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ABSTRACT

An atomistic model for the transformation of amorphous (a) to

crystalline si1icon'fi]ms while in contact with a crystalline substrate

is presented. The atomic.structufe_of‘the {100}; {110};_and {111}
surfaces is examined and related to the observed interface migration
rates. The assumption that for an atom to attach successfully to the

crystal it must complete at least two undistorted bonds leads to the

| prediction that the.{lOO}vamorphous/érystal]ine interface should

advahce fastest and the {111} slowest. The origin of crystal defects
is discussed in terms of the atomistic recrystallization mechanism.
Microtwins ére‘found'to be a logical consequence bf’crysta11iza;ion on
the {111} surfaces but are not expected to form on any'other interface.
Once'microtwins ére formed they cen'increase the recrystallization rate
of a {111} eurface: This phenqmenon is both described in the model and

experimente]]y observed.

This work was supported by the Office of Basic Energy Sciences through
The Materials and Molecular Research Division of the U.S. Department
of Energy under Contract No. W-7405-ENG- 48 :
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INTRODUCTION
The regrowth of thin amorphous (a) silicon films, formed during ion

jmplantation on the surface of Si Wafers, has been studied by mary

“investigators (1,2,3,8,5,22). During annealing crystal growth takes"

p]acé‘by the motion of the'émorphous/cry§ta]1ine («/C) interface. The

interface migration rates and the lattice defects prbduced during

annealing have been found to depend on the crystal substrate drienta-
tion, the imp]anfation temperature, and thé imb]anted element. If the
a layer %s formed duringllow temperature phosphorus ion imp}antation
miérotwins are obéérQed (6) in ahnea]ed {111} wafers whereas in a-{100}
wafer -only dis]ocafion Toops (7) aré‘found (see Fig; 1). When the

a Tayer is created during a 100°C or higher implantation, annealing.
yields a dense tangle of.diélocatidns for both orientationé; Heating
due to the ion beam may bé sufficient to cause this temperatgre rise. B

Once above the amorphitization ]evé], the implantation dose in this

case affects the density but not the type of'defects>produced during

annealing. The {110} substrate has also been studied but is very

similar in its defect structure to {100}. The results given above also

"~ apply to silicon implantation into silicon.

The regrowth rates for a 1ayer§ have been reported for the <100>,
<110>, and <111> directibns by'severa1 workers (8,9). Crysta]1i2ation
in the <100> directioh_is fastest foi]owed by <110> and then <111>
which are about 2.3 and 20 times slower, respective]y;.as shown in

Fig. 2. To our knowledge amorphous-crystalline interface migratidn

rate measurements have been made oh]y,on_]owbtémpératurefimplanted



specimens. The data presented in Fig. 2 was obtained from a new
experimental technique described elsewhere (10). Amorphitization was
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accomplished by implanting phosphorus at 100 keV to 10 " ions/cm

at 77°K. The apparenf activation energy for interface migration was
2.9 £ 1 eV. Other workers (11,12) have reported values of 2.4 eV and
2.9 eV. | - |

The exberimenta] 6bservations mentioned above have, for the most
part, been known for some time; Howéver, until very receht1y there had
been 1i£t1e success (11) in the development Qf a model that could
explain the way in which the recrystallization rate and defect micro-
structure wefe affected by the substrate oriéntation'and_the implanta;
tion temberature.

Cseprégi et al. (13) have recently proposed a mechanism that
atfempts fo explain the differences in a layer regrowth rates on {111}
and {100} substrates. However, Csépregi's mode] cannot account for
vregrowth rate in the <110> direction. In addition there was only a
brief consideration of the formation of']atticerdefects during
interface>ﬁigration. |

| Spaepen et al (21) gave'proposedvan atomistic model of the bond
'arrangeménts in thé‘amorphous phase at the {lil}.a/C interface. In |
addition, they show how bonds can be broken so that atqms.may be trans-
ferred from the o to the crysta]]ine phase of defécts ohva perfect
{111} Surface}. |

We present .a model that is in some respects similar to that of

Spaépen, However, the atomic bond structure in the o« phase is not



considered in detai] for reasons of c]arity This has a]]owed us to
examine add1t1ona1 or1entat10ns of the a/C 1nterface as we]] as +he

effect of tw1nn1ng on interface mwgratjon. The atomic mechan1sm.of a/C.

