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-A MODEL OF THE RECRYSTALLIZATION MECHANISM OF AMORPHOUS
SILICON LAYERS CREATED BY 10N IFOCLANTATION
Robert M. Drosd
Materials and Molecular Research Division,
Lawrence Berkeley Laboratory,
University of California,
Berkeley, CA 94720

ABSTRACT

The recrystallization behavior during annealing of thin films of
amorphous («)} silicon, in contact with a single crystal silicon
substrate (referred to as C), has been studied in the transmission
electron microscope (TEM). The anorphous film is created during high
dose phosphorus ion implantation at 100 keV. It was found that the
crystal substrate orientation and the implantation temperature have
dramatic effects on the recrystallization rate, and the defect micro-
structure produced during annealing. Specifically, (100) wafers
implanted at 77% contain only a low density of dislocation loops,
but when the same wafer is implanted at room temperature the disloca-
tion density is increased drastically. (111) wafers, when implanted
at 77% show a high density of microtwins, but as the implantation
temperature is increased a gradual increase in the density of disloca-
tion loops is observed along with a reduction of the microtwins. At
an implantation temperature of about 100°C both orientations give an
identical defect microstructure when annealed, which is a dense tangle
of dislocations.

An atomistic model has been developed to explain the results

mentioned above. The atomic bond structure at the o/C interface is

discussed as a function of the substrate orientation. From
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considerations of this type it is seen that the critical number of
stoms to form a stable nucleus for a new atomic layer on the crystal-
line surface is one for the (100) face but is three for (111). 1In
addition, on the {111) surface two possible positions exist in which
the new atomic layer may begin, one of which forms a twin boundary.
According to this model, twinning should be expected only for a (111)
subsirate, which is the experimental observation.

The effect of implantation temperature on the annealed microstruc-
ture is a result of the roughness of the e/C interface. It is
observed experimentally that the interface roughness increases with
the implantation temperature. If the roughness is severe then the
interface is no longer required to regrow in a direction normal to
itself. It is for this reason that twinning is avoided for the (111)
wafers implanted at high temperatures.

A new in situ TEM technigue is introduced where layer regrowth was
observed and the role that defects play during recrystallization was
identified. Numerical data on the o layer regrowth rate were obtained

in the TEM for the first time.



1. INTRODUCTION

This thesis is a study of the atomic mechanisms that are
responsible for the recrystallization of thin films of amorphous {a)
silicon in contact with a single crystal substrate during annealing.
Thin films of amorphous materials may be formed by several techniques
such as vapor deposition, sputtering, and ion implantation.1’2 The
latter will be used in this study since it allows for precise impurity
control and avoids the possibility of an oxide or contamination layer
at the crystalline amorphous (a/C) interface. In addition the
recrystallization of ¢ layers created by ion implantation is of
practical importance to the semiconductor industry3’4 where the
current lack of control of the regrowth process results in poor
epitaxial regrowth which degrades the electrical properties of
recrystallized silicon wafers.

1.1 Amorphous Layer Formation

Although ion irradiation is only being used 3s a means to produce
a silicon it is necessary to have a basic understanding of the
implantation process to better evaluate the initial configuration of
the « layer. The following section includes a discussion of the
radiation damage process and some of 1ts important parameters. Ien
implantation of dopant atoms is generally conducted in the accelerat-
ing energy range ‘runr 20 to 200 thousand electron volts. The corre-
sponding depth of penetration5 of the ions into the silicon target
will be on the order of a few hundred to a few thousand angstroms,

depending on the accelerating voltage and the mass of the implanted



ion; lighter ions penetrating further. Upon entering the target
lattice, the incident ions will at first suffer few atomic collisions
due to their high velocity but will lose energy slowly by ionizing the
host atoms. As the ion energy is reduced the probability of - «lear
collisions increases. Hence, after traveling some distance without
causing atomic displacement, they undergo a catastrophic loss in
energy due to nuclear collisions with the target lattice atoms. This
results in the formation of a large number of interstitial atoms and
vacant lattice sites.6 As a result the crystal is most heavily
damaged at a depth near Rp where Rp is the average range of the
incident ions.

If the implantation dose is greater than a critical level an
amorphous layer is formed which is on the order of 2Rp in
thickness.7 The mechanism by which it is formed is not yet certain
but two plausible theories exist. The first8 proposes that near the
end of each ion track a small amorphous zone is created. As the
number of implanted ions increases the density of these zones reaches
a point where they overlap and a continuous amorphous layer is
created. The seccnd theory9 assumes that alihough the individual
ions create a high density of point defects near the end of their
path, the target remains crystalline. However, when a critical
density of defects is reached, the Tattice transforms to an amorphous
structure as a phase transformatior. to a metastable state.

There are several variables that affect the ion dose required to

form an amorphous layer. The ion species is critical10 in that



(2]

heavy ions cause amorphitization more readily. Low implantation
temperatures11 also facilitate the disordering of the crystal during
bombardment. The jon accelerating voltage12 is not of major impor-
tance in determining the critical dose. Crystal orientation in
general is also found not to affect the amorphitization process. If
the incident ions are so aligned that they can travel along low index
crystal directions, their range is increased substantia”y13 and
hence the density of damage at any particular depth decreases. FfFor
this reason channclcd implants requira higher doses to form amorphous
layers. Each of the above mentioned parameters affecting amorphous
layer formation will be discussed later in relation to the results of
to the present investigation,

1.2 Annealing Behavior of Conventional Wafers

If an implanted silicon wafer is to serve as a solid state
electronic device it must be annealed to return the displaced atoms
including the implanted dopant atoms to subsitutional sites.l4 The
conventional technique for annealing silicon wafers containing
amorphous layers is in a furnace under an inert atmosphere. High
power pulseid ]asers5 and electron beams have also come intc use
recently but will not be discussed here. An amorphous layer in
silicon will recrystallize completely in a reasonebly short time
(1 hour) at about 500° to 550°C. Unfortunately it is found that
only under very special 'mplantation conditions will the regrown layer
be Tow in defects.16 In general a high density of dislocations,

stacking faults, microtwins, and Jislocaticn loops are found which
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degrade .the electrical properties. It has been shown
there is a strong effect of the crystal substrate orientation on the
types and densities of defects found after annealing. Good
defact-free epitaxial regrowth has only been observed for (100)
substrates implanted at low temperatures.

In addition it has been observed in the present work that the
implantation temperature affects the a/C interface roughness which in
turn affects the defect structures found after annealing. This is
puzzling since the implantation temperatures of interest are all at
least 500°C lower than those of the subsequent annealing treatment.
lon species and dose effects exist as we]l.20'23 Many of these
observations mentioned above are not new but a model that explains how
they arise is 1acking.24 It is the major goal of this study to shed
some light on the atomic processes that are active during recrystal-
lization and therefore to be able to explain the profound effects of

implantation temperature and substrate orientation.

1.3 A New Model for Amorphous Layer Recrystallization

A model has been constructed that satisfactorily explains the
major observations concerning the recrystallization of thin films of
amorphous silicon during furnace annealing. Previous models have had
some success24 in explaining the experimental observations but, in
general, they have only applied to a particular set of experimental
conditions. The model presented here is broader in scepe than those

published to date.



The model is based on three fundamental ideas: Of first importance
is the arrangement of near neighbors at varicus orientations of the
surface of a crystal. The density of sites at which a single atom can
become strongly attached to the crystal so as to be considered to be
part of the crystal depends on the crystallographic orientation of the
face.25 [t will be shown that this can explain the orientation
dependence of the recrystallization rates of a« layers in silicon.

The second concept involved is that the probability oi nucleating
stacking mistakes that lead to microtwinning also ~=pends critically
on the crysiatlographic orientation of the growing crystal fdce.26
These two concepts are related in that formation of microtwins can in
certain orientations increase the density of sifes at which aloms can
join the crystal.

The third basis for the model depends on Lne cxperimental
observation that the implantation temperati-e effects the roughness of
the a/C interface The consequences of this will be discussed in
detail in a later section.

1.4 A New Experimentai Technique

To gain a greater insight into the mechanisms of o layer
recrystalization a new experimental technique bas been developed for
observing the motion of the «/C interface during annealing. The
details of this technique will be given later but, briefly, this is an
in situ transmission electron microscope study incorporating a unique
specimen geometry that allows for the simulianecus measurement of the

migration rate of the ofC interface along with observation of any



crystal .defects that are formed and thei- af€scts con the recrystal-
lization process. Previous studies using the trazsmission electron
microscope27 (TEM) have all been performed after 2nnealing was
complete ind hence could only serve to identify the fin« if igura-
tion of defects. Rutherford backscattering {RBS) growth rate
measurements.z8 can be made during annealing but only the average

position of the afC interface may be measured; uwsing this lechnique no

understanding of the origin or role of defects is possible.



