26) shows a replica and a transmission micrograph of a
portion of the nucleation zone of a layer grown at 800°C at a pressure
of 108 torr, It can be scen that the nuclei do not have well defined
crystallographic shapes, but consist of long terraced growth fronts, F.
The terraces, however, show the tilt with the trailing edges, T

blending into the substrate surface,

The initial coalescence height in this case was about 7504,
as estimated from the number of stacking fault fringes visible at F
in fig. (4.244),

In the replica micrograph, the growth fronts can be seen to be
indented; fig. (4.26) shows a transmission micrograph of an indentation,
This shows the piling up of the growth front at an obstruction
indicated by X in the micrograph., The selected area diffraction
pattern of the area X, Fig. (4,26c), showed extra spots; indicated
at S and T, The ratios of the radial distances of S, T and the

220} matrix spotsj from the centre spot, the same as the ratio of the
220} plane spacings for silicom and silicon carbide, this suggests
that the material present at X is silicon carbide. The occurance

of discrete spots rather than a ring also shows the material is a

single crystal and is oriented with the silicon substrate.
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Chapter 5, Discussion,

5.1. General Comparisor. of the results with Review Data,

From comparison between Fig. (%4.1) and Table II, it is seen that
the limiting values of epitaxial temperatures and rates obtained in
this work are in very good agreement with those obtained by various
workers cited in the review, The small differences in values of Rc
and Tc observed in this work, are probably due to the higher working
pressures, of the order 10 ® torr, as opposed to 10 '0 ~10 ? tarr,

used by the workers cited in the weview,

This close agreement is believed to be due to the very low
partial pressure of oxygen present in the residunl gases, in the
vacuum chamber, Fig, (3.2) shows a mass-spectrum trace of the residual
gases presented in the system used in the present work, The mass
spectrometer used, an AEI MS 110, detects oxygen at g = 32, for 02+
g = 16 0" or 0,7 (doubly ionised), The 'cracking
pattern' for oxymen (as given in MS10 handbook) shows that the oxygen
peak height at 32 ~ 10x peak height at 16. In fig. (3.2) the

[2} = 16 peak is due entirely to methane, CH, and it is seen that the

(singly ionised) and

[gﬂ peak at 32 is indistinguishable from the background level, The
noise level for the MS10 is given as 2 x 10715 amps (MS10 Data Sheet
A.5,10). The sensitivity of the MS10 for oxygen is 2.6 x 10 ° amps
torr, Thus the minimum detectable pressure of oxygen is ~ 8 x 10 11
torr. From these observations it may be assumed that the partial
pressure of oxygen in the system is < 1070 torr, This low pressure

of oXygen is probably due to two effgéts: one is the preferential
pumping of oxygen by the ion-pump and to 2 lesser extent by the titanium
sublimation pump; the other is the possible gettering effect of the
evaporated silicon on the walls of the vacuun chamber, since it was

observed that the system pressure fell during depositions,

The delaterious effects of oxygen in the source were shown by
the work of Weisberg (1967). In this present work, no special
precautions were taken to exclude oxygen from the sourcej howdver,
since the ﬁethod of evaporation from a molten pool is used, any oxygen
in the source is likely to be 'boiled out' during the source

outgassing procedures.



ey

The variation of epitaxinl temperature with ratey shown in
Fig., (4.1) is scen to be in accord with the trends discussed in the
review, in that increasing the deposition rate required an increase

in substrate temperature to maintain epitrxial growth:

5.1.{1) Analysis of the Relationship between the Critical Growth

T e

Parameters Rc and Tc

If we assume the epitaxial process has an activation energy q €V.,
then the maximum epitaxial growth rate at a temperature TK will be
given by an equation of the form R = he” ET; (assuming a simple first
order reaction process) where A is a constant and k is Boltzman's
constant, (This form of relationship is termed an Arrhenius equation;)
Thus logy 4R = logy A « %T 2,303, (The factor 2,303 comes from

3
converting to logy4.) A plot of log ,R versus %gK will be a straight

line whose slope is [gtékégpiJ using k = 8.65 x 10°° ev, then q = 0.198 §
where S is the slope. Fig. (5.1a) is a plot of log Rc versus reciprocal
temperature for the data shown in Fig. (4.1)., As can be seen, the

graph Fig. (5.1a) consists of three straight lines, AB, BC, CD, of
different slopes. These dndicate different values that processes of
different activation energy are occurring, The values of activation
energy found from the slores are as follows: dq.p = 2.3 evi qpy = 0.12 ev;

qCD= Opl*' ev.

For conparison, the UHV data of Fig., (2.8) has also been plotted
in Fig, (5.%) as the lines B, F, G, and it is seen that CD is parallel
to FE (to within the plotting limits)., The -ctivation energies,
qop and gqgn found from the slopes are 0,40 ev. and 0.41 ev; the
difference is within the plotting errors of the graphs. The activation
energies found from the slopes of the logarithmic plots may be interpreted
as representing the surface diffusion activ-tion energies as in the

work of Sloope and Tiller (1962).

It is seen from Fig. (2.8) that for conditions in which the
surface is not clean, as wruld occur for deposition pressures > 1076
torr. the value of surface diffusion activation energy as found from
the slope of AB, is of the same order as that of the silicon interatomic

bond energy as given in Table V, For clean surface conditions as



-1

RATE microns min

DEPOSITIOR

10

-3

io

L) [ 1

|45

Fig. (5.1a)
GRAPH OF THE DATA OF FIG, (4,1) PLOTTED AS LOG, RATE
VERSUS 10° SACTIVATION ENERGIES DERIVED FROM GRAPH .ARE:

TOK
AB, qQ = 2,3 ev
BC, q =0,12 ev
= O.LI- ev

CD, a

A
SN
3 \
: i
|
X !
)
ok 06 08 o 12 _lF& 6 s
. =
TA@S.



14

]

-1

'{O—i

v .

z J
z
g

. w |
Z

0 N
4
Y

z -2

io

u J
‘—

< w4
of

QU4
KD

1 Tuomas & FeancoMBE (19‘70>
2. )3 33 (!?57)
3 Wiomer (1964)

4 Jowna (1969)

M.P
|

14€

DEPOSITION
-e
o)

T 1 T L i

06 o8 1o 42 T4 . 46

3
10/__.

| ABSs,

DerPesiTion RATE ' Ns.

4

— wf
(EpiTAXIAL TEMP)

X PRIVATE  CoMMUNICAT ION

‘Fig., (5.1b)
PLOT OF FIG, (5.1a) with U,H,V, DATA OF FIG, (2.8)
ADDED FOR COMPARISON.




147

produced in ultra high vacuum, the surface diffusion activation energy
is much lower, as shown by the value 0.41 ev found from the slope of

EF in fig. (2.8).

Various values have been obtained for the clean surface diffusion
activation energy on silicon surfaces., Allen (1961) deduced a value
of 2 ev based on surface motion observed in field emission studies,
This value however, includes the energy required to dissociate an atom
from a surface step and so may be greater than a mobility energy value

alone,

Abbink et al (1968) deduced a value for the surface diffusion
activation energy from analysis of the nucleation kinetics. They obtained

a value of 0,2 ev for motion on a planar (111) oriented surface,

Joyce et al (1967) using a molecular beam of Silane also found a
surface diffusion activation energy. The value they obtained depends
on the choice of value cf the silicon bond energy., As can be seen
from Table V, there is a large spread in the published values, TFrom
this data, the results of Joyce et al (1967) indicate a value of surface

diffusion activation energy in the range 1.6 to 2.4 ev,

From the review data plotted in fig. (2,8) the ultra high vacuum
growth studies show the existence of two distinct activation energies:
for growth rates > 0.1u min, a value of O,4 ev, and for growth rates
less than this value, the growth rate; temperature data suggest that
there is no strong temperature depzndence of the deposition rate,
however, there is not enough data on growth rates and temperatures in

this range, to enable a definite conclusion to be reached,

‘ The activation energies found from fig, (5.1a) - 0.4 ev and 2,3 ev;
are in good agreement with the valuer of 0.4 ev found from the slope

of EF in fig, (2.8) and the value of 2.4 ev found from the work of
Joyce et al. (1967).

The presence of the region BC, Tig. (5.,l1a) suggests the presence
of a third process of activition energy 0,12 ev., This value is of

the same order as the value 0.2 ev, found by Abbink et al (1968).
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5.1.(2) Comparison of the Structure and Quality of the Layers grown in

this present work with published data,

The structure, crystalline perfection, and defect content of the
layers showed considerable variance from the results obtained by other
workers which have been discussed in the review and summarised in
table IV, Thomas and Francombe (1969) found films grown in their
equipment at deposition temperatures 2‘6500 and for rates of the order
of 0.1p min ' had stacking fault densities less than 1073 per Sg. Cm.
and these only increased rapidly for deposition temperatures below €0°C,
In contrast, as can be seen from Fig. (4.4), at a growth temperature
of the order €00°C and deposition rates of O,1n min ', the layers
consisted of doubly positioned areas; and as may be seen from Fig, (4,10)
the fault density was many orders of magnitude greater, at deposition
parameters which were reported in previously published work to produce
fault-free layers, as given in table IV, For example Widmer (1965),
at a deposition rate of 0,03& min ' and growth temperature of 80000,
obtained fault-free layers, whereas in this work, for suhstrate temperatures
of 90000 and growth rates of 0,04y min ' fault densities of the order
~ 10%6 sq. cm. were obtained. As can be seen from Fig. (4,10), the fault
density at constant growth temperature increased with increasing
deposition rate. Although the fault densitics were reliable only to
an order of magnitude, the densities observed were several orders
of magnitude higher than those reported fo¥ similar growth rates and
temperatures listed in table IV, The discrepancies are well outside

the limits of experimental errors,

The deposition pressures used in this work, were an order of
magnitude higher than those used in the works cited in the review,
[see table IV] also, the pre-deposition thermal treatment used was of
much shorter duration; than those used by the workers discussed above,
it is possible that these differences may account for the high fault
densities observed., However, as will be discussed below, ion bombardment
of the films took place during the deposition, and this could influence
the fault density, as it influenced the layer structure, as will be

discussed later,

As well as very high fault densities, the faults showed variations
of lengths, which indicated that they had nucleated at various times

during the layer growth, A variation of fault size was observed by
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Nielson and Rich (1964) only in epitaxial layers grown at deposition
pressures > 10 ° torr, This variation of faoult size was ascribed to

the effects of the high deposition pressure,

In this present work, the deposition pressure varied between 10 7
torr and 1 x 108 torr, thus it is unlikely that a similar effect is
responsible for the results observed, No observations of varying fault
sizes have been reported for growth experiments carried in ultra high
vacuum (apart from the normal growth interaction effect discussed in

section 2).