interface migration is based on the criterion that atoms of the a phase

must make two undistorted bonds with the crystal before they are con-
sidered to belong tb the latter bhase. Undistorted bonds are those
with the characteristic 1ehgth and ang]eiof the erysta11ine phase.
Using. this approech itrwil1‘be'shown that qualitative prediction of
trysta]]ization rates of several oriehtations can be made. In addittoh
some rather detailed predictions of defect m1crostructure resu]t1ng
from a layer recrysta111zat1on w111 be presented

It is. 1nterest1ng to note that Spaepen (21) considered the
criterion for atomic incorporation in the crystal]wne phase as the
completion of a s1xfo]d r1ng of atomic bonds, character1st1c of the
diamond cubic structure. ‘It,w1]1 be shown that this and the present
approach 1ead to the same conclusions.

Discussion of Results

Layers of « silicon, 'in contact with a'crystalline'SUbstrate,

crystallize by the motion of the interface rather than by nucleation

Vof new crystals within the a phase (10).. This result is in agreement

with the work of Blum (14) and Turnhul].(22) where it was found that
the time:required for nucleation.of new crystals in e silicon is
extreme]y Tong in the temperature range of interest here. For the a)C-
interface to advance during annealing sihg]e atoms or small groups'of_

atoms reorient at the amorphous-crystal interface so as to add to the



crystal surface at a corréct location and orientation. For an'atom to
_be considered part of the crystal it must have formed at least two
;undistorted bonds to the crystal (15). The exact crystal growth
‘mechanism will depend on the orientation of crystallographic face
involved.

Figure 3 shows a block of diamond cubic material. The'fronﬁ
_surfaée is a <110> projection while the three upper surfaces, (110),
(111), and (101) are shown three dimensfona]]y. In this drawing the
process of nucleation of new atomic layers on the crystal is showh for
the three primafy crystal surféces. ‘Thé requirement that an atom
complete two undistorted bonds to the crystal tovsuccessfu11y bond to
it poses no problem on the (001) surface. Here it is seen that a
'éing]e atom forms two bohd; to the crystal atom arriving at the
surface. While the remaining fwc_bonds will be made to‘atoms in the a
.phase or possibly‘remaiﬁ unsatisfied. On a flat (110) surface a |
cluster of two atoms-is ﬁecessary such that each atom completes two
undfstroted bonds (one to an atom in the crystal and one to the other
atom in the c]uéter). On the (111)_surface'nuc]éation'of a new layer
.is even more-difficuit since clusters of.three-atoms are required.
These surface cluster are huc]ei for new atomic layers and are thus
labeled "N" iﬁ Figure;3; Further‘growth'can taken place more easily

by expanding on the estab]iéhed‘hucleus rather than by producing more
'nuclei,pn>the {110} and {111} surfaces.

Expansion of the surface nuclei on (110) and (111) is shown in

Figure 3. On (110) single atoms may attach to the two atbm'nucleus

and complete two undistorted bonds. In doing so they form a linear -
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chain along the surface in a <110> directiob. On . the (111) surface the
three atom nucleus mdy'expahd first by the addit{on of a sing]e atom
but then must be followed by a two atom.c1usteﬁ such that the two bond
' péf atom requirement is met. Thfs-chain of atoms may branch off in:
several directions on the surface. On'{IOO}-surfaCeé sing]e.atoms.may o
be incorporatéd and therefore no nucleation step is réquired. | h
. The requirement of two completed bonds for atomic additions to the
'crystal is seen three dimensionally on the (lld), (ill), and (001)

surfaces;v On the.opposjte surfaces, (001), (iIO),.and (111), the [110]
projected. image of these“additions is indicated by'éréss;hatching.
Here the two bonds per atom requirement is more easily seen to be
satisfied. | | | | | B

It is interesting to note that Shaepen et al (21) considefedvthev
_basié criterion for crysta] growth to be the fofmétion of six;fo]di‘
rings, characteristic of the diamond cubic structure, at the o/C
interface. This is an alternative épproach to the two bond per atom
»requiremeht_first proposed by Faust and-John (15). It can be seeh,
however, from the (111), (1I0), and (OOT) faces in figure that the.
three, two, énd ong atom clusters are completing six-fold rings (crosé-
hatched aréas) at the a/C interfaces. wﬁen nﬁcleation of a new atomic
iayer is- accomplished on a flat a/C, interface the incoming atom(s)
will complete a ring that is inc]ined-to the interface. In doing so

the atom(s) will also complete two undistorted bonds to the crystal.