A CAPLR DML TAL PROCEDURE
2.1 lon Implantation Procedure and Sterting Materials

N type (2-5 obm-cm) silicen wafers were obtained from a commercial
supplier (Monsanto). They were in the form of 3" discs of .017
thickness. Py :or to impiantation they were cleaned using the

29 cteh followed Ly boiling TCE (Trichloroethylene) and a

"Pirana"
rince in distilled water. In2 wafers were then attached to the ion
.mplantation specimen holder using a heat conducting paste containing
Sn0 manufactured by Dow Corning. This was to insure good thermal
contact to the holder. It should be noted that this paste lends to
form bubbles under the wafer when placed in the vacuum. Hence, the
thermal contact is not as good as il might otherwise be. Silver
conducting paint works well at room temperature but cannot be used for
low temperature iuplants because it is not flaxible enough to
accomodate the difference in thermal expansion of the silicon wafer
and metal specimen holder.

During implantation the accelerating voltage was kept at 100 kv,
the ion current ranged from ! to 3 uAIcm2 giving an input power of
0.1 to 0.3 watts/cmz. Cal;u]ations30 show that, for radiation
cooling only, the temperature of the wafer would rise by several
hundred degrees centigrade due to the incident ion beam energy imput.
It is for this reason that the heat condu..ing paste was used. It is
more difficult to estimate the surface temperature when good thermal
contact is established but the rise in temperature above ambient is

expected to be small.



2.2 Annealing Pirocedure
Samples were annealed in a conventional tube furnace with a

flowing nitroger 2tmosphere. A thermocouple placed beside the
specimen allowazd the temperature to be controlled within two degrees
of the desired temnerature.

2.3 Specimen Preparation

Afier implartation the wafers were cut with an ultrasonic impact
grinding *ool into 3 mm discs for use as TEM specimens. In addition,
a one mm diameter "dimple" was formed in the center of the specimen to
a depth of .005" on the unimplanted side. For chemical thinning, the
3 mm discs were placed implanted side down on a thin piece of teflon
sheet and covered in molten wax. Immediately after solidification,
the dimpled area is scratched free of wax leavirg only the "dimple”
exposed. The teflon sheet and specimen was then immersed in an acid
bath of 1 part solution A (2.5 g lodine, 1100 ML CH300H) and 2 parts
solution B (1 part HF, 3 parts HN03). and a bright 1light was placed
below the acid containing beaker. As the silicon reaches a thickness
of about 1 micron at the center it transmits erough red light to be
visihle thus warning that perforation is imminent. As soon as a small
hole appeared, the sampie was rapidly placed in water and rinsed. The
specimen was then removed from the wax and cleaned by placing it in
bailing TCE for a short time.

2.% Specimen Geometry
Two different types of specimens were used in this study. The

first type, which will be called the conventional TEM specimen, was

produced as described in the previous section after annealing. Since



the specimen is annealed orior to thinning the amarphaas laver ig
recrystallized and may contain defects which will be exposed in the
thin area of the wedged shape specir.en as shown in Fig. la. The plane
of the specimen and the original «/C interface are parallel. The vast
majority of TEM investigations of ion implanted silicon to date have
been made using the conventional specimen genmetry.

A new type of TEM specimen, which will be referred to as the "Thin
Foil Annealed" (TFA) specimen has been developed for use in studying
the regrowth of amorphous layers. The specimen was cut and chemically
thinned in exactly the same manner as the conventional specimen
descrioed above. However, the TFA specimen was thinned prior to
annealing. This resulted in an exposed portion of the a« layer that
was not superimposed on the crystalline substrate as shown in
Fig. 1b. Regrowth during annealing takes place by the motion of the
a/C interface from the parent crystal. Initially the superimposed o
material is consumed and then the interface gradually turns by 90°
and moves toward the hole in the center of the specimen, see Fig. 2.
It is at this stage that the ao/C interface is seen to sweep across the
field of view. As this occurs, the interface can be observed at
different positions around the edge of the hole in the specimen,
representing regrowth in all the crystalographic directions contained
in the plane of the foil. (See Fig. 3}). By annealing a singie TFA
specimen and taking sequential micrcgraphs one may maasure the
regrowth rate of the a layer in several different growth directions.

Further results and discussion of the TFA experiments will be deferred

until Section 5.
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3. RESULTS, CONVENTIONAL SPECIMENS

The conventional TEM specimen, as described in Section 2.4, is
very important in that it shows the type of defects that are produced
in ordinary ion wmplanted and annealed wafer. This type of specimen
was made from wafers of (100), (110), and (111) orientation at implan-
tation temperatures ranging from 77° to 400°K. The dose was also
varied over a considerable range but ws: found to be of major impor-
tance only in the sense that helow a critical dose, no a layer was
formad. The critical dose for amorphitization is a function of
implantation temperature and has been experimentally measured,11 as
shown in Fig. 4. Most of the results presented here were obtained for

le 2 which is sufficient to form an amorphous

a dose of 107" ions/cm
layer up to about 100°%¢ implantation temperature. Above the

critical value the dose was found to affect the density but not the
type of defects found. The implantation temperature was found to have
a strong effect on both the nature and density of defects, therefore
the results will be divided according to the temperature at which the
implantation was carried out. In the last part of the results section
data concerning the depth of the defects in, the wafer will be
pre.ented.

3.1 tiquid Nitrogen Implantation

Figure 5a,b,c shows a {111), (110), and (100) wafer implc.ted to a
dese of 1016P/cm2 and annealed at 800°C for 1/2 nour. The (111)
sample shows a high density of plate like micivutwins while the other

two orientations contain only dislocation loops. Some of the loops
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are faulted while others have perfect burgers vectors. The nature of
these loops was not determinec in this study, but, has been shown to
be interstitial by other investigators.31 The microtwirs in the

(111) sample have been measured by other worker532 and found to be

on the order of a few hundred angstroms thick lyirg on the three
inclined (1il) planes. Some twins were also found in the plane of the
wafer and were more blocky in shane. The o layer created during a

16 phosphorus ions/cm2 implantation at 77% was about

0 kv, 10
20007 thick, hence the plate-like twins extend about this distance in
one direction but were considerably longer in the direction parallel
to the plane of the wafer. In Fig. 5 tae electron diffraction pattern
is shown from the (111) sample containing microtwins along with the
{110) pattern obtained from the same specimen by tilting it 35°,
Both serve to show the high density of twin spots and sireaking which
arrise from the plate-1ike shape of the twins.

The unannealed structure of a wafer implanted at 77% is shown
in Fig. 6. A1l the wafer orientations studied were identical in the
unannealed state. The a layer was homogeneous and appeared to be
fcatureless, At a distance from the edge of the specimen tie super-
imposed crystal substrate is encountered. In dark field, Fig. 6b,
faint bright objects are visible in the region where the crystalline
anrd o material overlapped. The most likely explanation for these
bright spots is that they are strained regions of the crystal that
penetrate into the o layer at the «/C interface as shown schematically

in Fig. 6c. Amorphous silicon is somewhat less dense than the
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crystalline material so there will be strain at the interface. The
size and density of the bright spots seen in the dark field micrograph
can be used as an indication of the interface roughness.

3.2 Room Temperature Implantat.on

When the implantation temperature was held at room temperature,
rather than 77°K, the annealed microstructures were considerably
different. In Fig. 7a the (111) sample still contains microtwins but
some dislocations are seen as well. The other two orientations, shown
in Fig. 7b a c, both have a greater density of dislocation loops, than
the 77% implant, some of which have intersected one another. In
Fig. 7d the unannealed structure is shown where the a and crystalline
materials overlap. The size of the bright spots mentioned in the
previous section has increased indicating a larger scale of roughness
of the a/C interface.

3.3 }QQOC Implants

At an implantation ‘emperature of 100°C, the defecl type and
density in the annealed wafers is identical for al®' three major
orientations as shown in Fig. 8. Here a high density of dislocation
loops, many of which have intersected one another, is -.en. If
annealing was carried cut longer or at higher temperatures a well
defined network of edge dislocations was formed as seen in Fig. 9.