The major and most significant difference observed betwecn the results
presented in this work, and those reviewed is the presence of the back-
ground defects in the present films. IExamples of these background
defects can be seen in all the micrographs shown in the results section
of this work, and figs (4.15) to (4.19) in section 4,2,(6) show the
variation of the background defect density and structure with deposition

rate and growth temperature,

From these micrographs it can be seen that, for temperatures
> about GOOOC and growth rates E:O.Iu min ! the background defects
appear as small regions of contrast variation as can be seen in
Fig, (4.,19), and for deposition rates less than O.lp min ' the background
defects appeared as small black spots, No centrast variation regions
were seen in layers grown at depssition rates < 0.1 min_1, and no black
spot defects were seen in layers grown at deposition rates > O.1lu min ! .
Thus each form of background defect had o well-defined domain of
existence., The transition occurring a2t a deposition rate of about

0,1y min *.

It is possible that the observed high fault densities and the
variation in fault sizes may be due to deposition conditions such as
the high partial pressure of water vapour present in the residual
gases, or the pre deposition thermal cleaning treatment, It is
however, difficult to ascribe the presence of the background defects
to these effects since in no studies of the epitaxial growth of silicon

were any similar defects observed or reported,

In the stereo-pair, Fig., (4.17c) it can be seen that the contrast
variation regions are distributed throughout the foil thickness which

suggests that they may be produced during, or by the deposition process,
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It is also seen that the deposition rate is a major factor, since not
only does the transition from black spot defects to contrast variation
regions occur at a deposition rate of about O,1p min ; as can be seen
from Figs. (4.15) to (4.19); but, also, the change of slope of the
Arhenius plot; shown in Fig, (5.la); occurs at a value of depusition rate
of O.lp min ', It was also found that the change of layer structure
from predominately single crystal; [denoted as group II structure in
section 4,3.(1)] to predominately twinned material; [denoted as group I
structure in section 4.3.(2)]; occurred at deposition rates of the
order of O,1lu min 1. It was also found that both the layer structure
transitions defined above; and the background defect transitions were
not strongly dependent on temperature, in the temperature ranges over

which they occurred.

The similarity of the black spot background defects in these silicon
films, to those observed by Pashley and Presland (1961) in thin gold
film led to the hypothesis that a similar process might have occurred,
Pashley and Presland showed that the black spots observed in the
examination of thin gold films by transmission microscopy, were caused
by the bombardment of the specimens by ions produced by ionisation of
the residual gas in the e¢leatron microscope, The ions responsible were
found to be negative gas ions which were accelerated by the electron
gun voltage (100 kV) and which then impinged onto the specimen, Since
in the work reported here, the results were consistent with the idea
that the background defects were produced during the deposition, as
shown by Fig. (4.17c), it was at first assumed that they might be
due to the residual gas being ionised by the clectron beam in the furnace,
and then bombarding the layer, during the deposition. In order to
investigate this possibility, an experiment was carried out to detect
and measure the number of ions present in the silicon vapour stream

during the deposition,

From Fig, (3,2b) it is sc=n that the top-plate assembly was insulated
by the glass cylinder, During depositions this top-plate and hence the
substrate was connected to earth via the secondary of the substrate
heater transformer, By grounding the top-plate through a micro-ammeter,

the number and charge of any ions hitting the substrate could be found.
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Fig. (5.2) shows the results of this experiment, H&s can be seen,
the ion current increased rapidly with furnace power, dnd from the sense
of the meter deflection the ions were found to be positively charged,
Fig. (5.2a) shows the variation of the number of 'escaping' electrons
from the furnace, with variation of the voltage. This indisated that
if any negative ions were formed, they are unlikely to escape from the
interior of the furnacej; thus confirming the ions in the silicon vapour

stream to Ye positively charged.

The strong variation with furnace power, and also the rapid increase
in ion current at that value of power at which evaporation commenced,
suggested that the majority of the ions were not from the residual gas
atoms but were silicon ions, This conclusion was reinforced by the
correlation of the ion current with the deposition rate, and the fact
that although the chamber pressure was varied from ~10 8 to > 107 torr,

the ion current stayed constant, for a given furnace power,

The values of ion current given in Fig. (5.2) were measured by the
collection of the ions on the underside of the shield, The area of
the substrate was found to be about 1 tenth of the area of the patch
of deposited silicon on the underside of the shield; thus the fraction
of ion current arriving at the substrate is assumed to be one tenth of

the total ion current measured,

Correction for secondary electron erission,

In measuring these ion currents, no corrections have been applied
for secondary electron emission, Valucs of the coefficient of secondary
electron emission, have been determined by Hagstrum (1960) for 1000 ev
Ne' ions incident on (111) oriented silicon surfaces. He found values

. . im
of vy ~0,2, Thus the true ion current will be approximately s where
im is the measured curremt, This correction however, dces not’

significantly change the value of the estimated mumber of ions incident on

the substrate,

In order to discuss the effects of the ion bombardment a brief
review will be given of the results of ion bombardment studies, to

provide background information,
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5.2, Review of Radiation Damage

In this section some of the studies of the structure produced by
radiation damage in silicon will be reviswed in order to obtain an
overall view of the variation of the nature of the damage with radiation
dose, and annealing treatments. The nature of the damage will be
discussed to allow comparisons to be made with the results obtained

in this work,

5.2.(1) Range Energy Relationships

Particles lose ensrgy in passing through solids in two ways:
interaction with the electrons and interaction with the nuclei via the

coulomb field,

If the particles are not charged, eg. neutrons, then the interaction
is only with the nucleus via the nucleon field, The basic work on
the energy exchange process was carried out by Bohr in 1948, who showed
that the velocity of the incident particle was the dominant factor

in determining which cnergy loss mode occurs,

This work was extended by Lindhard et al. (1969), who developed
a theary for the range variation with energy, by dividing the energy
losses into two components: electronic stopping and nuclear stopping
losses, The results derived by Lindhard ct al (1969) refer to the

penetration of an amorphous solid,

In studies of radiation damage, an amorphous solid, defined as
cne whose density is the same as that of the material under consideration;,
and which has no crystalline structure, In the case of single crystal
target material, the penetration effects are modified by a structure-
dependent process called channelling, This process allows the penetration

by ions over distances many times those predicted by the Lindhard theory.

Since the channelling process is in general, not associated with

the creation of lattice damage, it will not be discussed in detail.

The energy losses are made up of the two components, electronic
stopping losses and nuclear stopping losses, The lattice damage is
caused mainly by the nuclear collision process, Since both the

processes are functions of energy, the damage will depend on the relative
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contributions of the processes over the energy range of the ion,
Following the procedure of Gibhons (1948) the energy at which the
electronic stopping and nuclear stopping processes are equal in magnitude
may be calculated. From Gibbons (1968) the nuclear stopping power

Sn is given by the equation

= 2.8 x 1075 %2 [~M_M1_+_M_] ev;
H'F

where 2, and M, are the atomic number and mass number of the incident

n

particle; Z, and M, are the atonlc number and mass number of the target

material; and H ?' [Z1“ + ZZT']Z
Se’ the electronic stopping power, is given by the equation

1
Se = kEZ; where E is the incident particle energy in electron volts,
For amorphous silicon, k = 0,2 x 10 15 (Gibbons (1968)). At a certain

ion energy & o? 5 = Se, since Se is a function of ion energy; and Sn,
1

n
is assumed 1ndependent of ion energy, Thuq S, = S, = Kb _.

Substituting for Sn, we have E ( electron volts,

Substituting the values for the case of 2 silicon ion incident on

a silicon target: My, = 28; Z;,; = 14. This gives E, ~ 160 KeV,

Thus for the case of a silicon ion incident on a silicon target,
if the energy is << 160 KeV, then nuclear collision processes will
dominate, For the encrgy range B <:Ec, where nuclear stopping
predominates, the range R, in } is given in silicon by

R
R=0,7x g_Zé__ Ml_ﬁTyz] x E

vhere the symbols have the same meanings as before, and Eion is the

(after Gibbons (1968))

incident ion energy in electron volts, Thus for a 10 KeV silicon ion
incident on an amorphous silicon target the range is of the order

240 R . The range calculated using the equation given above,

eXpresses the range as a total path length, Thus to determine the depth
of penetration of the ion, normal to a surface, a correction factor must
be applied. Schiott (1969) has shown that the depth of penetration P,
is given by P ~ ~53, for My = Mz, Thus the penetfation of the 10 KeV

silicon ions Rﬁ%ﬁg A units which gives a value of ~ 185 A .

These values of ranges and penctrations calculated are average

values, and & distribution of ranges will exist about the average value,
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The theory of Lindhard et al (1969) shows that the distribution
of ranges about the average value will be Gaussian for both stopping

processes,

In the majority of experimental studies of radiation damage in
silicon due to ion bombardment effects, the ions used were those of
the group III or group IV elements used to dope silicon, eg. boron,
phosphorus, etc, As has been shown above, the penetration and range
depend on the Atomic and Mass numbers of the bombarding ion and target.
Table VI gives these values for various elements and an amorphous silicon
target., It is seen that phosphorus and aluminium have atomic and mass
numbers close to those of siliconj thus their effects will be similar

to those produced by silicon ions, and so may be used for comparison,

Fig. (5.3a) shows the results obtained by Dearnaley et al (1968).
By using radio-phosphorus and an anodic stripping technique the phosphorus
content at various depths in the silicon target could be found by
counting techniques, The theoretical plét of R based on the theory
of Lindh.wrd is shown for domparison, The greater penetration in the
< 110 > direction is due to channelling in the relatively open structure
of the diamond cubic lattice in < 110 > directions as compared with
< 111 > directions, as illustrated in Fig., (5.3b,c). The tail of the
< 111 > direction results is also assumed to be due to channelling,

mainly by scattering into favourable directions,

The effect of small misorientations from the low index directions

is to reduce the channelling effect considerably.

The depth of maximum phosphorus content is seen to be approximately
£00 ﬁ, for the 40 KeV ions used., The range energy equation previously
used shows that for a given M;,,: 2;,,, the range is proportional to
the energy if it is below EC" (From table VI, EC for phosphorous
~ 200 KeV); thus in this case the penetration of a 10 KeV phosphorous
ion would be é%g = 150 A. This is in excellent agreement with the
calculated value of 185 A for a 10 KeV silicon ion in amorphous silicom,

allowing for the differences of M;, %; for silicon and phosphorous.
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5.2.(2) The Nature of the Damage

In the energy ronge where nuclear stopping predominates, the incident
ion loses energy by a series of collisions with atoms of the target,
In a "collision interaction' the energy transferred may be sufficient
to displace the atom from its lattice site, The displaced atom and its
vacancy will then form a Frenkel pair, If the displaced atom has
sufficient energy, it can in turn displnce other atoms, the process
continuing until the energy transferred is below the displacement
energy, Ed’ of the material. This process is called a collision ar

displacement cascade,

The number of displaced atoms as a function of the energy of the
bombarding atom can be estimated using an equation derived by Kinchin
and Pease (1955). If the collisions are assumed to be independent of

each other, and only involve two atoms, then N(E), the number displaced
E

by the incident particle of energy E, is given by N(E) = - -
For silicon, values of Ed have been found as follows: d
14 ev, Novak (1963); 12.9 ev, Loferski and Rappaport (1958)., Thus

v
for a 10 KeV incident ion, N(E) = %g_ ~, 350, This value is an

approximation; in that directional effects of the target lattice structure

are ignored.