_JAh alternative wéy of looking at the relative difficulty of atomic
growth on different crystal faces is to cons ider how much 6f a yet to
be comp]eted.six-fo]d rjng’iﬁ "submefged" within.the crysfa]. On the
{100} surface it is seen in Figure 3 that only one corner of thevring
extends abové the sufface and hence only one atom is required tb'

- complete it. . On-fhe {110} surface one side of the ring brotrudes ouf
of the surface and two atoms‘ate needed to gomp]efe it. On the'{ill}
~ surface ohé half of the six—fo]d.ring‘is_exposed and hence three atoms
»afe needed to finish it off.

Reconstruction and Atomic Roughness of the.CrystaI Surface

Surface réconstructioh is known to occur when silicon is in Cdntact
with its melt or vapor (16). Amorphous silicon, unlike.the 1iduid or
"vapour phases is still covalently bonded. Theréfore,rigid]y fixed
- bonding is probable acrbss‘an a/C:interfacé mak.ing recbnstructfon most
unlikely. The diamond cubic structure is probably maintained right up
to the «/C interface. The figures presented invthfs'paper afe based
on this assumbtibn.' | |

»Whether or not the fnterfaces are atomically flat fs also important
to the growth procgés. An atpmica]]y rough {111} surface will contaiﬁ h
many steps at which,grpwth can otCur by attachment of single atoms
without the need for repeated nucleation (17)‘of-growth steps. Jackson
has predicted from-thermodynamic arguments that‘the {111} face will be
smooth aﬁd the {100} rough when in contact with the melt at (1210°C).
However, these conc]usions are of little help in predicting the
structure of the amorphous- to crystalline intérface. However, we will.
assume that an atomically flat interface will haVe the lowest free

energy.
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Prior to the start of annealing of an a layer the degree of rough-
ness at the «/C interface is determined by the amorphitization process.
Once annealing begins and significant atomic motion'becomes:possib1e

the "equi]ibrium"udegree of roughness should be attained quickly.

The Origin of Defects in Recrysta]fized'Layers_

Primarily two'typeé of secondary defects'are observed as é result
of recrystallization of avsi1icon 1ayers; dis]ocatiqns'and microtwins..
Dislocations are a result of po{nt defeéfs.that condense to form dis-
1oéationv160ps or the impingement of a-C interfaces where the two
vtrysfq] fronts are out of registry; The loops may'grow 1arge enough
- that they intefsect,eacﬁ other thus forming a tangie,or network. Point
defects are formed,during the implantation process as each incident ion
creates vacahcies and interstiffa]s. Just brior to énnea]ingvmany of
these primary defécts reside in the crysta]]ine éi]icon near the «/C
fnterface. Dis]oéation 1bops-found after annealing ére at a depth in
the specimen approximately equal to the original‘a layér thickness;
Hence, the primary defectS'formed‘duringfimplantation'are responsible
for the majority of the dislocation lédps.

Microtwins aré.nuc1eated at the ofc intefface{ The clusters of
" three atoms required on {111} faces may bond in ‘two different positions
as shown in Fig. 3. The cluster labeled ncorrect” has attached ina
position fhat continues the éorrect stacking order of {ill} planes.
The nuc]éus labeled "twin" has reVersed the stacking Crdervand is thus
‘the beginning of a twiﬁ. “No first nearest neighbor mistakes haye been

‘made by the twin cluster and hence the excess energy of this defect is



small. Similar stacking mistakes on the (100) and (110) surfaces
requirevfirst nearest neighbor mistakes and are thus unlikely to occur.
Experimentally microtwins are only-observed for <111> regrowth (7).

It is easily visualized how twfns in the ﬁTane of the a/C interféce'
might arﬁsé. HoweVer, microtWins on inc]inéd {111} planes are obseryed
as well (6). These twins may be accounted for by assuming that the
original interface is not planar oVer_]arge areas. "Bumps" orllong
range irregularities probably exi;t as shown in Fig. 4 (although the
a/C interface is smooth on an atomic level). Upon annealing the'sides>
of these hi]]s-shouid become bounded by.inc]ined {111} planes since
[111] is the STowest regrowth direction. This would lead to the
possibility of Stécking mistakes on inclined {111} planes byvthe same
mechanism as mentfonéd above.