The unannealed structure, Fig. 8d, shows very large bright spots
indicating a still rougher «/C interface than at either lower implan-
tation temperature. The « layer does not reach the implanted surface
of the wafer in this case. Hence the material is buried beneath a

thin crystalline layer and two o«/C interfaces exist.
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3.4 The Depth of Lattice Defects in Annealed Wafers

It has already been pointed out that the implantation temperature
can affect the type of defects formed dur ing annealing. In this
section micrographs are presented that indicate the relative depths in
the specimens at which these defects were found. Since a conventional
TEM specimen is always wedge shaped (Fig. 1) the region of the sample
near the edge of the hole represents the top surface. What was seen
in the region far removed from the edge was a superposition of defects
at all depths in the recrystallized o« layer. With this understanding
of specimen geometry, the relative depths of different layers of
defects found in conventional specimens was determined. This informa-
tion will be of importance later on in Section 4.1b where a model for
implantation temperature effects is presented.

Figure 10a is a wedge shaped (111) conventional specimen that has
been impl:inted at 77% acd then annealed at 800°C for 1/2 hour.

The insets show higher magnification images of the thick and thin
areas. Microtwins are seen at all depths of the specimen. Figure 10b
is an identical sample except it tas been implanted at room
temperature. Here twins are still seen in the thin area but in the
thick region, representing regions of greater depth in the specimen as
well, a dislocation network iz found in addition to the twins. -ence
in the room temperature implanted (111) wafer, dislocations lia
beneath the microtwins.

Figure 1lla is a (100) sample that has been implanted at 77%.

Dislocation Toops are seen but only in an area far removed from the
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specimen edge. Therefore, these loops are fairly deen in the wafer,
probably near the original o/C interface. Figure 11b shows an
identical sample except it has been implanted at 100°C. Here a
disiocati network is seen that extends very near to the specimen
edge. This network must extend over a m:ch wider range of depth ﬁhen

the loops in Fig. 1la.
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4. DISCUSSION

4.1 A Model for Amorphous Layer Regrowth

In this section a model for the recrystallization mechanism of o
silicon will be described that is sensitive to the parameters of
implantation temperature and substrate orientation. This model
successfully predicts the defe.t microstructures 2nd relative values
of the groath rates fcund in annealed wafers, as will be seen by
comparison to the experimental results.

4.ia Substrate Orientation Effects. When an atom attempts to

bond to the surface of a crystal, it will encounter different
configurations of bonding sites depending on which crystal face is

3 25,34,35 it has been

involved. As a result of the work of Faust,
found that for a silicon atom to successfully attach itself to a
silicon crystal it must complete at least two of its four possible
bonds. This bonding criterion ic more easily satisfied on particular
crystal faces as shown in Fig. 12. In this schematic (110) projection
of a diamond cubic lattice the unsatisfied bonds on the three major
faces., (100), (110), and {lil), are shown. Some interatomic distances
appear shorter than others only because the bond is inclined to the
plane of the drawing. At the (100) face it can be seen that a single
atom may attach itself to the surface anywhere, forming two bonds, and
thus beccme a part of the cryatal. At the (110) face a single atom
cannot meet this bonding requirement and must first combine with

another incoming atom such that the pair may then form two bonds to

surface a*oms. An alternative sequence of events would be for two
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atoms to approach the surface simultaneously and in the proper posi-
tions. In any event, growth on the (110) face requires the coordina-
ted motions of two atoms before a stable addition to the crystal has
occurred. On the {111) face, bonding is even more difficult. Here,
clusters of three atoms are required to satisfy the two bond require-
ments for each of them. 6; this basis along, one would expect the
growth rate in the [100] direction to be fastest followed by [110] and
then [111], which is what is found experimentally.2»36

In addition to making qualitative predictions as to the
orientation dependence of the regrowth rate, Fig. 12 also gives some
insight into the types of defects that are likely to be formed during
recrystallization. On the (100) and (110) faces the incoming atoms
must join at the proper crystalline positions or they would make first
nearest neighbor mistakes. This makes it extremely unlikely that
faults will be tormed. This is not the case on the (111) face. Here
there are two different configurations in which a cluster of three
atoms can attach. Both make no first nearest neighbor mistakes. One
configuration, labeled “correct" Fig. 12 is the proper one to continue
the lattice defect free. The other, labeled "incorrect" makes orly
second nearest neighbor mistakes and nucleates a twin boundary between
the three icoming atoms and the established lattice. The energy of a
[111] twin boundary37 is the lowest of any planar defect for this
structure. Therefore the three atom group is almost as stzble in this
configuration as it is in the correct one. From consideration of this

bondina requirement and the atomic structure of various crystal ‘aces
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qualitative predictions of relative growth rates for different growth
directions, as well as the probability of nucleating twins can be
made. However, there are other factors that complicate this picture
which I will discuss below.

The surfaces of the crystal in Fig. 12 are all shown to be
atomically smooth. In reality some surfaces are atomically rough
since they can lower their free energy by assuming a configuration
with scme atoms in the surface layer missing,38 as shown schemat-
ically in Fig. 13. The rougher surface has a higher entropy but more
“dangling" bonds. A rough surface will have a higher density of
atomic ledges which will act as sites for easy single atom
attachment. Atomic ledges will ease the difficulty of growth on (111)
surface and decrease the proability of twin boundary formation.

39 and the atomic

According to the arguments of Jackson,
roughness of & surface will be determined by the temperature, entropy
of fusion (a material parameter that measures the difference in
entropy of an atom in the liquid, or amorphous phase as compared to
the crystalline), and the atomic packing density of the surface.
Jackson's results indicate that the (100) face of silicon shoula oe
atomically rough while the (111) should be smooth at the melting
temperature, 1412°. Hence, these results do not necessarily apply
to the present experiments which are conducted in the 500°C to
800°%¢ temperature range. At lower temperature one would expect the
surfaces to become atomically smoother, i.e., fewer ledges. There-

fore, it is still a safe assumption that the (111) face will be
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atomically smooth, But, for the other two major faces, the
cquilibrium roughness is uncertain.

From the above arguments it can be stated that the growth of a
(111) crystal face is reasonably well depicted in the simplistic
drawing in Fig. 12, since the (111} surface should be 7tomically
smooth, The (100) face may be rough or smooth, but that is of little
consequence since single atoms may easily attach even to a smooth
f190) : “~<e. The (110) growth process is an intermediate case with
respect to both the atomic roughness and the number of atoms to
satisfy the bonding requirements. Hence, it is difficult to state
with any certainty, whether ledges are present or even necessiry.

The final conclusion is clear: the (100) surface should exhibit
rapid and defect iree growth for at least one and possibly two
reasons. The surface is likely to be atomically rough, thus exposing
many favorable bonding sites. Even on a smooth (100) surface, a high
density of favorabie sites exists and single atoms may easily add on
Conversely, growth on a {111} face should he slow and accompanied by
twin formation since this surface is atomically smooth and clusters of
three atoms which have two possible modes of attachment are required
to satisfy the bonding requirement.

Another complication that would invalidate the above discussion is
the possibility of surface reconstruction.40 Reconstruction at a
free surface is a change in the crystal structure of the top one or
two atomic layers. If this occurs then the ability of an atom to

attach to the crystal surface would be drastically affected.



Reconcieyction of the surface ic known to occur in crystalline siiicon
in contact with its melt or vapor. The basic driving force for this
surface iransformation is to minimize dangiing bonds which cannci oc
satisfied by the liquid or vapor. However, . silicon is still
covalently bonded and hence there need not be the same kind of
discontinuity in bonding across the of/C interface. Because of this,
il is iuch less likely for reconstruction to occur.

4.ib Implantation Temperature £ffects. In tnis section it will

be shaen aow the implentation temperature effect is accounted for in
ihe moviel far cegrowln,  Experimentally, it was observea that the
roughiness ¢f the unannealed «f/C interface increased with the temper-
~ture of impiantation (see Figs. 5,7,8). It is <till rot ciear why
implantation temperalure has this effect on ihe interface roughness.
However, it may be related te the mechanism of amorphitication and te
the dearee of mobility of point defects ar the immlantation
temperalure.