More recent work by Marsden et a2l (1969) using back scattering
techniques to examine collision cascades, has shown that for 10 KeV
ions incident in silicon in the < 111 > direction the number of

displaced atoms ~; 800 per ion.

However, the back-scattering menasurement will also detect regions
of lattice disorder, and thus the actual number of displaced atoms

may be much lower,

From the above review it is seen that the initial damage is the
creation of a disordered region by the displacement of a large number
of lattice atoms., The final state of the disordered region depends
upon the initial distribution of the damage, the temperature during
the bombardment, the presence of sinks for the vacancies and

interstitials produced and any post-bombardment onnealing treatments,
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5.2.(3) Variation of Damage with Dosej Distribution of Damage.

The dose is defined as the number of ions received per square
centimetre of target during the bombardment time. Using back-
scattering techniques, Mayer et al (1968) investigated the variation
of lattice disorder with dose for silicon crystal targets. They
found that the 'disorder' increased linearly with dose, until a
certain dose value, and then remained constant, This dose value was

called the saturation dose,

The saturation dose was found to be of the order of 10'* ions per
square centimetre for 40 KeV phosphorous ions for bombardment at room
temperature, A similar value was found by lMazey et al (1967) who
observed that the onset of the saturation effect could be detected by
the change in visual appearance of the bombarded silicon surface.

At the snturation dose the surface became 'milky white', The colour
change was explained by Mazey et.al (1967) as being due to Rayleigh

scattering by the disordered surface,

These results show that for a certain dose, the surface of the
target becomes disordered. For room temperature bombardments,
Mazey et al (1967) found the saturation dose for the surface disorder,
to be of the order 3 x 10'> ions per square centimetre for silicon

using 60 KeV Neon ions.

The saturation efiect has been explained by the overlapping of
the individual disordered zones, to give a disordered layer which cannot
then be further disordered, and which also shields the undisturbed material
below from both further damage and from registry as undisturbed material

in the examination technique used,

The overlap of the disordered regions will occur at the peak value
of the range, as was shown by Sigmund et al (1969) and then spread out
on either side as the dose increases, Thus if the range is less than
the diameter of the disturbed zone, the surface is immediately affected.
If the range R is much greater than the diameter of the disturbed
zone a disordered layer will be produced within the target at a mean
depth R below the surface, and continued bombardment causes the damage

level to rise to eventually intersect the surface,
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Gianola (1957) studied the cffects of bombardment of (110) oriented
single crystal silicon with 30 KeV Lelium ions, He investigated the
nature of the surface damage, using electron reflection diffraction,

The electron diffraction danta indicated that the surface of the target
was severely disturbed, and consisted of amorphous material after
doses of 10'% - 10'% ioms cm 2. The diffraction patterns of the
bombarded material targets also showed some Kikuchi lines, even when
the single crystal spot pattern hod been deztroyed, These Kikuchi
lines were assumed to originate at relatively undamnged material close

below the surface,

These results indicate a direct surface damnge effect, as opposed
to the 'climb' of the damage zone discussed above, Climb of the damage
zone as mentioned above would not produce material in a state capable
of producing Kikuchi lines., Also, for diamond structured material the
< 110 > direction is favourable for channelling as can be seen from
Fig. (5.3c), also as shown in table VI, #he critical cnergy for helium
ions in silicon is less than 10 KeV, thus for these reasons the zone

of damage is likely to be well below the bombarded surface,

The results of Whan and Arnold (1970) have shown that the surface
of ion bombarded crystals of silicon is disturbed by the stress field
produced by the sub-surface damage layer, Using doses of 10'? ~10'°
ions per sq. cm., and 400 KeV Xenon ions, they found that nfter room
tempernture bombardments, steps and ledges were formed in the surface,
These they ascribed to the damage--zone stress field rather than the

effect of the implanted Xenon gas atoms.

The range of 400 KeV Xenon ions in silicon is approximately 2000 A
as estimated from the data of Ferber (1963). It is 1likely that damage

regions closdr to the surface will have a larger disturbing effect,

From the calculations given in section 5.4.(1) it was shown that
the range of the 10 KeV ions was of the order of 150 A , thus from the
above result, there could be appreciabl-~ surface stress generated,

due to the proximity of the damage region to the surface,
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5.2.(4%) Variation of the Saturation Dose with Temperature

Mazey et al (1968) investigated the variation of the saturation
threshold dose as a function of target temperature using the surfoce
change discussed above as an indication of the transition,  Their
results are shown in Fig, (5.4), A similar investigation was carried
out by Irving (1969) using 100 KeV phosphorous ions and electron
reflection-diffraction techniques to examine the surface: his results
are also shown in Fig., (5.4). From these results it is seen that at
high temperatures a higher dose is needed to disorder the surface,

This indicates that annealing is occurring during the bombardment,

From their results, these workers have found the activation energy
for the annealing of the disorder, Mazey et al (1968) have found a
value of 0,3 ev, and Irving (1969) 0.18 ev, The value of 0,3 ev is
close to the activation energy of vacancy migration in silicon, as

quoted by Watkins (1963).

The effect of the bombardment temperature for doses less than the
saturation value were investigated by Erikssoun ¢t al. (1969), who
showed that for bombardment temperatures > BOOOC and doses less than the
saturation value, the residual damage is ;éry small., This is confirmed
by work of Anderson and Wehmer (1964) who investigated the temperature
dependence of germanium single crystal tnrget sputtering ejection
patterns, Above a certain target tempernture, ejection patterns
characteristic of a single crystal were observed, This suggests that
above this temperature the bombardment damage is annealed out rapidly
enough for each approaching ion to see a nearly perfect surface,

5.2.(5) Annealing Characteristics of the Damoge.

Fig. (5.5) shows the results obtained by Mayer et al (1968)
for isochronal annealing of the radiation damage, It is clear that
the annealing temperature for the two doses are different, thus showing
the effect of the saturation dose, Almost identical results have been
obtained for neutron and electron irradiation damage studies, using
various measurement techniques; these results have been reviewed by

Vook and Stein (1969).
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The temperaturc of €00°C for the 100%anmneal stage of the saturated
damage condition, Fig, (5.5) is in agreement with the value of 63000
found by Mazey et al (1968) for the disappcarance of the surface
discolouration, This value of 63000 is also close -to the temperature

of 7OOOC found by Hasse and Scott (1950) for the crystallisation of

thick (~ 1p) amorphous silicon films deposited on to quartz. Vook and
Stein (19€9) have shown from analysis of radiation damage data that
germanium and silicon which are both diamond structured, have characteristic
annealing stages corresponding to doses above and below the saturation
dose value, These stages occur at temperatures of 0.31 Tmp and 0,5 Tmp
where Tmp is the melting point temperature in deg. K. TFor silicon these

values correspond to 240°C and 55000, which agrees with the experimental data,

From this brief review it appears that the main results of ion

bombardment effects can be summarised as followss

(a) The effect of bombardment by ions or particles on a crystal is to
create a region of disordered lattice by displacement of atoms
from. their lattice sites, The final size and nature of the
disordered region depends upon the n ture and energy of the
bombarding particle, and the treatment, especially thermal, during
and after bombardment of the target.

(b) A saturation dose exists, which is temperature~dependent.

(¢) The damage is cumulaiive, being proportional to the total dose,
for doses less than the saturation value,

(d) The annealing characteristics of the damuge vary for doses above
and below the saturation value,

5.3. Bffect of ion bombardment on the epitaxial growth process.,

We rmust now re—examine the processes occurring during the deposition
of the layer since it was shown that the deposition was accompanied by

the bombardment of the surface by silicon ions of 10 KeV energy.

From Fig. (5.1) it is seen that the rate of bombardment is
proportional to the deposition rate, If it be assumed that the
depositing silicon will 'lock-in' the structure of the growth surface,
then the resulting structure of the deposited layer, single crystal,
or polycrystalline, will depend on the state of the growth surface,
and hence on the ion current, as well as on the requirements of the

epitaxial growth prodess,
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From the results presented in section 4, it is seen that there
is a strong bombardment rate dependence of the radiation damage in
the present work, as opposed to a dose dependence as reported in the
review data, A rate dependence effect can be understood in terms of

between
the relationship/processes vhich are occurring, one is the rate of
damage production by the bombarding ions, the other is the rate of

restoration of order in the lattice by the annealing processes,

By considering these two processes, a relationship may be derived
linking the substrate temperature, bombardment rate, and resulting
crystal structure of the layer, It can be seen that if the bombardment
rate Rb > the rate of anneal A, then the number of displaced atoms, and
hence amount disordered material increases, Similarly if Rb <A,
the annealing process will dominate, and an ordered structure will result,
Ir %% is the net rate of increase of damoge then we have g@ = Rb - A,
where N is the number of disordered regions, If it is assumed that the
rate of annealing A is a function of temperature of the form
A=A, exp [~ ;T]. Where A, is a constant, and a is the activation
éhergy of the unnealing process. Thus for zero net increase of damage
gg = 0, and Rb = A, At these values we may put Rb = Rt and Rt =
A, exp [~ ;TJ’ Where Rt is the threshold dose rate to amorphise the
surface at temperature T, Thus if Rb >-th the damage builds up and

the amorphous or disordered suriacce ctate is produced,

Since the epitaxial growth process is likely to be very sensitive
to the state of the surface, it is likely that radiation doses much
less than the surface amorphisation values discussed in the above review

will destroy the epitaxial growth.

The analysis used, above is similar to that of Vook and Stein (1969)
who have also considered the effect of the order of the annealing
process. The results they obtained for first order annealing were of
the same form as the equation derived above, Thus, polycrystalline
growth may be caused by either of the following conditions,

(1) R, > Ay exp [~ prl
or

(i1) Rg > A exp [~ %ﬁﬂ where Rg is the growth rate,
and the transition line from polycrystalline growth to single crystal

growth will be given by growth parameters satisfying the conditions
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R, = &y exp [~ gl R, =4 xp [- el

Since the ion current is proportional to the growth rate, as shown in

Fig, (5.2b), the conditions (i, and (ii) @bove can be written as

1 a
Rg > A, exp [~ ET.]