The Effect of Microtwins on the Migration of a {111} Interface

Microtwins, once formed.on inclined {111} p]anes,'cén-accelerate l
the crystal growth process. The rate controlling step for growth in
the <111> direétion is probably nucleation of new atomic ledges,
reqhiring simultaneous positioning of three atoms on the cryéta]A
lattfce siteé on a'defect free sufface. As_ﬁas been pointed out by
many'investigators (15,18,19,20), the point of exit.of a twin boundary
at the crystal surface can act as a nucleation site for atomic steps.
At.this boundary on‘a {111} surface only two atoms are required to
estab]ish_a nucleus as shown in Fig. 5. Once a segmént of the twfn
boundary, at its intersection with the a/C interface, has been

decorated with two-atom c]usters, a' linear growth step has been
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_ creafed.' This étep can propagéte by the additionvqf single atoms‘in a
direction perpendicular to itself, <211$. _Only one of the two twin
boundaries will be effective in accelerating the growth on the adjacent
.{111}_sdrface. This:is_beqéuse'an atomic 1edge on a {111} surfdce
~aligned along %110> has a fast and slow <2ll> growth direction as §hpwn-
in.Fig. 6. In the fast directibn sing]é atoms may éttach at the step
- but in the slow direcfion a two atom nuc]éus, followed by single atom
attachment, is reduiréd to advance the atbmic sfep-by.one fow. The
right hand twin bbundary ih Fig. 5 nucleates an atomfc step thét.tan.
eXpand in the fast direction fof the matrix as well as on the twin. .
At the feft tWinvboundary in Fig. 6 the growth step has to expand in
the slow direction both:in the‘matrix and on the twin, 'Thereforé, the
{111} crystalline surface should attain an enhanced. growth rate
primari]ylon one side of the twin. The result%ng'exposed 1atera1.
surface of the twin (marked S in Fig. 7).cah migrate s]oW]y»resuTting
in an increase in thickness of the twin but must do so by nucleating
new atomic layers. The othér side surface of the twin is never exposed
at the fast growing 5oundary. Experimenta]]y, the microtwfns are
observed to thicken,primafiiy from ohe side as shown in Fig. 8. 'Ther}
twins have one planar boundary while steps are seen on the opposite
side where the twin incfeases invthickness. The planar twin boundary
has advanced further than the other, as the model predicts.

Csepreqi et al. (13) have presented a hechanism by which microtwins
may increase the {111} interface migration rate during annealing. They

proposed that since the exposed surface of the twin is initially {511}
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it will be able to grow much.faster than the surrounding {111} matrix
surface. The {511} surface is close to {100} and hence should achieve
a high growth rate initia]ly. However, the3brotrudihgtwin should soon
become Bounded,by its slow growing {111} faces as shown in Fig. 9.

Once this Has occurred the twin will not be able to grow faster than
the matrix, except by the mechaism mentioned above. |

The Activation Energy for Recrystallization

The activation energy for «/C interface migratfdn is in dispute at
the present time (10,11,12). Héwever; the fact that the activation
- energy js constaht for a variety of recrystallization directfons has
been confirmed (li). This observation may seem unusual since growth
on the {111} surface requires nucleation of atohic steps while on the
{100} surface single atoms should be able tb attach indepéndent1y.
- This suggeéts that the therma]Ty activated event for grbwth on any
surface is similar - berhaps fhe reorientation of a small group of
atoms in the amorphéus-materia]'at the fnterface,as proposed by
Spaepen (21). The different growth rates reflect the different
probabi]ities that such an event wi]] resu]f in piacement ofvatbms in
poSition to form new regu]ar'bondé to the crystal. It is puzzeling
that all reported measurehénts of a layer crystallization activation
“energy are well in excess of that for self diffusjon. |