At high implaniation temperatrces the initial interfacs roughness
is nol goverred by the thermod;namic ar-uments of Jackson,3g hut
reather by tne radiation damage process itself. At low implantation
temper atures, the interface is microscosically smoother {although
still rot necessarily atomically smocth). During acnealing atoms
attach to the surface, {100) or {111}, in the manner describad in the
previous section. This results in iwins fo- a (1i1) wafer, due tc
stacking mistakes, and dislocation loops te be discussed in the next

section) in (10C) after anrealing. When the interface is muck rougher
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there is no well defined arowth direction initially since many
portions are orientad far away from the nominal plane of the wafer
{see Fig. 6C). In the particular case of a (111) wafer with a rough
a/C nterface, the twins and slow growth rates will no longer be
observed initially because many portions of the iata-fzie are actually
moving in some direction other than [111]. The interface roughness
will eventually smouth out, but the maximum o layer thickness for a
typical ion implanted wafer is only a few thousand angstroms. If the
a/C interface is rough on a sc.le comparable to this thickness then 1t
may not smooth out before it reaches the surface.

The effect of interface roughness on the resrowth mechanism for
(100) and (111) wafers is shown schematically in Fig. 14. for the
lowest implantation temperature the interface attains its
"equilibrium" state of smoothness almost immediately. This means that
the (111) sample forms twins wile the (100) first produces a low
density of dislocation loops fcr a very short distance and then
produces no defects at all as the interface aoves to ‘he top surface.
These few dislc.ation loops are formed during the transition from a
microscopically rough to an atomically rough interface and will be
explained in greater detail in the next section. At an intermediate
value of implantation temperiture the transition zone over which the
interface becomes smooth is greater. During this period both the
(100) and (111) interfaces produce the same type of defects,
dislocation loops, and thereafter advance defect free or with

twinning, respectively. At the high implantation temperature in
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Fig. 14, the transition zone is as iarge as the total a layer
thickness and fur this reason both orientations produce the same
defects during annealing, dislocation loops.

4.2 ihe Defect Formation Mechanism Ouring Amorphous Layer Regrowth

In the previous section there was some discussion of the mechanism
by which defects could be formed during amorphous layer recrystal-
lizationj In this section a more detailed explanation that also
includes a discussion of the presence of dislocation loops is
presented.

4.2a Dislocation loops and networks. Dislocation loops are

commonly found in annealed (100) wafers implanted at all temperatures
and (111) wafers implanted at high temperatures. When the loops are
smaller than a few hundred A, they have Frank partial burgers vectors,
1/3 [111]. It is reasonabie to conclude that they 2re a result of
condensation of vacancies or interstitial atoms.41 This is to be
expected since the crystalline substrate contains not only a portion
of the extra implanted atoms, but many vacancies and interstitials
created by radiation damage as well In addition, as the « layer
regrows, point defects may be incorporated into the crystal at the a/C
interface. ODuring further annealing the existing loops may grow by
absorbing free point defects and eventually intersect other loops
resuiting in dislocation reactions. In thiz manner a dislocation
network can be formed.

If the original «/C interface is very rough, then regions of a

material can become trapped within the growing crystalline substrate.
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Then as .these isolated a zones crystallize, point defects must be
generated to compensate for the differences in density of the a and
crystalline silicon. This explains why more dislocation loops are
found as the implantation temperature, and therefore surface
roughness, increases.

It is not the purpose of this study to follow the sequence of
events from dislocation loop nucleation to the formation of a stable
dislocation network. Other workers42'44 have addressed this issue
and found many interesting aspects. For the purpose of this study,
let it suffice to say that dislocation loops are formed in both the
crystal substrate and the recrystallized layer after the a/C interface
has passed. The loops appear to play no active role in the mechanism
by which the «/C interface advances.

4.2b Microtwins. Microtwins are found only in annealed (111)
implanted wafers and only if the implantation temperature is less than
about 100°C. There are two possible mechanisms for twin formation,
the first involving mechanical stresses and the repeated motion of
partial dislocations while the second requires atomic growth
mistakes. The latter is responsible for the twins formed during
regrowth of a layers in silicon. There is no evidence for mehcanical
twinning in silicon.

A twin can arise from a stacking mistake in the following way. A
diamond cubic crystal can be constructed by adding lay=rs of (111}
planes in the proper positions.45 Tke stacking sequence is An Bb Cc

An Bb Cc. However, if mistakes are made in this sequence planar



23

defects .are formed such as a twins, stacking faults, or microtwins, as
shown schematically in Fig. 15. since the (111) interface is
atomically smooth repeated nucleation of new atomic layers will be
required. The twin boundary energy is 20 ergslcm2 (Ref. 37) in
silicon so the pritability is relatively high tnat stacking mistakes,
such as those in Fig. 15, will occur resulting in twin formation. In
this manner twins in the plane of the interface ca. be explained.
However, twins are found inclined to the plane of the interface as
well. These twins probably also arise from stacking mistakes. The
(111} interface, although atomically smooth, may be faceted on a
microscopic scale as shown schematicaliy in Fig. 16. Such a surface
will be formed since the interface immediately after implantation is
"bumpy", (see Tiy. 16a). The fast growing [100] direction, now
exposed by these "bumps", will advarice rapidly thus leaving behind the
slow growing (111) faces. Once this faceted (111) interface is
formed, stacking mistakes on inclined planes will be possible. Once
an inclined microtwin is nucleated it will grow along with the
advancing interface and thus reach a large size as shown in Fig. l6c.

The inclined twin alse can benefit further growth as shown
schematically in Fig. 17. At the twin voundary only two atoms are
required to form a new ledge instead of the usual three on a perfect
(111} face. Once a ledge is nucleated, single atoms can attch at this
new atomic step. Hence, once the twin is formed, its boundaries act
as nucleation sites for further growth.46 This was first proposed

47,48

and observed by bennett in the growth of dendrites from the

melt.
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4.3 Comparison of Experimental Results to Model Predictions

The model described in Section 4.1 is not sufficiently refined to
predict quantitative values of the regrowth rate of the e layer.
However, it does allow one to estimate the relative speeds of inter-
face migration, the types of defects left behind, and the way in which
the defects enter into the regrowth process.

49,24

4.3a Regrowth Rates. Mayer et al. published extensive

results of the regrowth rates of ion implanted a silicon layers. They
found that the [100] growth direction is the fastest, with the [110]
being about three times slower and the [111] about thirty times
slower. This is all consistant with the relative difficulty in
satisfying the bonding reguirement on these surfaces as discussed in

Section 4.1a.

4.3b Defect Microstructures. According to the model, the types

of defects and the depths at which they should be found, are as
follows. For low temperature implantations the (100) sample should
contain dislocation loops at the depth of the original a/C interface
while the (111) wafer should contain microtwins on all four (111)
planes starting at the original «/C interface and extending to the
implanted surface. From my own results (Fig. 5) and those of

Rechtin31

et al. the present model is in perfect agreement. For
implantations conducted near room temperature, the (100) wafer should
contain a wider zone of dislocation loops, starting at the original
a/C interface and extending towards to implanted surface. The (111)

sample should have this same distribution of loops, but with twins as
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well, extending from where the loops end to the surface. Little work
has been published on room temperature implantations so the model‘s
predictions may only be compared with the results given in Fig. 7. A
higher density of loops is observed in the (100) sample while in (111)
loops and then twins nearer the surface are found. The exact depth of
these defects was not determined in the present experiments but their
approximate positions can be determined by observing wedge shaped TEM
specimens where defects at different depths will appear zt different
distances from the specimen's edge (Figs. 10,11).

At a high implantation temperature, about 100°C, the model
predicts identical defect structures for both orientations, This is
confirmed experimentally as shown in Figs. 8 and 11 where a dons2
tangel of dislocations is found in both specimens. In closing, it is
apparent that the agreement between theory and experiment, with regard
to defect microstructures, is aiso good.

4.4 Other Models for Amorphous Layer Regrowth

Other models have been proposed to explain the behavior of thin o
films as they regrow on crystalline substrates. In a recent paper by
Lau,24 the most prominant of these were reviewed. All but one were
clearly inadequate, the work of Csepregi gg_gllso being tha
exception. Their model and tne one described heri: are similar in that
both recogriized that an incoming atom must form two bonds with the
crystal or it is likely to be rejected. However, Csepregi et al. did
not consider the possiblity that two atcms may link together first and

then combine with the surface, as would be rec rired for growth on a
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(110) interface. Hence, Csepregi's work does not explain how growth
can proceead in the [110] direction. In the [111] growth direction,
{sepregi's model predicts a near zero growth rate because nucleation
of new atomic steps is exceedingly difficult. He explains the
presence of Vimited growth and subsequent twin formatiom as a resuit
of ledge nucleation and subsequent stacking mistakes. In this aspect
the two models are in agreement. Csepregi et al. suggest that the
microtwins once formed will accelerate the growth process since after
twinning the new growth direction is [511] which should grow almost as
fast as [100]. The twinned region will be in advance of the interface
and serve to nucleate growth steps. This prediction iz not in
agreement with the model presented here.