Rg > A exp [~ %TJ
where A] is a constant,

In the model used to derive these equations, it is assumed that the
growth surface is directly affected by the ion bombardment, Whether
the mechanism is by the propagation of the strain field of the sub-
surface damage layer, as indicated by the results of Whan and Arnold (1970),
ar direct disordering by the ions, as suggoested by the findings of
Gianola (1957), is not known, however, both effects will affect the

free surface during growth,

From Fig. (5.12) it is clear that the activation energy changes
at point B, at o deposition rate of about 0,1y per minute and a growth
temperature of 400°C,  From Fig. (5/4b) it is seen that 0,lp per mimte
corresponds to a dose rate of about 2,2u4, . Assunming singly
ionised silicon ions, this current corresponds to a dose rate of
~ 8 x 10'* jons per square centimetre per mimute, FBriksson et al (1969)
showed that for target temperatures > 350001 the disorder for doses of
10'* ~ 10'5 ions per squarc centimetre vas below their detection limit,
This indicated that for those doses and target temperatures, the rate
of annealing during bombardment was fast enough to prevent the formation
and build-up of the amorphous layer surface, This result is in accord
with the results of the sputtering studies by Anderson and Wehener (1964)

cited in the reviocw,

Thus B, Fig. (5.1) represents the value of deposition parameters at which
R, =&y cxp [“k%-ﬂo' Fig. (5.18)shows that AB lies in the range
T > 300°C; R_ < 0,1p per mimute, thus AB represents the growth conditions

1 & a

Rg ~ A @Xpladand Rb <:Aoexp[—ET]and hence the energy found from the
slope of the graph represents the activation energy of the epitaxial
growth process, For growth rates > 0,1y per minute, the saturation
dose rate is reached and the process kinetics change, Thus BC may be

interpreted as representing the locus of growth conditions:
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R oA exp [—,;TJ and Rg < i exp [~ %TJ
and the structure of the layer is then controlled by the annealing of
the radiation damaged material rather than the process of epitaxy. The
slope of BC in Fig, (5.1a) yields a value of 0,12 ev, This moy be
interpreted as the activation energy of the growth surface reordering

process as just discussed,

Vook and Stein (1969) quoted the following values for the activation
energies of processes observed in annealing studies of radiation damage
in silicon.,

Neutral Vacancy motion 0,33 ev,
Divacancy motion 1.2 ev,
Double riegatively charged

vacancy motion, 0.18 ev,

Swalin (1961) calculated a value for the activation energy of
vacancy migration of 1,1 ev for silicon, The value obtained from
Fig, (5.1) is low compared with these, but is close to the value found
by Irving (1969) given above in Fig, (5.4). It was also found that
the difference in temperatures of the points B and C was approximately
25000 which is in good agreement with the difference in temperature
~ 300°C of the isochronal anneal plots, shown in Fig., (5.5), This
agreement suggests that BC represents the annealing of saturated

surface damage.

For temperatures Z'GDOOC the annealing studies discussed in the
review, Fig, (5.,5), indicated that complete (post-bombardment) annealing,
of the saturated damage state would occur, In Fig, (5.1a) point C
occurs at a temperature of about 64000, which is in good agreement with
the value of temperature 63000 found by Mazey et al (1967) for the post

bombardment annealing of disordered (111) silicon surfaces,

In view of the dynamic equilibrium between annealing and the
radiation damage, and from consideration of the damage annealing data
shown in Fig., (5,5), it may be assumed that for temperatures > 65000
no continuous amorphous layer will be produced by the ion

bombardment, current levels observed in this work,
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The rate limiting effedt under these conditions is then again the
epitaxial process, and the activation energy found O.4 ev may be assumed
to be that of the epitaxial growth process, This is confirmed by the ‘
close agreement with the activation cnergy of epitaxial growth found from
Fig. (2,8) for growth experiments under similar conditions of growth
rate and temperature, Thus in Fig. (5.,1a) AB and CD represent
epitaxial growth process and BC represents the annealing of the
radiation damage,

- c e v

5.4, The Effect of the Radiation Damage on the Structure of the Layers,

The observed variation of layer quality, and defect content with
growth rate and temperature can now be correlated with the variation of
ion bombardment damage. Fig., (5.6) is a diagrammatic representation of
Fig. (5.1a) for growth parameters R,T which lie in the area BRC; it is
seen that the growth rate is > O,1p per minute, and the growth
temperature is <:64000. Thu; the dose rate is greater than the overlap
value which occurs at B, but less than the "surface amorphisation'
values which lie along the line BC. Thus the crystal structure of
the layers grown under th.ose conditions will be dominated by considerable

disorder produced by recrystallisation effects,

This can be seen in Figs. (4.3) and (4,4), In Fig., (4.3c) there
is evidence of random recrystallisation, as shown by the presence of
polycrystalline grains P, Fig. (4.4) indicates a more brdered structure,
the double positioning suggesting that the underlying undamaged regions
have acted as a seed and the disordered material has recrystallised
cpitaxially on to the underlying material, This process has been
observed by large and Bicknell (1967) in post bombardment annealing
studies of damage in silicon., Twins and included grains have also
been reported by both Mazey et al (1968), and Irving (1969) in post-
bombardment annéaled thin radiation disordercd layers in single crystal

silicon targets,

. 0

For growth rates > 0,1p per minute, and temperatures > 700°C,
corresponding to region PQCD, in Fig, (5.6) the temperature is high
enough to prevent formation of the continuous amorphous layer, but

since the dose rate is higher than the overlap value, the disordered
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regions are now much bigger because they form from the agglomeration

of several overlapped irdividual damage zones, ©Since they are larger,
they do not anneal out so rapidly; thus they appear as large regions of
contrast variations as can be seen in Figs. (4,8), (4.,17) and (4.18).
The contrast analysis carried out in section (4,3.7) showed that the
damage zone Egi was greater than the extinction distance Eg of the
surrounding crystalline silicon, This result is the same as that found
by Parsons (1965) in a study of radiation damage caused by 100 KeV
oxygen ions, in germanium, He interpreted this result as indicating
that the regions were amorphous germanium of density less than the

surrounding crystalline material,

A similar result was also inferred by Mazey et al (1968) from their
studies of bombarded silicon by transmission diffraction, They found
the transmission electron diffraction pattern of heavily damaged material
to consist of difrfuse halos, as opposed to the rings produced by
polycrystalline material; Figs. (4,15a) and (4,162) show faint halos
passing through the {éag}and {ﬂZZ} spots, The evidence from the
stereo pair Fig. (4.17) indicates that the amorphous regions are

distributed through the layer,

The diffraction patterns shown in Figs. (4.15) and (4,16) show the
presence of fine rings and arced streaks passing through the matrix spots
and also through the twin spot positions, These are similar to features
observed by Ogilvie and Thomson (1959; 1961) in the diffraction pattern
from (111) oriented silver crystals which had been heated and bombarded
with 4 KeV argon ions, They found that the small arced streaks could
be explained by the presence of small crystallites slightly misoriented
from the matrix., The @arkfield micrograph Fig, (4.15d) shows the

presence of included crystallites similar to those discussed above,

From measurements of the diameters of the ring of {520} spots, amd
the halos, in Fig. (4.16), the interplanar spacing of the material
producing the halos was estimated tz be betwezé zéghzgd 3.3&. Mazey
et al (1967) quoted a value of 3.28A for the -sifdedsd lattice parameter
of disordered silicon. Richter and Breitling (as quoted by Mazey et al
1967) have found a value for the effective lattice parameter of amorphous
silicon of 3.22@. Allowing for the inaccuracies of measurement due

to the faintness of the halos; the value of 3,2 ~ 3,34 is in good
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agreement with these values, This indicates that the diffraction
halos were due to the presence of amorphous silicon, as opposed to the
‘presence of a surface layer of hydrocarbon. contamination,

5.5. The Nature of the Defects produced by Bombardment Rates less than

the Saturation Value,

For growth rates < 0,1y per minute the defects observed, consisted
of 'black spots' of various sizes as can be seen in the micrographs shown

in Section 4,

The defects do not have resolvable characteristic shapes, and so
they weré probably visible by diffraction contrast effects caused by
lattice strain, Since the growth rate was less than the overlap
bombardment level as given by BP, Fig. (5,6}, it may be assumed that
each spot represented the damage due to one ion although for doses very
near to the saturation value, coalescence of damage zones may have

occurred,

The diffraction contrast effects of defects produced by radiation
damage in various materials hafe been investigated by many workers,
The results of contrast calculations for the defects, and experimental

results of defect analysis have been reviewed in detail by Rithle (1969).

In Fig, (4.,19b) it can be seen that the 'black spot' defect contrast
vectors Ef(whose sense is defined as in Rihle (1969))make angles of
~ 30° with 8. This indicated that the defect strain field displacements
lay in < 111 > directions, since the projection of a < 111 > direction
on to the (111) foil plane will lie in a [112] direction, which is at
an angle of 20° to the < 110 > type directions in the (111) plane,

This result is consistent with the hypothesis that the black spot
defects are Frank sessile loops produced by the condensation of
vacancies or interstitials on to the {111} planes, as illustrated in
Pig. (5.7). Such dislocation loops would have Burgers vectors of the

form * i;, <111 >.

Rihle (1969) showed that the sign of gng(ie. the direction of d
relative to ﬁ? for defect images in nicrographs taken under two-beam
diffraction donditions depends not only on the type of defect, ie,
interstitial or vacancy, but also on the depth of the defect within

the foil, Thus it is not possible to distinguish between the defects
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(i) THE INITTAL DISORDERED REGIOQN

‘(ii) CONDENSATION OF THE VACANCIES ONTO (111) PLANE
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(iii) COLLAPSE OF VACANCY DISC TO FORM TIE STACKING
FAULTS,

Fig., (5.7)
STAGES IN THE FORMATION OF A STACKING FAULT BY THE
COLLAPSE OF A VACANCY RICH REGION,
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by the sign of (g.,d) alone, unless the position of the defect within the

foil is known,

The bombardment collision process produces equal numbers of vacancies
and interstitials., The processes which can then occur arei-
(i) Recombination of the vacancies and interstitials to produce
a relatively undamaged areag
(ii) Migration of the defects to other regions and sinks;

(iii) Formation and growth of clusters of defects of like types.

Under the experimental conditions, all of these processes will occur,

One may dominate, however, to give the defects observed,

The mobilities of the interstitials and vacancies differ considerably.
Rhodes (1964) states that interstitials migrate much faster than
vacancies in silicon and germanium, because of the lower lattice
distortion caused by interstitials, Moreover, the motion of a vacancy
requires the breaking of strong covalent bonds, whereas the interstitial
is not strongly bonded into the crystal. The diamond structure also
is not close-packed, and has large open tetrahcdral channels along
< 110 > directions as can be seen from Figs, (1.1) and (5.3b,c).
This feature of the silicon crystal structure will enhance the mobility

of interstitials considerably.