The Effect of the Implantation Temperature and the Implanted Ion

Species on a/C Interface Migrétion

a layers created during {mplahtation at elevated temperatures of
about 100°C recrystallize differently than those resulting from 77°K

ion bombardment. Most notably a high temperature imp]anted {111}
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substrate containing an « layer will hot produce twins when annealed.
To determine the effect of the imp]antation temperature on the é layer -
dark filed micrographs were taken of samples that were implanted but
unanhea]ed;.as seen in Fig; 10; This figure suggests that the «/C
interface is rougher when the implantation is carried out ét:higher
: vtemperatures.> There may even be small islands of the original crystal
remaining throughout the'a;1ayer.' If this_is the‘tase the growth
direction becomes less well defined; many Segmenfs of the a/C interface
will initially be migrating in direttions*othér than fhaf normal to the
wafer plane during annealing.  In fhis fashion a n0m1h511y {111} inter-
face would at first be able to avoid propagation in the <111>
direction. The thin'a_layer (~1000 A) created by ion imp]antatfoﬁ may
be compTetely recrystallized befofe it can become planar and start to
produce twins. Another possib]é'difference (between high and low
temperature implanted sj]jcon) is the initial level of internal stress
at.the interface. Stresses at the interface may play a role in micro-
twin nucleation. | '_ |

It has been reported (11) that the type of ion used to form the
« layer can substantially affect the migration rate, activation energy,
and final defect microstructure, If reorientation of a.small group of
atoms in the amorphous material is‘the>rate Contro]]ing step then
segregation of impﬁrities at the interface or their random distribution
in the amorphous material could facilitate the necessary bond breaking

“or influence the nucleation énd propagation of gfowth steps.
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Conclusions

1. At {111} a/C interfaces microtwins on inclined {111 planes
accelerate: the crystal growth process by prov1d1ng sites of easy
nucleat]on of growth ledges at one of the tw1n boundaries.

2. The activation energy measured for o/C interface m1gratioo
probably oeiates to reorientation'of small groups of .atoms in the a/C
interface. | _

3.  Relative q/C 1hterface_migration rates in_toe three major cubic
directions can be understood ih terms of the probabiiify that a |
suitable site for attaohment will exist when an atom group shifts from
one orientation to another in the a/C interfaoe. |

4; The implantation temperature affects fhe a/C interface
morphology and pefhaps'the‘structure of the a 1ayer itSe]f.

5. Microtwins are not formed when thin amorphous layers produced
by hot implantation of {111} specimens are epitaxially regrown.
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'FIGURE CAPTIONS

TEM micrographs of amorphous layers retrysta]]ized at 800°C

- for 1/2 hour. Amorphitization was a result of an 100 keV

phosphorus ion implantation to a-ddse’of 1016/¢em?.
Figures a;‘aﬁd b. are‘{IOO} and {111} substrates,'respec-
tively, ihp]anted at 100°C. Both exhibit a dislocation net—
work as well as a few dislocation 1oops. Figurés c. énd d.
are alsd {100} and {111} 6kientafions but were impianted at
77°K. The {100} sample has a low density:of dislocation
loops while the {111} samples has a high density of micro-

twins. The inset {110} diffraction pattern, showing strong -

'twinning relfections, was:obtainéd by tilting the {111}

sample.

Figure 2.

A p]ot’of amorphous Tlayer regrowth rate versus reciprdcal
temperature. ‘The'activation‘enérgy is 2.9 eV for all three

growth directions. <100> is fastest followed by <110> and

- then <111> which are 2.3 and 20 times slower, respectively.

Figure 3.

Phosphorus ions were used to form the amorphous layer.

A schematic drawing of the growth process on the major

surfaces of a dfamond cubic crystal is shown. The front

face of the crystal is a [110] projection. Here. the
apparently 9shokter” (horizonta])_atbmic bonds are actually
inclined to the front surface. The minimum stable surface
nucleus for each orientation is shown in cross hatching at

the bottom. A twin cluster is also shown on the (1II)

surface. On the top and right surfaces of the crystal
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surface nuclei, labeled "N" on the (111) and (110) surfaces,
are seen to contain three and two atoms, respectively. The
atoms, or atom clusters, circled and numbered indicate the

order in’which they wou1d add on to the established nucleus.

A twin nuc]eus,‘1abé1ed “T", is shown on the (111) surface. -

Figure 4. -

Since atoms add on individually on the_(OOl) surface,‘no
nuCTeation step or sequential growth, occurs.
Schematic drawing of the {111} «/C interface. In fig. a.

the unannealed interface is rough due to the amorphitization

process. In fig. b. the interface, after being s]ight]y

annealed, has migrated a sma]] distance and is now bounded

. by its slowest gfowing faces, {111} . Further growth will

Figure 5.

require nucleation of new atomic ledges which can result in
staéking mistakes;' Iﬁ fig; c. the comp]ete]y'recrysta1lized
a layer contains twins on a]ln{lll} planes as a result of-
the stacking mistakes made during growth.