Even though the [511] twin growth direction is faster, the twin
shold soon be bounded by its own siow growing faces, ‘111). After
this occurs the twin should grow no faster then the rest of tne
interface as shown in Fig. 18. Lastly, Csepregi's mode! does not
attempt to explain the efect of implantation temperature .t all; his
model applies only to low temperature implantations.

The effects of implantation temperature and substrate orientation
are important aspects of a layer recrewth to be explained but there is
one more aspect that is as yet not understood. From Lau's24 work it
is known that a 500-fold change in growth rate is observed depending
on which type of ion is implanted. Implanting phosphorus leads to a
growth rate 3 or 4 times higher than those found for a silicon
implanted silicon specimen. Further development of the model will be

necessary to explain this dramatic effect.
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5. INTRODUCTION AND RESULTS, TFA SPECIMENS

Thin Foil Annealed (TFA) Specimens TFA specimens are used in this

study because they allow the a/C interface to move perpendicularly to
the viewing direction. Hence, the role that derects play during
interface motion is easily observed. As mentioned before, a single
TFA specimen will exhibit growth in several different crystallographic
directions. The results from these TFA specimens will be presented
according to the wafer orientation from which they were cut since this
determinzs which growth directions will be allowed.

5.1 Results of (001) TFA Specimens

A (001) TFA sample will exhibit growth in two of the major
crystallographic directions, [100] and [110], as shown schematically
in Fig. 3. Figure 19 shows the defect microstructure of such a
specimen that has been completely annealed. Here it is seen that
regrowth in the [110] direction is accomplished by a twinning
mechanism. This mode of recrystaisization is not expected for the
[110] direction but rather for [111]. This will be explained in
section 6.1a.

In the [100] direction the «/C interface initially advanced by
about ane micron without forming any defects; this is ais» shown in
Fig. 21. After this distance in the [100] direction, the: nitially
smeoth ofC interface broke up into facets and thereafter & extremely
high density of microtwins were found. Figure 19d is of « partially
annealed (Q01) TFA sample which shows the extreme sensitivicy of the

regrowth rate and mechanisin on the growth direction. At the exact



28

[110] direction, the interface has advanced only slightly and the
formation of twins is evident. But in adjacent areas where the
interface has curved to a different growth direction by just a few
degrees, the interface has advanced rapidly and no defects are seen.

From these results it is seen that the TFA samples exhibit a
dramatic dependence of the regrowth rate and mechanism on the growth
direction, just as has been reported for the conventional
specimensl8.

Regrowth rates and the activation energy may be measured in the
TEM by taking micrographs of the same area during annealing to monitor
the successive positions of the «/C interface. 4An example of this is
shown in Fig. 21 where growth was recorded in the [100] and [110]
direction. The numerical data from such experiments is plotted in
Fig. 20. Growth in the [100] direction is comparitively rapid, until
faceting occurs, afterwhich the growth rate slows by more than an
order of magnitude. In the [110] direction, the growth rate is slower
than in the initial stages fer [100] but remains constant throughout.

In the y110] growth sequence of Fig. 21, the nucleation of a
crystallite in the o« material is observed. This was found to occur
only rareiy and in this case can be traced to a foreign particle at
the srrface. In the [100] sequence of Fig. 21, a larger surface
particle is run yet it had no effect on the regrowth process at all.
Apparently t:e surface oxide layer is usually very effective in

insulating the amorphous material from foreign particles.
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By repeating annealing experiments over a range of temperatures,
the activation energy for regrowth may be determined. The practical
range of temperatures over which this experiment may be conducted is
about 650°C down to 450°C. Outside these limits the annealing
times become unreasonably short or tediously long, respectively. In
Fig. 20b such data are plotted and usn activation energy of 2.9 =1 eV
is found for both growth directions. Initial stages of growth along
{100] are faster than [110] by about 2 factor of fifteen.

5.2 (111) TFA Samples

In a (111) TFA sample there are two primary gruwth directions,
[110] and [211] types. Long slender microtwins were found in both
growth directions, as shown in Fig. 22a. In the [211] case, some of
the twins terminated in the later stages of interface migration and
further growth took place without the aid of defects. The (111) TFA
samples are somewhat complicated by the fact that in one portion of
the sampie, where the o and crystalline silicon overlap before anneal-
ing, microtwins will be formed during annealing since the interface
moves in the [111] direction. These twins may then grow out into the
unsupported o layer. This may occur even though twin formation might
not be required fur interface motion in that particular direction.
Hence the defect microstructure found in (111) TFA specimens may not
be representative of conventional regrowth in the [110] and [211]
directions. 1t is for this reason that numerical data is not reported

for regrowth in (111) TFA samples.
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5.3 (110) TFA Samples
TFA samples made for (110) wafers are the most interesting of all

since they cantain all three major crystallographic directions -
[oo1], [110], and [111}]. typical microstructure for regrowth in
each of these directions is shown in Fig. 23, In the [111] direction,
growth is accomplished by formation of microtwins in agreement with
the microstructures in conventional specimens. Growth along [110]
produces no defects for a micron or so of growth and then forms a
faceted interface after which microtwins are produced. It should be
noted that this is identical to the sequence of events for growth in
the [100] direction in a (001) TFA specimen. Growth in the [001]
direction in a (110) specimen is accompanied by microtwin formation as
seen in Fig. 23c. The growth rate data for the [110] and [111] growth
directions in the (110) TFA samples are shown in Fig. 24. The results
from the (110) samples are disturbing in that the growth rates and
microstructures in the [001] and [110] directions are not the same as
in the corresponding directions of a (001) TFA sampie. Apparently for
a TFA specimen, it is only for a particular specimen pizane that good
agreement is found with the same growth direction in an conventional
sample, This unusual effect of the specimen plane will be explained
in section 6.la. Table 1 summarizes the growth rate data obtained

from TFA samples.
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Table 1. o Layer Regrowth Rates in TFA Specimens (Angstroms/Minute)

Annealing Temperature (C°)

Growth TFA 450 500 550 600 650
Directionf Specimen —

Plane
{1003/(001) .88%.05 17.3%+.2 243.%5.  2200.+300.
[110]/(110) 8.7+.5 120.+#5.  770. *100.
[111]/(110) 16.3%3. 164.410. 1500.%+200.
[1101/(001) .065%.02 1.1£.2  20.#5.  210%40. 1300.%200.

5.4 General Observation of TFA Specimens

5.4a Contamination Effects. If the TFA specimen is excessively

dirty prior to annealing, the regrowth process may be severely
affected. Luckily, the effects are usually catastrophic and it is
abvious that something is amiss. Typically, one finds a high density
of very small, randomly oriented crystallites nucleated in the o layer

as shown in Fig. 25.
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5.4b. The Effect of Curvature on the Growth Rate. The «/C

interface in a TFA specimen will always have some curvature since it
follows the edge of the central hole caused by chemical thinning. The
a/C interface will be advancing towards its center of curvature and
hence growth may be enhanced somewhat. The grosth rates in tke [100]
and [110] direction in an {001) specimen were measured for samples
with a wide range of curvature, as shown in Fig. 26. Growth in the
|100] direction was not affected by curvature. However, in the [110]
direction, below a radius of curvature of abut 20 microns the growth
was higher by a factor of two or three. Hence, to obtain reprodicable
data only specimens containing fairly large holes, usually on the
order of [100] microns in diameter, were used. The fact that only one
growth direction is curvature sensitive has important implications
which will be discussed in section 6.1b.

5.4c  Oriented Crystallites in Advance of the o/C Interface.