Thecories of the formation of the radiation damage regions by
Brinkman (1954) suggest that the regions consist of a central vacancy-
rich core, surrounded by a shell of interstitial-filled material,

This structure would produce an initial separation of the two types of
defects, thus lessening the probability of recombination, Picraux

et al (1969) used proton back-scattering measurements to investipgate

the damage produced by 40 KeV Sb ions., They found that after bombardments
at temperatures of 200 n:}OOO C, and doses less than the saturation value,
no interstitial defects were observed., These were specially looked

for in back-scattering measurements along the < 110 > directions,

The crystal structure of silicon is such that the interstitials, if
present, would tend to congregate along < 110 > directions, in the target
crystals, TFrom this data, it appears to be possible that the small
black spot defects shown in Fig, (4,19b) are vacancy loops, of burgers
vectors %<< 111 >, though this point was not investigated in detail, and

it was not possible to determine the exXact nature of these defects,
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5.6. Investigation of Stacking Faults

In section (4.2.(5)) the nature of the stacking faults was investigated
and it was shown that the "line' defects were intrinsic stacking faults

and the tetrahedral defects were composed of extrinsic stacking faults,

Booker and Stickler (1963) showed that if it is assumed that the
stacking faults are produced by a mismatched region at the substrate-
layer interface, then the nature of this initiating defect could be
found from the analysis of the resultant stacking fault, Their analysis
Bhowed that if the partial dislocation Joining the two faults is a
% < 110 > stair-rod type, and the angle between the faults is acute,
then the faults are both of the same type, ie. both intrinsic or both

extrinsic, .

If the angle between the famlts is obtuse, then the famnlts are
of dissimilar types, ie. intrinsic ~ extrinsic, or vice versa., TFrom
this it can be seen that the three faults forming a 'tetrahedral’
defect nmust all be of the same type, since they are at acute angles to
each other, As can be seen from Fig, (2.6), the faults forming the
tetrahedral defects are at obtuse angles to the initiating fault in
the growth plane. Thus if the triangular faults are intrinsic, the

initiating fault is extrinsic, and vice versa,

The tetrahedral defects in the films grown in the present work
were found to be extrinsic, Thus, from the analysis of Booker and
Stickler discussed ahove, it follows that if the initiating stacking

fault lay in the {111} growth surface, it would be intrinsic in nature,

Booker (1964) found that for both evaporated and chemically deposited
layers, the tetrahedral defects consisted of three intrinsic faults,
By the analysis of Booker and Stickler (1963) this indicated that the
initiating faults were extrinsic in nature, This is in agreement with
the mechanism suggested by Finch et al (1963), in which the faults are

micleated by clusters of impurity atoms on the surface,

The line defects examined by Booker (1964) were found to be

intrinsic in nature as is the case in this investigation,

The variation of stacking fault densities as shown in the data
of Fig. (4.10) may be due to the effects of the ion bombardment during

the growth of the layers. This is in line with the observations of
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Pearmain (1971), who deposited silicon on silicon epitaxially by a
sputtering technique using 10 KeV argon ions, He found that if the
substrate was biased pusivively so as to repel any ions, then the stacking
fault density of the layers was considerably reduced. Stacking faults
were also observed by Irving (1969) in post-bombardment annealed silicon

crystals, which had been implanted with 100 KeV phosphorous ions,

The extrinsic nature of the small tetrahedral defects indicated
that the originating defects were intrinsic in nature, This is

consistent with growth from vacancy clusters as sugpested by Jacodine (1963).

The results in Fig. (4.10) show that the fault density had a strong
rate dependence, Whether this is due to deposition rate effects or
the associated ion bombardment, which is proportional to the deposition
rate, has not been resolved, Fig. (4,11) shows that features at the
interface nucleated stacking faults, Since the pre-deposition treatment
was maintained constant, it cannot have been responsible for the observed

variation of stacking fault density,

It was also found that the coalescence of the nuclei did not produce
stacking faults, as can be seen in Figs,(4.24) where the coalescence is
seen to take place by a bridging flow of material between the nuclei.
Also it is seen that the nuclei do not contain many stacking faults;
though this latter fact may be due to the difference in growth conditions
in the nucleation zone and the layer as discussed in Section (5.7.2.)

The observation that no faults are produced at coalescence is in accord
with observations of Thomas and Unvala and Booker, discussed in the
review section (2.2,(6)). From the preceding discussion it is clear
that the results obtained in this investigation may be interpreted

on the basis of the ion bombardment effects, The good correlation
between these observations and those reported in studies of ion

bombardment phenomena strengthens the argument,

Experimental confirmation of the nature of the ions and of the
bombardment effects are seen in Fig. (5.8)., Fig., (5.8a) is a micrograph
of a layer grown at 800°C and 0,06p per minute with the substrate
at earth potential, The mottled background characteristic of the
bombardment effect can be clearly seen, Fig, (5.8b) is a micrograph
of a layer grown at the same values of the deposition parameters, but

which was deposited with the top plate of the vacuum system linked to
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the pedestal. This maintained the substrate at + 10 KeV, As can be
seen, there was no trace of the mot+tled background, although some large
'vlack spots' are visible. The diffraction pattern of figure

showed several of the {320} type spots to be clongated and split,

There were also large numbers of random spots in the diffraction pattern.
The splitting of the diffraction spots indicated severe lattice strain,
Fig. (5,83) showed one of the black spots at higher magnification,

As can be seen, fringes were visible, indicating the object to be
crystalline. The bend extinction contours B around the area showed that

the foil was sewverely and locally strained,

The selected area diffraction pattern of figure (5.8e) confirmed the
crystallinity of the region and measurcments of the spot spacing indicate
it to be a small crystal of silicon embedded in the layer. It is
concluded that the effect of maintaining the substrate assembly at
+ 10 KeV had caused the electrostatic attraction of small particles of
silicon on to the substrate surface where they were engulfed by the layer,
The small holes indicated at Z in Fig, (5,8b) are thought to be the
places where these small crystalites or silicon particles have been

dissolved by the thinning reagents,

The results of this experiment confirm that the ions were positive,
and that they were recsponsible for the observed variation of the layer

structure wlth growth rate and temperature,

From consideration of the effects of the ion bhombardment, discussed
in the preceding sections, it is seen that elimiration of the ion
bombardment would shift the line CD in Fig., (5,6) so that C and B
coincide and BU would be parallel to CD, The region BPC would also
be removed. Fig. (A2) in the appendix shows the modifications carried
out to the apparatus, to allow reversal of the focussing electrode
polarity. This polarity reversal eliminates the ion bombardment.
Layers grown after these modifications were carried out, at rates and
temperatures indicated by points T, 3 T, in Fig, (5.6) were found to
be epitaxial, thus confirming the hypothesis developed in sections

(5.3), (5.4), and (5,5) of this thesis,
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5.7, Nucleation and Growth Experiments

The results on nucleation and growth phenomena were carried out
after modification to the electron beam furnace, to reverse the polarity.
Thus the results obtained were directly comparable with those in the

literature as discussed in the review,

5,7.(1) Analysis of the thermal cleaning process

The results obtained by other workers by hcating silicon uncer
various vacuum conditions have been described in the review, The work
of Lander and Morrison, Hagstrum, Allen et al, showed that the silicon

surface oxide layer could be removed by heating,

Fig. (4,20) illustrates the changes observed in the mass spectrum
peak [gﬂ = 44 during the heating of the silicon substrates,

The gaseous species which are likely to be present and which have

[g; = 44, are co,* ana 5i0Y. Both are singly ionised species,

From plots 1 and 2 in Fig. (4,20) it can be seen that the increase
in the 44 peak was not due to CO, evolved from the tungsten heater,
although it was shown by Naber and O'Neal (1968) and a substrate heater
of this type produced large quantities of CO;, It is also unlikely
that the peak was due to detection of SiO, since there was no direct
line of sight from the substrate to the mass spectrometer, and the vapour
pressure of Si0 at room temperatures is of the order 107'® torr, so
it would have tended to condense on the relatively cold walls of the
vacuum system, Thus it may be assumed that the increase observed

in the 44 peak was due to CO, produced by heating the silicon substrate.

The rapid rise and fall shown in Fig. (4,20) suggested a reactant-
i1imited reaction between the silicon surface and an absorbed layer, The
coincident increase in the hydrogen peak, and the detection of silicon
carbide on the surface, as shown by the diffraction patterns of Fig, (4,21),
suggested that the CO, may have been produccd by rcaction between the
clean silicon surface and a hydrocarbon, The fact that the reaction
only commenced for temperatures > 800°C indicated that a clean silicon
surface was necessary since this—£emperature was in the range found by
Lander and Morrison (1961) for the thermal generation of an oxide-~free

surface under conditions of low partial pressurcs of oxidising gases,
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This conclusion is reinforced by the results of the experiments
on a heavily oxidised substrate, described in section (4,3.(1)).
These results showed thot an oxide-free silico:n surface was required
for the reaction to occur, and that thermal treatment alond would not

remove a thick (~ 1p) oxide layer,

The observations of silicon carbide on the surfaces of the silicon
substrates after thermal processing were discussed in the review

in section (2.2.(3)).

The observation of silicon carbide, as found by the workers who
used oil diffusion pumpéd vacuum systems; and pressures of 107" torr,

could be ascribed to contamination by hydrocarbons from the pump oils,

The finding of silicon carbide under oil-free ultra-high vacuum
conditions in the present work indicated that a different source for

the carbon must have been operative,

As discussed in the review, the possiblc sources of carbon which
have been suggested are, carbon present in solid solution in the
silicon, and surface contamination by the reagents used in preparing
the surface. The results of Charig and Skinner (1969) discussed in
the review confirmed the presence of carbon on the surface of the silicon

after certain chemical cleaning processes,

As well as these possible sources of carbon, the residual gas mass
spectrum, Fig. (3.2.), showed the presence of methane [-r-;-] = 16, and
peaks at [gj = 27, 29, 30, The latter peaks indicated the possible
presence of hydrocarbons of the forms C,Hs§ CaHgg C3Hz.  There was
also the possibility that CyH, was present as its peak 2t an [gJ vulue
of 28 would be masked by the N, ™ and CO" peaks, The peak heights
at g.= 27; 29; 20, indicate partial pressures of these gases of the

order 10 10 torr,

These hydrocarbon compounds may have existed as definite gaseous
species, in the residual gases, or they may have been produced
in the mass-spectrometer as the Ycracking-pattern'" of a higher
hydrocarbon, The action of the ion-pump would also have tended to crack
any hydrocarbons present, Thus only light fragments would have been
observed by the mass-spectrometer as was the case, No peaks in the

mass spectrometer traces were found for [ga values in the range 50-200,
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From the results of section(4.3.(1)) it can be concluded that whilst
the thermal treatment used removed the silicon surface oxide layer,
large amounts of siliccn carbide were produced on the surface, although

no large crystallites were observed as found by Abbink et al (1968).