A schematic drawing of a diamond cubic crystal containing a

‘microtwin.. The front surface is a [110] projection while

the topighows the (111) matrix surface. At the right hand
twin boundary the minimum size surface nucleus is seen to be

two atoms (labeled "N") instead of the usual three for a

~defect free {1111} surface. The atomic ledge, created at the

twin boundary,‘expands‘by single atom additions as numbered

- in order.
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A schematic drawing of an atomic'ledgevon~the (111) surface

 of a defect free crystal. The ledge may expand in the [112]

direction by the addition of single atoms. >Ih.the [112]

~ direction a nucleation step is required for the ledge to

Figure 7.

- Figure 8.

advance where a two atom c]uSter']abeled’ﬁN" is shown.
Single atoms may'add to comp]ete this row and then anothef
nucleus must be formed for further growth. The numbered

atoms indicate the order in which they attach to the crystal.

A schematic draw1ng of growth of an 1nc11ned microtwin at a

{111} «/C 1nterface.‘ In fig. a. the twin boundary marked:

A" is nucleating atomic Tedges while "B" is not. This
1eavesvthe left side of the,microtwin,_marked_“S",-exposed
to the amorphous material. In fig. b. the o/C interface has
advanced only on the right side of the twin. .In addition

a new atomic 1edge has nuc]eated on the exposed surface "s

of the m1crotw1n, thus 1ncreas1ng its thickness. Figure c.

~shows atomic ledges being "sent over" from an unseen twin to

the left of the drawing. In fig. d. it is seen that the

twin has increased in thickness on one side only and on the

other planar side the a/C interface is somewhat ahead.

A bright field TEM micrograph of recrystallization of

a silicon in the [111] direction, the Specimen_p?ane is -
(110). Microtwins inclined to the o/C interfacebare seen on

the (111) plane. The right hand twin boundaries are planar
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- -while the ‘left boundaries have steps. In addition the «/C

interface is further advanced on the right side of the twins

“then on the left. This compares well to Fig. 7. The

diffraction pattern shows twin ref]ectiohs in addition to
streaking indicating the twins are plate 1ike. The small

linear objects alligned along the (111) plane are twins |,

‘para]]e]'tq the plane of the «/C interface. These twins are

always small compared to the inclined tWins sincé growth at
their edges is in a perpendicu]ar difection to that of the
advancing crystal matrix. Within the larger inclined twins
smaller Tinear objects are also seen. Those that are'

parallel to the (111) matrix planes are microtwins that have

twinned back into the original orientation. Secondary twins

'.are seen within the three large primary twins. These are

Figure 9.

regibns that are twin oriented to the primary twin but have
not returhed td the matrix orientation. |

Schematic. drawing of  the initial stages of growth of the
surface of a microtwin. The matrix a/C interface is (111) -
but that of the twin is (511).v The twin surface advances

more rapidly than ‘that of the matrix but then becomes bounded

by the slow growing {111} planes. Once the configuration in

fig. c. is obtained the microtwin can still aid crystalliza-
tion but only by the twin boundary mechanism illustrated in

Fig. 5, 7, and 8.
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Figure‘lof Figures a. and b;'are dafk field TEM micrographs of wgdge
shaped samples containing o layers that have not been‘:
annealed. The implantation tempefature was 100°C_f6f, 
sample a. and 77°C for sample b. _The bottom portion of each

:micrograph is the area near the central hole in a'TEM |
specimen and thus represents the top surface of the
imp]antéd wafef, The lower insét diffragtion'patterhgf;
verify that this area is completely amorphous. th the;upper
portion of figs. a. aﬁd-b. the crysta]]inevsubstrété_byer_
laps the o layer. bThe diffraction pattérns show both
crystalline reflections and amorphous like dfffuse rings.
Bright spots are seen 1h images a. and b. where the a Tayer
and crystal substrate overlap, th]e none aré seen where

~the « 1ayér‘stands alone. We believe that these brignt
spots are strained crystalliﬁe zones in the o/C interface,
as shown schematically in fig. c. The fact that the spbts
are much larger and show greater éontrast in the sample
implanted at thévhigher temperatdre indicates that the «/C

interface roughness is on a much larger scale.
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