Crystallites are ocassionally observed slightly in advance of the
initial «fC interface in a TFA specimen as shown in Fig. 27. MWhat is
unusual about them is that they are perfectly oriented with the
crystal substrate. These crystallites are not nucleated but, rather,
are a result of a non-uniform chemical attack during specimen
preparation. For some reason a few small islands of the crystal
substrate are left behind on the a layer. Then, during annealing the
isolated crystalline zones will initiate regrowth in advance of the
a/C interface as shown schematically in Fig. 27d. The crystallites

always form regular shapes such as squares or hexagons which is
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explained by them being bounded by the slow growing (111) planes. The
growth rales of these crystallites are of some interest since the
curvature of the faces is probably zero or slightly negative, that is,

the interface is growing away from its center of curvature.
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6. DISCUSSION OF THIN FOIL ANNEALED AMORPHOUS LAYER REGRGATH

The TFA experiment is a new technique for observing the mechanisa
of regrowth of o layers. The unique advantages of this type of
experiment have already been mentioned. Howevar, the > .re several
complications, due to the unusual geometry of these specimens, that
must be understood before this experiment will be of use.

6.1 Complications in evalu.ting the TFA Experiment.

6.1a. «/C Interface Rotation and Faceting. The lowest energy

plane in silicon is the (111}, (1230 ergslcmz) followed by (110),
(1510 ergslcmz) and (100), (2130 ergslcmz).Sl If the migrating

inter face is any plane other than (111) the interface will attempt to
rotate towards (111) it during motion to lower its energy even at th2
expense of some increase in surface area. The ease with which the
interface plane can approach (111) will be determined by how near the
original interface lies to one of the four (111) planes. For cestain
growth directions in the TFA experiment, for esample [110]. in a (001}
specimen, the interface must rotate by only about 35° to reasn (111)
and it can do so by rotating as a single unit. However, in a (110)
specimen plane the (110) interface must not only rotate by this angle
but break into facets as well, as shown schematically in Fig. 28.

When faceting is required for rotation to a (111} interface the trans-
formation is slow to occur but otherwise takes ~lace almost immedi-
ately during the first stage of otion. Once the interface assumes
the (111) orientation, it displays regrowtn characteristics (a very

slow growth rate and the production of high density of microtwins)
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identical to those found for growth in the [111] direction, even
though the apparent direction of interface motion is [110]. It is
fortunate that the formation of facets is slow. This allows an
interface to move approximately one or two nicrons while the interface
is still perpendicular to the apparent growth direction thus serving
as a useful simulation of conventional wafer anneaiing. The onset of
faceiing is not related to the decrease in thickness of the a« layer as
the «fC interface advances. Faceting uccurred after one or two
microns of growth in specimens with a wide range of wedge angles. It
is not presently understood why the «/C interface remains planar for a
fixed amount of regrowth, about one microns, and forms facets
thereafter. It is likely to be ap impurity poisoning rffect.
Impurities could have diffused in from the free surfac., extended
completely across the «/C interface, and thus effected the mechanism
of regrowth. 1If this is the case, the observation of an approximately
constant regrowth distance before faceting can be understood as a
result of a balance of the o layer regrowth race to the diffusion rate
of the impurity.

The concept of interface rotation explains several puzzling
results of tha TFA experiment. Twinning was found from the start in
the [110] growth direction in the (001) samples (from n~w on this will
be designated as [110]/{001)) but in the [110}/(110) case, faceting
and subsequent twinning, were found to begin only after a micron of
growth. In conventional (110) wafers no twins are found whatsoever.

It is suggested that what has happened is that in [110]/(001) the
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interface rotated as a single unit and commenced [111] type growth
immediately while in [110]/(110) the initial micron of growth was with
a true (110) interface until (111) type faceting occurred. Therefore,
to observe typical [110] regrowth, the (110) TFA sample must be used
and then only for the firs. micron of growth. To observe typical
[100] growth a (010) specimen should be used because here faceting is
also the mode of interface rotation and it is delayed as in
[110]/(110). Typical regrowth in the [111] direction is found in a
(110) TFA specimen.

The assumption that growth in the [110] direction in a (001) TFA
specimen is [111] type regrowth since the a/C interface probably
rotates to the (111) plane in the initial stages is verified out by
the growth rate data in Fig. 24. Here it is seen that identical
regrowth rates were found for [110]/(001) and [1111/{i10)}. Hence
[111] type regrowth may be observed in both (100) and (110} TFA
specimens. The equality of the rates is surprising since one would
expect that these two growth rates would differ at least by a
geometrical factor since one of the interfaces is moving in a skewed
direction.

6.1b The Effect of «f/C Interface Curvature on the Regrowth Rate

As mentioned in section 5.4b, curvature of the «/C interface
affects the [1103/{001) growth direction but not the [100]/(001). It
is now assumed that for growth in the former direction the interface
plane is actually (111). Hence the curvature of a {100) interface

does not affect its rate of advance while the opposite is true for
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(111). .This can be explained in the following way. Curvature will
produce atomic ledges on a surface as a geometric necessity. However,
only if the growth mechanism on a par“icular interface requires ledge
nucleation, will the resulting growth rate be curvature sensitive.

The result that only growth in the [111] direction is affected by
curvature confirms the hypothesis presented earlier that the (111) o/C
interface is atomically smooth and advances by nucleating atomic
steps. The fact that the (100) growth rate is unaffected by curvature
is not so informative since it only implies that the surface is
atomically rough andfor single atom bonding to the crystal surface is
easy. Therefore, this experiment does little to distinguish between
the two possibilities.

To obtain consistent experimental results the effect of curvature
on the growth rate must be avoided. For [100) growth this poses no
problem but for [111] one must be carefu to use specimens where the
central hole is at icast 40 microns in diameter. In practice this is
not difficult; in fact, it raguires great skill to obtain holes this
small. However, local regions where the curvature is greater than the
average value must be avoided.

6.1C The Effect of the Doping Profile

As mentioned in section 4.4 the implanted ion species affects the
rate at which regrowth occurs. In a conventional wafer there is an
approximately Gaussian profile of dopant atoms extending from the
implanted surface. As the </C interface moves toward the surface it

encounters at first an increasing and then decreasing dopant deasity.
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Hence the growth rate should not be linear for conventional speci-
mens. The geometry of TFA specimens is suc'- that the a/C interface
passes through the entire depth of the o layer, at least initially,
and thus will average the effect of the doping profile. As the
interface advances towards the edge of the TFA specimen the foil will
be thinner and represent a region nearer the implanted surface. This
means that the average doping density that the a/C interface
experiances will be lower than before. This could result in scme
nonlinearity of the growth rate if measured over large enough
distances. This effect could be avoided by using the multiple voltage

21,22,52

implant technique to obtain a uniform doping profile.

6.2 Comparison of Data from Conventional and TFA Samples

To determine how closely the TFA specimens simulate regrowth of
layers in the conventional geometry a compa' ison is now given of the
results of the regrowth rates, activation enerav. and defect type from
both types of specimens.

6.2a Numerical Data. Mayer's Rutherford backscattering

7,18,20,50 are the most reliable data on a layer

measurements
regrowth rates and activation energy presently available and are shown
in Fig. 20b. He obtains an activation energy for regrowtk of 7.4 eV,
while I have obtained a value of 2.9 £ 1 eV. Both Mayer's and this
study agree that the activation energy is not affected by the growth
direction. In a recent study of a layer regrowth, using a thin foil

[
TEM in situ annealing experiment, Kuoster"9 also obtained a value of

2.9 eV for the activation energy. The significance of these numbers



is not clear at present. They are all well below the activa- tion
energy for self diffusion (3.3 eV) and are probably a reflection of a
process of atoms hopping across the interface. It is difficult to
explain why there should be such a large difference in activation
energy for the two experiments. Impurity effects may be different in
the thin foi: experiment, and these .ight coanceivably effect the
activation energy. Another possibility is that the state of

54-57 which will be higher in the conventional wafer since it

stress,
is constrained in two directions, may supply some of the activation
energy required for the a to crystalline transformation. If this is
the case, the thermal energy reguired would be reduced for the conven-
tionally annealed wafer as compared to the TFA specimen. Pinning of
the a/C interface at the foil surface could alsn affect the TFA
specimen growth rates.

The relative rates of the {100], [110], and [111] growth
directions agree fairly well between the TFA and conventional
specimens. Csepregi et al.50 found [100] to be the fz-test direc-
tion with [110] and [111] being three and thirty times slower
respectively. The present experiments gave the same relative order
but the [i10] and [111] rates were 2.3 and 15 times slower than
[100]. As pointed out in Lau's24 paper the implanted ion dose and
species will affect the regrowth rate. Hence, the numerical data
presented here should only b: compared with other phosphorus

implantations at similar concentrations.
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65.2h Defect Microstructures.