The source of the carbon is uncertain, but it may have been due

to the presence of the hydrocarbon species discussed above,

5.7.(2) Analysis and Discussion of Nucleation Investigation

The method used to produce the nucleation zone, in Fig. (3.10)
showed that the deposition rate varied across the nucleation zone, Thus
the conditions in the nucleation zone were deposition at various rates
for a constant time. This contrasts with the standard method used in
nucleation studies, in which a series of discoutinuous layers is grown
at a constant rate, and for various deposition times, These nucleation
studies usually use growth rates of the order 10 - 100 & per minute,
These low rates enable the deposition thickness to be easily controlled

50 as to produce discontimuous layers,

Because of the difference between the growth conditions of the
layer and those in the nucleation zone, quantitative data on nucleation
kinetics could not be obtained., Howewr, the nucleation zone did

represent qualitatively the growth processes of the layer.

In Fig. (4.2.(2)) it can be seen that the nuclei consisted of
well-formed truncated pyramids slightly tilted, so that the top face

blended into the substrate surface,

The variation of size of nuclei was due to the method of generating
the nucleation zone as described above, Thus the smallest nuclei
were those grown at the lowest rate, since the deposition time was
constant over the whole zone, The effect of contamination by background
gases may have dominated the nucleation process at this low rate,
The areas in Fig, (4.2.(2) e.f.g.) corresponded to higher rates, and
it can be seen that the growth of the nuclei is uniform, andthe tilted

orientation is maintained until the initial coalescence stage.

Comparison between Figs. (4.2.(2)) and (4.2.(6)) showed that the
pressure had a great effect on the morphology of the growth nuclei.
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This effect may have been due to the presence of water vapour which, as
can be seen from Fig, (3.2) is present in large gquantities, Water vapour
might have oxidised thr ~urfeen, Trus the triangular shape might have

been caused by the presence of surface oxide,

Joyce et al (1967, obscrved similar triangular growth islands at
much lower pressures ~ 10 9 torr. However, the thermal cleaning process
they used may not have remecved the oxide from the surface, There was
some evidence of surface pitting in the :iicrographs of Fig. (4.2.(4))
which indicated the presence of large quantities of oxidising gases, in

this case probably water vapour.

The tilted aspect of both the pyramid and terraced growths is
significant, Abbink et al (1968) used substrates whose surfaces were
deliberately misoriented by 2° from the exact (111) orientation, but
did not observe any tilt effect in the nuclei, They did report that
their thermal treatment produced surface steps, which were not operative

in the nucleation process, during subscquent deposition.

WVhilst the replication techniques used in this work were not usensitive
enough to detect surface steps of the size fouand by Abbink et al, (1968)
the tilt of the nuclei suggested that the initial growth commenced at
steps in the surface, These steps would be produced as a consequence
of the misorientation of the substreste surface as shown in Fig. (5.9a).
Pig, (5.9b) illustrates the formation of tilted islands by lateral

extension of these steps.

The effect of silicon carbide on pinning the growth fronts as
shown in Fig. (4.26) is in agreement with data reported by various
workers as discussed in the rcview, and these present results indicated
that the presence of oxide as well as of silicon carbide may affect the

initial growth.

It can also be seen from comparison of the range of epitaxial growth
parameters shown in Fig. (4.1) with the data in Table III, that the
presence of the silicon carbide as observed in this present work does

not appear to inhibit epitaxial growth,
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CHAPTER 6, ELECTRICAL MEASUREMUNTS

The majority of the work prcsentced in this thesis has been concerned
with studies of the variation of the structure of the layers with the

deposition rate and growth temperature,

Some experiments were carried out to mecasurc some of the electrical
propertics of the layers, In this section, the experimental techniques
which were used will be described, and the results discussed with
reference to the structure of the layers as found from the transmission

electron microscopy studies,

6.1. Introduction: Experimental Techniques,

The electrical properties of the epitaxial layer which are of
interest, are carrier mobility and concentration, The former can be
related to the crystalline perfection of the layer, and the latter to
the dopent transfer mechanism between source and layer. The electrical
properties which are manually measured are the Hall mobility pH and the
resistivity 0. For a material in which both electrons and holes are
active in the conduction process, the resistivity is given by the
equationlg = [n.eep.e + nheuh]—1 where n, and n, arc the concentrations of
ele ctrons and holes, and Wby are their respective mobilities. For
specimens which show extrinsic behaviour, the conduction process is
controlled by the impurity doping effects; and the resistivity ﬁ = (nceuc)—1

where n, is the carrier concentration and L the carrier mobility.

Resistivity measurements on samples of the geometry of those used
in this work may be best carried out by means of four point probe
technique as described by Valdes (1954) and Smits (1958). ¥hlir (1955)
has tabulated various correction factors relating the specimen dimensions

and the geometry of the probe array.

The main difficulty in measuring the resistivity of epitaxial layers
of silicon deposited onto silicon substrates, of the same conductivity
type is the shunting effect of the substrate, whiéh is electrically
in parallel with the layer. This difficulty can be overcome by the
use of substrates of the opposite conductivity type to the layer; and
using the reverse biased junction so formed to electrically isolate the

layer from the substrate,
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In the work reported here, the majority of layers grown were of
N type material deposited onto N dorcd substrates, Because of this,
no junction isolation wus pousible, «nd Hall mobility studies could
not be performed, The layer resistivity measurements were carried
out using the technique described by Mazur and Dickey (1966), which
does not require electrical isolation of the layer, This method is
based on the measurement of the spreading resistance of a point probe,
in contact with the surface of a 'semi-infinite' body, By combining
this technique with hevel lapping of the layer, the vertical resistivity
profile of the layer was investigated; by measurements of the spreading

resistance as a function of probe position along the bevel,

6.1.(1) The Spreading Resistance,

For a hemispherical contact of radius r cmbedded in the surface
of a semi~-infinite block of material of resistivity‘g , the resistance

between the contact and the block is given by R =é%5— .

The contact interface between a plane surface, and a probe of
radius r, loaded by a for @ F, has been shown to be 2 circular disc of

radius a, where a is given by the cquation

Frol . 1 ) ' |
a = 1,1, {”ZEE} + Ea]}-: Bowden and Tabor, (1950). &, and E, are

the Youngs moduli of the probe and surface materials,

For this probe surface contact geometry, the spreading resistance
Rs = ﬁ%; Shie (1959). Metal semiconductor contacts are non-ohmic
because of the difference in band structurd, Mazur and Dickey investigated.
the effects of probe voltage on carrier injeoction and showed that for
probe voltages less than gz, [k = Boltzmans conts, e = electronic chargej
T = temperature Deg. K], the carrier concentration and mobility in
the material in the region of the probes was not appreciably disturbed and
carrier injection does not occur, Mazur and Dickey also showed that
for reproducibility of measurements, the specimen surface condition
and probe loading and tip geometry must remain constant to ensure
the same value of contact interface geometry, The .apparatus used for
the measurement of the resistivity profiles, is shown in Fig. (6.1).
It consists of two osmium tipped probe needles, mounted on two arms,

which were loaded to give the required probe force,
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The pivots for the probe arms were hardencd steel points, which
engage in holes bored in the arms, as shown in Fig. (6.1). This form
of pivot prevents lateral motion of the probe tips, By making the probe
arms converge, the probe tip spacing was reduced to 1.5 mm, The probe
loading was set to 50 gram weight by means of the adjustable weights,
using a ballance to measure the loading. To raise and lower the probes
onto the specimen surface, a cam operated lever was used, The probe
needles were mounted into small bushes at the ends of the arms, and
secured by grub screws, Blectrical counections were soldered directly
to the probes. Fig., (6.1b) shows the electrical circuit. The voltage
across the probes was set to 10 mV using the variable resistors Ry and
R;. The current flowing through the probes was measured by connecting
the voltmeter across the standard resistor S, which is in series with
the probes. The resistance between the probes, Rp = %95 where Vs is
the voltage measured across the resistor S, If RS is the spreading
resistance of the probe contact, then Rp = 2 RS, since the probes are in
serics. The voltmeter used was a high impcdence type to avoid the
shunting effect of the input impedence, since &s can be seen from

Fig. (6.1b), this impedence is in parallel with Rp.

6.1.(2) Callibration of the two point probe,

The results of Mazur and Dickey (1966) showed that the linear
relationship indicated by the equation RS = ﬁ% varied with the conductivity
type of the specimen, This effect they showed was duc to metal-
semiconductor contact effects. Because of this effect, a callibration
of the two point probe was carried out using both P and N type substrates,

whose resistivities were measured with a four point probe,

These substrates were beveled as described below, to produce a
surface finish which would be the same as that on spccimens to be
examined, Fig. (6.2) shows the callibration curve obtained.

The observed difference between P and N type materials is in accord with

the findings of Mazur and Dickey.

6.1.(3) Bevelling Procedure.

The bevels were produced by lapping the specimen on a glass plate

using a 1 degree or 3 degree bevelling tool,
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The lapping process was carried out using 20p diamond paste for
10 min, after which, the specimen was washed then lapped for a further
10 mins. using 7.5p diamond paste, DBefore the resistivity measurements,
the specimen was chemically polished using a solution of 5:3:5: dcetic Acid:
Hydrofluric acid:nitric acid, for 1 minute. The bevel angle was

measured using a 'Talysurf',

6.1.(4) Other Electrical Measurements.

The conductivity type of the layer, was determined by the Thermal
probe technique as described by Shive (1959),

As well as resistivity profiles measurements properties of PN
junctions were also investigated, and experiments were also carried out,
using a scanning electron microscope to investigate the electrical

properties of the layers.

Conductivity Inversion.

Changes of conductivity type were observed by Allen (1959) who
found that a thin P type skin formed on N type material after heating
in vacuum, This effect was found due to boron transferred from the

'pyrex' glass walls to the silicon by residual water vapour,

In this present work, no traces of inversion were found, However,
it was fonnd that layers grown after long source use were P type although

the source was initially N type.

6.2.(1). Results of Measurements of Resistivity Profiles.

Fig. (6.3.(1)'ii)) and (6.4) show resistivity profiles of layers
grown at different substrate temperatures and rates, The source used

was antimony doped N type material of initial resistivity 30  cms™.

Fig. (6.3(i)) shows the resistivity profile of an N type layer
deposited at 600°C 0.1p min ', onto an Nt type substrate of nominal

resistivity, 0.005 ( cms,

It is seen that the profile is not a step as would be expected
from the relatively low growth temperature. In comparison, Fig. (6.3(ii))
shows the resistivity profile of a layer deposited at 90000; 0.1 min '

onto a substrate of nominal resistivity 0,005  cms. It is seen that
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the profile is a sharp step to within the limits of resolution of the

probe arrangement used,

Fig. (6.4) shows the resistivity profile of an N type layer

deposited at 850°C 0,15 min—1, onto a nominal 35 (; cm P type substrate.