If one looks at the defects produced in the [100]/(010),
[110]7(110), and [111]/(110) growth systems and compares them to those
found in (100), (110), and {111) conveational specimens, respectively
implanted at low temperatures, perfect agre=ment is found. Disloca-
tion loops are found in the [100] and [110] growth directions while
twins appear in [111]. The TFA specimens only compare to low temper-
ature implanted wafers because the interface has reoriented itself to
be perpendicular to the original a«/C interface and in doing so has had
sufficient time to smooth out any roughness due to high temperature
radiation damage.

In summary the TFA specimens give excellent agreement to the types
of defects found in the various growth directions in conventional
wafers. The numerical data of growth rate and activation energy are
similar for the two experiments but differences definitely do exist
which cannot be explained at this time. The possibility exists that
the data obtained by the Rutherford backscattering measurements may

ontain systematic errors that lead to an incorrect determination of
the activation energy. The RBS technique5B locates the position of
the «/C interface by measuring the degree of scattering of alfa
particles due to lattice disorder. The a phase is very disordered and
causes a dramatic increase in scattering as compared to the perfect
crystalline material. However, if the crystal contains a high density
of point defects and/or microtwins, as is often the case, the result-
ing scattering may be sufficient to cause large errors in the deter-
{62)

mination of the a layer thickness. Initial measurements may be
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shrouded by the presence of point defects while in the later stages of
annealing microtwins will create difficulties. 1In tiiis way systematic
error in the measurement of the o/C interface position during
different stages of growth are possible that coula give incorrect
values of the temperature sensitivity of the regrowth rate.

One of the main advantages of the TFA experiment is that it is a
very simple experiment to conduct and may be performed in a short
time. In addition to this the TFA technigua is the only way in which
the role microtwins and dislocating play in the growth process can be

directly observed.
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7. CONCLUSIONS

7.1 Summary of this Work

A new model for the mechanism of recrystallizatior of a layers on
crystalline substrates has been presented that explains the effects of
substrate orientation and implantation temperature. The role of
defects in the crystallization process is examined in detail and is
consistant with experimental results.

A new technique for observing the regrowth process has been
presented. If proper precautions are taken when usiag the TFA
technique excellent agreement of defect structures with corsentional
specimens is obtained. The TFA experiment shows great promise in
further research into other aspects of a layer regrowth.

7.2 Applications to Practical Problems

A good qualitative understanding of o« layer regrowth is now at
hand. One practical application of this knowledge would be to look at
the difficulties in using high dose ion implantation to fabricate an
electronic device. When this is done the resulting amorphous layer
must be annealed to achieve good electrical activity of the dopant
atoms. However, from the result of this work and others, only if the
substrate is (100) and the implantation temperature is low, can good

16,60 For industrial application it would be

results be expected.
beneficial to ease these restrictions. A room temperature implanta-
tion would be much more convenient to perform but will leave a rough
a/C interface that will produce more defects in the (100) wafer during

annealing but fewer in the (111). Hence, if a process to control the
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interface roughness could be found improved regrowth from a room
temperature implantation might be possible.

There are many other problems related to epitaxial regrowth of a
thin layer of one material on another that may bemefit from the
mechanistic understanding that can be gained from this work. The
silicon and sapphire system, where a thin layer of silicon is
deposited on a sapphire substrate, is a prime candidate. In this case
a high density of microtwins is found which degrades the electrical
properties. This is at present an unsolved problem, but similarities
exist between this and the e« layer recrystallization.

7.3 Suggestion for Further Work

The single most important unanswered question that results from
this work is the effect of the implanted ion species and concentration24
on the regrowth rate and type cf defects produced. The TFA experiment
is ideally suited to examine this phenomenon. To my knowledge no
systematic study has been conducted to determine the relationship of
dopant density in the a layer to the regrowth rate. It has been
reported that some ion species accelerate regrowth while others slow
it down with respect to a silicon ion implantation. The origin of
this effect is not understood at present, especially for the case of
atomically rough interfaces where regrowth should not take place by a
ledge mechanism. A related experiment would be to implant silicon
ions into a silicon wafer over a range of doses, all above the amor-

phitization value. If no effect of the silicon ion dose is found on
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the regrowth rate then there must be chemical effects of the ion
species. However, if a dependence on the self ion concentration is
found then the state of stress or degree of radiation damage must be
an important factor in controlling the regrowth rate.

It has been reported that the activation energy for o layer
regrowth for some, but not all, implanted ion species is different
than for silicon ion implants. However, activation energy data is
only available for a limited number of implants at present. There is
an enormous amount of useful and interesting work still to be done in
explaining the effects of the implanted ion species.

The effect of implantation temperature on a/C interface roughness
has no clea. explanation at present. Further theoretical study of the
radiation damage process in semiconductors may result in a better
underst.nding of this phenomena. In addition, new experiments should
be performed to better measure the degree of roughness of the o/C
interface. Specifically, by using TEM, cross section 'pecimenssg
the original interface could be seen edg2-on such that the roughness
can be measured directly. Another novel technique would be to chem-
ically dissolve the a layer away leaving th» crystal substrate
intact.24 The exposed interface could then be observed in the SEM
or if higher resolution is required, replicas for TEM study could be
made since a silicon is slightly soluble in hydrofluoric acid while

21,22

the cyrstalline form is not, hence this is a simple experiment

to perform.
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Dislocation loops are found in many specimens after the a layer
has been annealed. With further annealirng they often change burgers
vector, grow, change depth in the foil, and intersect to form

42-44 ;
k has already been done on this

networks. Although some wor
topic, it is by no means complete. For example, in the present
experiments it was found that as the ion dose is increased from 1016
to 2 X 1016 phosphorus ions/cmz, the dislocation loop density

found after annealing was drastically decreased as shown in Fig. 29.
Further tudies relating network formation to the ion dose, implant
voltage and temperature, and ion species are suggested. The nature of
the dislocation loops (vacancy or interstitial} has been found by at

31 to depend on the implant temperature. 1In

least one investigator
this experiment it was observed that at high implant temperatures and
sub-critical doses a completely new type of dislocation loop or
precipitate was present that may have been vacancy type and looked
very much like those found in boron implanted silicon (Fig. 30). An
explanation of this result would be interesting.

With respect to some of the complexities of the TFA experiment
there are several topics that could bear further investigation. The
reason the afC interface in the [100]/(010) or [110}/(110) growth
syctem breaks into facets only after one or two microns of growth and
not sooner is not clear. A related experiment to this would be to
form a very thick o layer (by higher energy implantation) to see if
faceting occurs in conventional specimens, as well after the interface

has traveled a micron. Another possibility to be investigated is that
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impurities might diffuse into the interface during furnace annealing
and cause faceting as suggested in section 6.la. An annealing exper-
iment carried out in ultra high vacuum, if found to eliminate the
formation of facets, might resolve this point.

Another interesting aspect of the TFA experiment is the precise
dependence of the growth rate on the crystallographic direction. This
has been measured for conventional wafers and would serve as a
comparison of the two experiments.

One of the differences between the model for regrowth presented in
this work and that of Mayer is the manner in which a twin will aid the
regrowth process. 1 feel that the twin boundary is the key while
Mayer believes it is the twin's new growth direction, [511], that
allows it to advance ahead of the interface. The point could be
resolved using high resolution TEM techniques on a TFA specimen.

Another point would be to study the process of nucleation of
polycrystals in the a layer. As was stated earlier, this apparently
only occurs as a result of contamination, but this has not been proven
conclusively. In any event, the new grains are always found to
contain defects, probably twins, an obervation which is similar to
that made by Kooster.53 These grains are usually found to nucleate
at a position halfway between the original a/C interface and the edge
of a TFA specimen. At this location the peak density of dopant atoms
is exposed to the free surface of a wedge shaped TEM specimen, It is
not known if this is significant or just a coincidence but other
studies have shown a correlation of impurity concentration to

polycrystalline formation.6?
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A final point of interest concerns the regrowth rates of the a

layer in a TFA specimen after the interface becomes faceted. In

Fig. 20a, it is seen that this growth is substantially slower than the
[110]/(001) growth rate which is actually [111] type growth as pointed
out in section 6.la. According to the model presented in section
4,1a, the "111] growth rate should be the slowest of all. Therefore,
it is difficult at this time to explain what has occurred at the «/C
interface after faceting that yields such a slow rate of ac:ance.

Impurity poisoning is a possibility that should be investigated.
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FIGURE CAPTIONS

Figure 1.

Figure. 2.

Figure. 3.