6.2.(2) Measurements of I-V Characteristics of a P.N. Junction,

Fig. (6.5) shows the current-voltage characteristic of a PN junction
produced by the deposition of N type material onto a P type substrate
at deposition temperature of 850°C, and growth rate 0,15y min 1. [The
2 point probe resistivity profile of this layer is shown in Fig., (6.4).]
The measurements of current and voltage were carried out on a mesa
structure, whose dimensions are shown in the inset in Fig. (6.5).
Contact lands on the N type layer, were made by the evaporation of antimony
doped gold (0.1% Sb) onto the layer, thed a mask, These dontacts
were then diffused in to produce ohmic contacts, The mesa was mounted
on a standard transistor header, which provided an elcctrical contact
to the substrate. Contacts to the layer were made by thermo~-compression

bonding to the evaporated gold lands, using 0.CO1" diam, gold wire.

The current-voltage characteristic shows the junction has good
rectifying properties, The forwards slope resistance is however high.
This may be duec to the high resistivity of the materials used, - viz.
substrate; 35 ( cms, - layer; as found from 2 point probe measurements
Fig, (6.4); - 15 g ems. The reverse biase characteristic shows a
high leakage current, and breakdown occurs at about 40 volts,  The
high leakage current may be due to surface leakage at the edge of the
mesa, This could be caused by traces of moisture at the exposed

junction.

The reverse bias breakdown voltage observed is lower than is
expected, from considerations of the thickness of the layer and resistivity.
For these values in this specimen 201 and 10 - 15 ( cms, Runyan (1965)
quotes a breakdown voltage of the order of 100 volts§ for an abrupt
junction. A possible reason for this discrepancy will be discussed

in Scction 6.3.(1).
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6.2.(3) Sc¢anning Electron Microscope Investigation of a P,N, Junction.

— ——_—— - e eae e s - St — - Pt &

Fig, (6.7(1) and (ii) show S,E,M, micrographs of a cleaved edge
of a P.N, junction. The specimen was the same as that whose I/V

characteristic is shown in Fig, (6.5).

Fig. (6.7(i)) is a micrograph taken in the emissive mode., In
this mode of operation, the micrograph contrast is controlled by specimen
surface effects, such as surface electric fields or surface topography.
This latter effcct can be seen in the sharp deliniation of the cleavage

steps along the edge of the speaimen,

Blectrically active regions such as P.li, junctions can be displayed
by using the electron~hole pair current produccd by the incident beam,
to control the contrast of the C.R,0, display. The P.N. junctions
appear as regions of strong contrast variation, This mode of operation
of the S.E.M, is called the charge collection mode, Fig. (6,7(1id)
shows the same area as Fig., (6.7(1)); using the short circuit charge
collection current to control the micrograph contrast, The experimental
arrangement is shown in Fig., (6.8(i)), lectrical contacts to the
specimen were made by springing wires against the sides of the specimen.

In Fig. (6.7(ii)) the P,N, junction is clearly seen as a bright
line indicated by d in the micrograph. This line indicates the position
of the junctinn depletion region. The depth of the junction from the
surface of the N layer is of the order of 22u, This is in good
agreement with the thickness of the layerfap as measured by the step
profile method using the Tallysurf., The junction is also seen to be

uniform over a distance of 300n along its length,

By scanning the electron beam across the specimen in a line
perpendicular to the P.N. junction, and mensuring the elcctron- hole
pair current produced; as a function of the scanning beam position,
the minority charge carrier diffusion lengths may be found, by the

method described by Thornton (1969),

If the electron-hole pairs are produced at a distance £ from the
junction, which acts as a collector for the charge carriers; the number
of carriers diffusing to the junction is proportidnal to exp [- éﬁﬂ;
where Ln represents the diffusion length of the minority carriers under
consideration, ie, electrons on the P side of the junctionj holes on

the N, side of the junction.
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Fig. (6.8(Ii)) shows a plot of the amplifier output; which is
proportional to the charge collection currcnti ~s & function of the
scanning beam position., ‘tnis cata 1s replotted in Fig, (6.8(iii))
%%;;J versus X} where x is the distance of the beam impingement
point from the junction. [The junction position, x = O is assumed

as Log [

to coincide with the value of current Imax,] Irom the simple theory
given above, the plot, Fig, (6.8(iii)) should be two straight lines of
slopes %~ and L ; where Le and Lh are the diffusion lengths of electrons

and hole& respectively,

For the substrate side of the junction the plot shows a distinct
curvature, A,B, represénts a line of mean slope of the plotted points,
The non-linearity of the variation of photo-vcltaic currents with
distance of the light spot from the junction has been analysed by
Van Rocsbroek, (1955). He has shown the non-linearity to be due to
carrier recombination effects at the surface, Since the mechanisms of
carrier generation, recombination and tramsport in photo-voltaic effects
are similar to those pertaining in this experiment, it is thus possible

that the observed non~linearity is due to this same effect,

The values of minority carrier diffusion lengths obtained from the
graph, are I v 2 x 107% cms.

L ~15 x 104 cms.

As can be seen from these figures, the carricr diffusion length in the
deposited layer is much smaller than that in the substrate, reflecting
the cffects of the ion bombardment on the layer structure. Fig. (4.18)
is a transmission electron micrograph which shows the structure of a

portion of the layer whose electrical properties arc discussed above,

6.3, Discussion of the Results of Blectrical Measurements Experiments,

The analysis of the layer structure, scction ($.3), has shown
the layer structure to be dependent on deposition temperature and ion
bombardment rates., From this it is expected that structure dependent
properties of the layers such as electrical conductivity will be
similarly affected, and show a deposition ratc, growth temperature

depcndence,
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The large body of literature on experinental investigations
of radiation damage effects on the clectrical properties of semiconductors
have been reviewed by various authorities. Crawford and Cleland (1957),
Billington and Crawford (1961), Crawford (1964), Corbett (1966), Mayer and
Marsh (1968). The results of the experiments show that the effects
vary with the mature of the radiation, the temperature during bombardment

and the post-bombardment annealing treatment,

The main observed effects in radiation damaged silicon are as follows:
(i) Decrease of carrier life-time caused by the formation of trapping
centres associated with the radiation damage,
(ii) Increase in resistivity caused by the reduction of the carrier
concentration due to the production of donor and acceptor levels in the
forbidden energy gap. These energy 1eve1:1§;sociated with the
interstitials, which show donor characteristics, and vacancies which
have acceptor characteristics, Energy levels are also produced by
combinations of these defects, ie, divacency and trivacency clusters,
also vacency impurity combinations, for example vacancy-oxygen pairs.

(iii) The carrier mobility is also reduced by lattice disorder scattering,

6.3.(1) Analysis of the Resistivity Profiles,

From Fig, (6.4(i)(ii)) it is seen that the resistivity profile
of the layer grown at the higher temperature 9OOOC, is sharper than that
grown at 600°C,  This variation cannot be due to diffusion of dopent
between layer and substrate, since if this were the case, the profile
exhibited by the 90000 growth would show a greater deviation from a
step profile than the 600°C profile, since diffusion coefficiats
increase éxponentially with temperature, Thus the variations of
resistivity shoun in the profiles can be attributed to the effects of
the #Zon bombardment during the deposition of the layers, This is confirmed
by comparison of Figs. (6.4(1)) and (6.9(i)), which shows the resistivity
profile of a silicon epitaxial layer, grown by an ion bombzirdment
sputtering technique; Unvala and Pearmain (1970), As can be seen, the
profiles are very similar in shape. These profiles can be analysed
by means of a simple model annlogous to that used in analysing the

structural variations of the layers as discussed in section (5.3).



ohm-cm

e

RESISTIVITY

o0l

000!

P ’ DEPSN. TEMP. 700 °C i
:\'
L .
[
a ¢
[ “\\\jl .
™ ‘—-——-.w\__::
] Ly 1 L]
o [ 2 3 Lo
DEPTH  microns .
{i;

A B
X
X
¢ 0
layer
\Sgsii:ité\\\\\\\\‘\\\\\\\ \\\\\\\\ \\\\\\\
Lii,/

Fig. (6.9) : .
(i) RESISTIVILY PROFILE OF A SILICON LAYSR DEPOSITED
BY ION BEAM SPUTIKRING,

(ii) CROSS-SECTION THROUGH A IAYER,

-

Lbl



192

Fig. (6.9(iii)) represents a section through a layer, AB is the
free surface, and CD rapresents a layer sz thick at a depth x “elow the
surface AB, Since the bombardment accompanys the growth, the bombardment
disorder in layer CD was a moaximum when CD was the free surface,

After coverage of CD by deposited material, no further disordering occurs,
but since growth continues at the deposition temperature T, annealing

of the damage in layer CD will also continue, Thus the resistivity
profiles can be interpreted as representing isothermal anneal profiles

of the radiation damage, with the depth x, proportional to the

annealing time.

For the layer CD, the disorder remaining after annealing may be

described by the equation
Disorder = a[R, - J*’- A dat]
o

Where a is a contant, Rb is the rate of bombardment, A, the rate of damage
asneal, t; the time at which CD was the growth surface, t; the total

growth time of the layer. It is assumed that the rate of annealing is
proportional to time. Since the effects of the radiation damage

are to increase the resistivity, as discussed above, in section (6.3),

it is assumed that the mcasured resistivity of a2 radiation damaged

samnle is equal to the sum of the unirradioted resistivity-§p; and a
component 9D which is proportisnal to the net disorder in the sample.

ie, SD and a[R, - Jtz A at]
Ty
Vle may then put 9CD; the measured rosistivity of the layer CD,

equal to §p + /qﬂD

.*. €D = Ka —f” A dt] + 6p.
g sy - 7 h g
Rg, the growth rate = = therefore dt =

. A ax
.‘9CD=Ka[Rb-uO_R_g_]+?p

where x is the depth of the layer CD, Integrating, we may put

?(x) = Ka[Rb - ggj +5ﬁp.

At x = O corresponding to the surface layer, we may put)a(x)0 =
. KaAx

. T = KaRb . Th may write @(x) = gmax -
'Qmax hen Sz,max + P us we may wri y( ) } Rz

Hence [?max n.g(x)] = E;%E

&

Thus if the simple model used is correct, a plot of Epmax - §(x)]

versus x, the depth will be a straight line of slope [gggﬁ. Fig. (6.10)
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shows plots of [9max - é(X)J versus depth x for the profiles shown in
Fig. (6.3(i)) and (6.9(1i)). OA is obtained from the profile in
Fig. (6.9(id).

As can be seen, the plots are straight lines indicating the
validity of the model. It is possible to extend the analysis to
estimate the activation energy of the annealing process, The slopes
Si of the plots in Fig. (6.10) are given by S = ggi. If it is assumed
the anncaling process is of a simple first order type, then the rate of
anneal A may be put as Aoe_ %T’ where A, is o constant and q is the
activation energy of the annealing process, and T the anneal temperature

. Ka . .
in deg. absolute. Thus 5 = Rg* A, exp [—%TJ. taking lopgrriths;

A K
logy S = 10g[_%gij - %TBKT then 3.(.I/T)log S = - (%T).

ie.

log S4~ log Sy _ q
iy - /T, } T 2U3k"

From this equation and the values of temperatures and slopes from Fig,
(6,10), q has a value in the range 0,3 - 0,4 ev, Davies and Roosild
(1971) have examined the high temperature anncaling processes of
radiation damage produced by doses of 10'* cm 2 1MeV carbon ions. They
found for temperatures > 70000, several annealing processes occurred,

of which the two major ;¥ocesses detected had activation energies of
0.32 and 0.38 ev, the value found in this present work is thus in good

agrecment with these values,

The resistivity, Sn = [neu]_1 where n is the number of charge
carriers, and p is the mobility. The observed varintions in resistivity
discusscd above, could be caused by either voriation ofl carrier
concentration or mobility. The results obtained in this work, do not

enable these alternatives to be distinguished,

The work of Davics and Roosild (1971) indicates that for anneal
temperatures > EOOOC, for the dose specified above, the mobility is
restored to i?é pre irradiation value. From this it is possible that
the resistivity varintions observed in this present work may be due to
variations in carrier concentration caused by trap annealing. The
quoted temperature of 600°C, Davies and Roosild (1971) corresponds to the

overlap disorder annealing stage as discussed in Section (5.1).
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The structure of the layers whose deposition parameters lie in
region BPC in Fig. (5.6), as deduced from the micrographs in Figs.
(4,15), (4,16), (&4.17), (4.192) is shown in Fig. (6.11), The layer
consists of regions of vacancy rich material, V, distributed in a matrix
of relatively good crystal material the matrix would alsl contain a
large numbor of small defect clusters, C,  This structure would exhibit
a mobility characteristic of the mntrix material, with a large number
of traps, associnted with the interfaces of the defect disorder regions
and the silicon crystal matrix, A similar structure was postulated by
Gossick (1959) to explain the effects of neutron irradiation on the
lifetime of charge carriers in silicon. This form of structure would
also have similar propertics to the 510, precipitate model discussed
by Shockley (1961) to explain some aspects of P.N, junction reverse vias
treakdown. It is possible that the carrier trap sites associated with
interfaces of the vacancy regions V, and the silicon crystal matrix
would have similar effects to those associated with the 8i0; precipitates,
thus causing the low value of reverse bias breakdown veltage shown in

Fig. (6.5).

As discussed above, the general cffecct of radiation damage is to
increase the resistivity. Thus the foct that the values of §max)
observed in Figs. (6.3) arec very much less than the source resistivity,
indicated that the dopent was evaporated preferentially, as was observed
by Hale (1953). This was confirmed by a thermcl probe investigation
carried out on a used source, Fig. (6.6) shows a polished crossection
through a used N. type source., (Use time :stimcted at abeout 5 hours)
The molten pool brundary is seen, indicated in the figure by b. It
was found that whilst the rest of the source had remained n type, the

molten pool region was strongly p type.
The antimony dopent has a much higher vapour pressure than silicon

P 7

CPEE ~ f%) as given by the R.C,A, vapour pressure data> thus it
Si| 18C07C

weuld tend to evaporate more rapidly than the silicon, leaving any low

vapour pressure dopents such s boron in the molten pool. Boron has a

lower vapour pressurc than silicon'/PB 3
: \p— 2:’0 / and thus the molten pool
would tend to hecome boron rich, 5 This effe ¢t could account for

the observation of N type source material producing P type layers.
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Summary

s o p——

From the analysis of the electrical mcasurements data; it is seen
that the electrical properties of the layers were controlled by the

structure produced by the effects c¢f the ion bombardment.

However, the reosistivity prcfiles suggest that climination of the
ion bombardment, will cnable sharp step junctions to be grown. The
sharpness of the profiles which can be produccd is aided by the
predeposition thermal treatment, described in Section 3., which produces

ncgligible dopant depletion from the substrate surface,
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Chapter 77, Suggestions for Future Work.

The work reported in this thesis has shown that the variation
of epitaxial temperature with deposition rate, and the layer structure,
were controlled by the effects of the ion bombardment, which accompanied

the deposition.

It has also been shown that these delaterious effects can be
removed by reversal of the furnace electrode polarity as discussed

in the appendix.

The future work using the evaporation technique for the production
of epitaxial layers can be divided into two parts, (i) structure and

growth, (ii) electrical properties,

(i) Structure and Growth Studies,

The examination of the variation of epitaxial temperature with
rate, especially for temperatures and rates around the values of 40000;
0,1p min ?; where as can be seen from Fig. (2.8) there is a change in
the activiation energy of the growth process, Also investigation
at deposition rates and temperaturcs below 400°C; 0.1p min™! where

there is little reported data,

The investigation of fault densities as a function of growth rate
temperature and surface treatment, would throw light on the processes
of fault nucleation, and hence on treatments to avoid the formation

of stacking faults,
(ii) Blectrical Properties,

The electrical measurements carried out have shown that the
low growth temperatures can produce sharp resistivity profiles, but
the 'pool depletion' effect allows little control of the layer
resistivity. Control of resistivity could be achieved by the use of
intrinsic material as a source, and the co~evaporation of the dopent

or the introduction of the dopent as a background gas.

By the grwoth of layers of opposite conductivity type to the
substrate, the electrical properties of the layers could be studied
by using the reverse biased junction to isolate the layer, This

technique would enable Hall mobility studies to be carried out on
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the variation of the mobility with deposition parameters. These
results could also be correlated with the structure as observed by

electron microscopy.



266

TABIE (I) -
Number of | e O
Pressure E?le?ules Absorbed
T itting
orr, 1 0. om per sec,
4. ©. [for sticking coefficient
per sec, .
of unity.]
1072 3.8 x 10'8 4,4 x 10°
10 % 3.8 x 10" 6 44 x 107
1070 3.8 x 10'° Lob x 100
107 3.8 x 1013 44 x 1072
109 3.8 x 10'1 hh x 1074
10 1o 3.8 x 1010 b x 1076
TABLE (II) FROPERTIES OF SILICON CRYSTAL PLANES,
Area of No. of No, of Atoms Available
Plane Unit Atoms Available per sq.cm. Bonds per
Cell in in Bonds _x 10t* sq. cm,
Plane Area in Area x 10t %
[3 2
(111) e 2 3 7.85 11.8
(110) y2 a? b b 9.6 9.6
" (100) a? 2 2 6.8 6.8
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TABLE (V) VALUZ3 OF SII,ICON-SILICON BOND ENERGY,

Energy [ev] Reference
3.51 Steele and Stone
. (1962)
2,03 Gun and Green
(1961)
2.17 Kleinberg et al
(1960)
2.2 Honig (1954)
3.78 Kubechewski,
Alcock and Evans
(1958)
3.24 Drowert et al™
(1958)

-
.-

TABLE (VI) VALUES OF E_ FOR VARIOUS IONS AND A STLICON TARGET.

Element ﬁzoméc gisi_ ?ng:nTiii)
* ¢ KeV
Boron 5 10 7.6
Phosphorus 15 31 201
Arsenic 33 75 1380
Antimony 57 121 4000
Silicon 14 28 162
Aluminium 13 27 138
Germanium 32 72 . 1280
Copper 29 63 1020
Helium 2 b 0.325

®Values calculated from the data of Gibbons (1968).
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APPENDIX I

Radiation Heating

The model on which the calculations are based consists of two
close~set parallel planes of large area, so that edge effects can be
ignored. If the emissivities of the planes are e, and e,, and they are
at temperatures T1°K and TZOK, then the energy radiated by unit area

of plane 1 is Wy = e,;sT,*, where s = Stephans constant,

If a fraction, e,W, is absorbed by unit area of plane 2, and the
rest reflected back towards plane 1, then by considering the multiple
reflections, at each of which a fraction e, of the incident energy is
absorbed, we have the net amount of energy transfierred from plane 1 to

plane 2: q;,; is

1l-e;) e
Y S A C-ui DL IO, U S I
% 92 18T " [ (1) ] 25T [ (l-z)J where

z=(1=e)(1-e).

At temperatmre T,, plane 2 will radiate to the surroundings which
are at temperature TOOK. Then if qz4, is the rate of radiation of

energy to the surroundings, at equilibrium g 42§ = dz244.

Q2 4y = €25(Tp* = T,*); since E,* is small with respect to T,*,

we may put gz ., o €28Tp".

Substitutin- for q,, we have:-
e, (1 - eq) . e
e, ST, * [1'—1(‘37517] =5 e, T,* Ll*rf‘:z)]
e [(1L - 2z) ~ e1(;'7 e)] T4 .., (4)

Therefore To* = R R
2 - 1

where T, and T, are in degrees Kelvin,

However, if the fraction of the radiation which is not absorbed by
Plane 2 is transmitted by it, with negligible reflection, then we may
write for the equilibrium of plane 2, e,V = s e;(T* - T,*). Then
neglecting T,", and substituting for W; we have: ejzey sT* = .s e Tp"
which yieldsT" = e, T,* .... (ii).

Since silicon is relatively transparent to a wavelength range of
2 - 151 [Donovan and Burger (1969)], it is likely that this latter state

will occur.
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It is seen that both the equations derived predict the linear
relationship between the temperatures, but equation (ii) is independent

of ey = the emissivity of silicon,

Jdona and Wendt (1966) report that the temperature of a silicon
wafer heated by radiation was independent of the surface finish, ie,
polished or lapped, for temperatures up to 700°C, From Fig. (3.8b}
it is seen that a substrate temperature of 70000 corresponds to a heater
temperature of 1150°C,

From Wiens' displacement law - T} = 0,289, YorT= 115000;

_ 0,289 x 10% max
max 1450 = 2.06.

This is in excellent agreement with the lower wavelength limit of

the pass-band of silicon as given above,

For substrate temperatures higher than 70000 the heater colour
temperature as given by Amax in the Wien equation shifts out of the
pass band of silicon, hence the emissivity, which will depend on

surface finish, will affect the temperature,
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APPENDIX II

Construction of Water Cooled Heat Shield.

The heat shield consists of a box~shaped structure, made by brazing
together five pieces of 1! thick copper plate, The brazing was
carried out in an atmosPQere of forming gas (95% N,; 5% Hy ), using
R,F. heating, The brazing alloy used was Ag/Cu eutectic melting point

790°C,

This method of brazing is flux free and the heat treatment also
removes any volatile impurities likely to be present in the commercial
grade of copper used, (Commercial-grade copper usually contains traces
of zinc and cadmium.) The copper box was jigged together using 6 B.A.
mild steel screws, Since the forming gas contains a small amoung of .
water vapour, the steel screws are oxidised, and thus not wetted by the
braze, Any copper oxide, however, is reduced by the hydrogen. After
the brazing, the steel screws were removed by unscrewing them. Two
turns of M bore copper pipe were brazed to the box by the same method.
The pipe ;as partially flattened before wrapping around the box, to give
a large contact area, The ends of the pipe were brazed into holes bored
through a 1" diameter copper rod 3" long. This braze was also carried

out with Ag/Cu since these joints would also be in vacuum,
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