Figure. 4.

Figure 5.

a. Schematic cross section view of a conventional TEM
specimen that has been annealed prior to chemizal
thinning.

b. Schematic cross section view of a TFA spetimezn that is
now ready for annealing.

A schematic annealing sequence of a TFA specimen where the

a/C interface is seen to rotate by 90° from its original

orientation.

A schematic view of TFA specimens cut from (100), (111),

and (110), wafers. The arrows indicate the different

principal growth directions that are found in each specimen,

A plot of the critical dose required to form an amorphous

layer in silicon for three impiant species as a function of

temperature. Taken from Ref. 11.

Dark field electron micrographs of conventional TEM

specimens. Figures a, b, ¢ are of (111), (110) and (100)

samples respectively. The (111) sample shows a high

density of microtwins while the other two exhibit only
dislocation loops. Figure 5b is an unannealed specimen
showing the area where the a and crystalline materiail
overlap. The phiosphorus ion dose is 10161cm2,

implanted at 100kV and then annealed at 80006, 1/2 hour.



Figure 6.

Figure 7.

Figure 8.
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Figure (a) is a bright field micrograph of a vedged shaped
conventional TEM specimen. The inset diffraction patterns
show that the upper portion contains both a and crystalline
material, while only a silicon is present in the lower half
near the edge of the specimen. Tke bright “speckels” seen
in the dark field micrograph, 6b, of the same area can be
explained as highly straired crystalline zones in the o/C
interface. This is shown schematrically in Fig. 6c.

These conventional TEM specimens were all impianted at room
temperature. The (111) sample, (a), contains both disloca-
tion loops and microtwins (the latter is verified by the
extra spots in the diffractioa pattern). The (110), (b)
and (100), (c), contain dislocation loops only. Fig. 7d is
an unannealed sample wihere the o and crystalline silicon
overlap. All other implantation and annealing conditions
are as for Fig. 5.

These convei.cional TEM specimens were all implanted at
100°c. A1l three oreintations (111), (110), (100), shown
in Figures a, b, ¢ respecitvely, contain dislocation loops
and some rods. No twins are found in (111) and no extra
spots are seen in the diffraction pattern. The unannealed
sample in Figure d is of an area where the : and crystal-
line silicon overlap. A1l other implantation and annealing

conditions are as for Fig. 5.



Figure 3.

Figure 10.

Figure 11.

Figure 12.
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These conventional TEM specimens show dislocation networks
in a (111),(a), and (100),(b), wafer. The implantation
temperature was 100°C, the dose was 2x1016 p+/cm2

at 100kY¥, and it was annealed at 900°C for 1 hour.

These are wedged shaped conventional TEM specimens where
the edge is just off the picture to the right. The left
side of these micrographs is a thicker part of the sample.
The insets are higher in magnification and show the
detailed structure in the thick and thin areas. The sample
in (a) was implanted to 77%K while (b) was implanted at
room temperature. The ion dose in both cases was 1016
p+lcm2 at 100kV. In Fig. (a) the specimen is somewhat
bent such that twins at the right (thin area) have
different contrist but are the same as those in the thick
region.

These samples are of the same shape as those in fig. 10.
The difference is that they are both (100) and the implan-
tation temperature is 77% for {a) and 100% for {b).

This schematic diagram shows how incoming atoms may bond to
the surface of an existing crystal. The cross hatched
regions show where a new atomic layer has begun, The right
hand {111) face has a twin nucleated on it. The viewing

direction is 110.



Figure 13.

Figure 14,

Figure 15.

Figure 16.

Figure 17.

Figure 18.
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This schen~tic drawing shows an atomically smooth and
atomically rough surface. Note that the atomically smooth
surface need not be planar on a macroscopic scale.

This figure is a schematic representation of the effect of
implantation temperature of the roughness of the unannealed
a/C interface and hence an the recrystallization
mechanism. The temperatures indicated as low, inter-
mediate, and high can be taken as approximately equal to
80%, 300%, and 100°C.

Symbolic stacking of {111) planes in a FCC lattice showing
the different types of planar defects that may result.
Schematic annealing sequence of an « layer on a (111)
substrate. The interface is initially somewhat rough but
rapidly becomes atomically smooth and forms facets in this
process. Thereafter twins, due to stacking mistakes, may
be formed on all four sets of (111) planes. Dislocation
loops might be formed near the original o/C interface but
are omitted for clarity.

This is a schematic {110) projection of a microtwin at a
(111) afC interface. A new atom ledge is seen ta nucleate
at one of the twin boundaries.

This schematic growth sequence shows how a microtwin will
grow in the [511] direction (on a (111) metrix interface)
and soon become bounded by its slow growing faces, (11l}.
Thus, boundary nucleation of atomic ledges will be

responsible for further rapid growth.



Figure 19.

Figure 20.

Figure 21.
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These bright field TEM micrographs are of (001) TFA
specimen. Recrystallization has taken place in the exact
(111) and (100) directions in Fig(a) and (c) respectively.
In Fig.(b) the growth direction is cloest to (010), but not
exactly, and thus the distance from the original «/C
interface to the facets is decreased. This sample was
annealed at 800°C for 1/2 hour and is completely
recrystallized. Fig. (d) is partially annealed and shows
incomplete recrystallization.

Fig. (a) is a plot of the a/C interface position versus
time during annealing at 600°C of a (100) TFA specimen

for the [100] and [110] growth directions. Figure(b) is a
plot of these two growth rates over a range of itemner-
atures. Data from the work of Muyer(zz) are also plotted.
Figures(a) and (b) are annealing sequences at 600%C of
TFA specimens in the [100] and [110] directions, respec-
tively. The [100] series shows fast growth initially but
at 12 minutes, facets are seen to form and thereafter
microtwins and a slow growth rate were found. The [110]
series shows a slower growth rate than the initial stages
of [100], but is constant throughout. Microtwins are
continuously formed in the [110] growth direction. A

crystallite is nucleated in Fig.(b) at a dirt particle.



Figure 22.

Figure 23.

Figure 24,

Figure 25.
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Figure {(a) and (b) are dark field [112] and bright field
[110] growth sequences in a (111) TFA specimen at 575°C.

In the portion of the specimen where, prior to annealing,
the a and crystalline material overlapped can be seen in
the upper portion of each micrograph. Here microtwins are
seen since here the o layer recrystallized in the {111]
direction. Annealing times, in minutes, are indicated in
the upper left corners.

These figures, a, b, ¢, show typical microstuctures of a
partially annealed (110) TFA specimen in the [111[, [110],
and [001] directions respecitvely. The original a/C inter-
face is indicated with a dotted line. Twinning occurs
immediately in {a) and (c) but a twin free zone is seen in
{b) and faceting has just vegun.

This is a summary of all growth rate data obtained in this
study. The activation energy is constant for all growth
directions.

These figures snow the effects of contamination during
annealing of a TFA sample. In (a) a single crystal network
of "whiskers" has protruded out into the unsupported o«
layer. The inset diffraction pattern shows both a rings
and crystalline spots, Fig(b) shows nucleation of randomly

oriented polycrystals.



Figure 26.

Figure 27.

Figure 28.

Figure 29.

Figure 30.
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These two plots show the dependence of the regrowth rate on
the curvature of the ao/C interface.

Crystalline islands, in advance of the «/C interface, are
seen here. Figures{a) and (b) are from a (001) TFA sample
while (c) is from (110). A schematic explanation of the
origin of these islands is shown in Fig. (d).

This schematic diagram illustrates how the a/C interface
may rotate to the (111) planes during migration. This may,
or may not, result in faceting.

These are weak beam electron micrographs of conventional
TEM specimens annealed at 800°C for 1/2 hour. Both
specimens were implanted at 100 keV, the implantation
temperature was 77°K, and the substrate is (100)., The
difference is that the ion dose is 2x1016 p+lcm2 for

16 p+lcm2 for (b).

(a) and only 1x10
All four figures are conventionmal specimens implanted at
100°C, at 107 keV. The ion dose is 10'° p*/cm’ for

(a) and (b) while for (c) and (d) it is 10'® p*/cnl.

Both {a) and (c) are (100) specimens while (b) and (d) are
(111). From this it is seen that no substrate orientation
difference in defects exists at this implantation temper-
ature. At the higher dose a dislocation network is seen.
At the low dose, dislocation loops as well as rod-1ike
defects are found. It is Tikely at this implantation

temperature that an o layer is not formed at the lower dose.
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