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ABSTRACT 

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

crystalline silicon films while in contact with a crystalline substrate 
. . 

is presented~ The atomic structure ofthe {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 undistort~d bonds leads. to the 

prediction that the {100} amorphous/crystalline interface should 

advance fastest and the {111} slowest. The origin of crystal defects 

is discussed in terms of the atomistic recrystallization mechanism. 

Microtwins are found to be a logical consequence of crystallization on 

the {111} surfaces but are.not expected to form on any other interface. 

Once microtwins are formed they can increase the recrysta.ll ization rate 
. 

of a {111} surface. This phenomenon is both described in the model and 

experimentally 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 

implantation on the surface of Si wafers, has been studied by many 

investigators (1,2,3,4,5,22). During annealing crystal growth takes 

place by the motion of the amorphous/crystalline («/C) interface. The 

interface migration rates and the lattice defects produced during 

annea~ing have been found to depend on the crystal substrate orienta­

tion, the implantation temperature, and the implanted element. If the 

a layer is formed during low temperature phosphorus ion implantation 

microtwins are observed (6) in annealed {111} wafers whereas in a {100} 

wafer only dislocation loops (7) are found (see Fig. 1). W~en the 

a layer is created during a 100°C or higher implantation, annealing 

yields a dense tangle of dislocations for both orientations. Heating 

due to the ion beam· may be sufficient to cause this temperature rise. 

Once above the amorphitization level, 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 1 ayers have been reported for the <100>, 

<110>, and <111> directions by several workers (8,9). Crystallization 

in the <100> direction is fastest followed by <110> and_ then <111> 

which are about 2.3 and 20 times slower, respectively, as shown in 

Fig. 2. To our knowledge arnorphous-crystall ine interface migration 

rate measurements have been made only on low temperature implanted 
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specimens. The data presented in Fig. 2 was obtained from a new 

experimen ta 1 technique described e_l sewhere (10). Amorph iti za ti on v1as 

accomplished by implanting ph~sphorus at 100 keV to 1016 ions/cm2 

at 77°K. The apparent activation energy for interface migration was 

2.9 :1: 1 ev. Other workers (11,12) have reported values of 2.4 eV and 

2.9 ev. 

The experimental observations mentioned above have, for the most 

part, been known for some time. However, until very recently there had 

been little success (11) in the development of a model that could 

explain the way in which the recrystallization ~ate and defect micro-

structure were affected by the substrate orientation and the implanta-

tion temperature. 

Csepregi et al. (13) have recently proposed a mechanism that 

attempts to explain the differences in a layer regrowth rates on {111} 

and {100} substrates. However, Csepregi 's mode] cannot account for 

regrowth rate in the <110> direction. In addition there was only a 

brief consideration of the formation of lattice defects during 

interface migration. 

Spaepen et al (21) gaveproposed an atornistic model of the bond 

arrangements in the amorphous phase at the {111} a/C interface. In 

addition, they show how bonds can be broken so that atoms may be trans-

ferred from the a to the crystalline phase of defects on a perfect 

{ 111} surface. 

We present a rrodel that is in some respects similar to that of 

Spaepen. However, the atomic bond structure in the a phase is not 
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considered in detail for reasons of clarity. This has allowed us to 

examine additional orientations of the a/C interface as we]l as the 

effect of twinning on interface migration. The atomic mechanism of a/C 

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

must make two undistorted bonds with the crystal before they are con­

sidered to belong to the latter phase. Undistorted bonds are those 

with the characteristic length and angle of the crystalline phase. 

Using this appr·oach it will be shown that qualitative prediction of 

crys ta 11 i za tion rates of several orientations can be made. In add it ion 

some rather detailed predictions of defect microstructure resulting 

from a layer recrystallization will be presented. 

It is interesting to note that Spaepen (21) considered the 

criterion for atomic incorporation in the crystalline phase as the 

completion of a sixfold ring of atomic bonds, characteristic of the 

diamond cubic structure. It will be shown that this and the present 

approach lead to the same conclusions. 

Discuss ion of Results 

Layets of.a silicon, in contact with a crystalline substrate, 

crystallize by the motion of the interface rather than by nucleation 

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

with the work of Blum (14) and Turnbull (22) where it was found that 

the time required for nucleation of new crystals in a silicon is 

extremely long in the temperature range of interest here. For the a/C 

interface to advance during annealing single atoms or small groups of 

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

rrechanism will depend on the orientation of crystallographic face 

involved. 

Figure 3 shows a block of diamond cubic material. The front 

surface is a <110> projection while the three upper surfaces, (110), 

(111), and (101) are shown three dimensionally. In this drawing the 

process of nucleation of new atomic layers on the crystal is shown for 

the three primary crystal surfaces. The requirement that an atom 

complete two undistorted bonds to the crystal to successfully bond to 

it poses no problem on the (001) surface. Here it is seen that a 

single atom forms two bonds to the crystal atom arriving at the 

surface. While the remaining t~o bonds will be made to atoms in the a 

phase or possibly remain unsatisfied. On a flat (110) surface a 

cluster of two atoms is necessary such that each atom completes two 

undistroted bonds (one to an atom in the crystal and one to the other 

atom in the cluster). On the (111) surface nucleation of a new layer 

is even more difficult since clusters of three atoms are required. 

These surface cluster are nuclei for new atomic layers and are thus 

labeled "W' in Figure 3. Further growth can taken place more easily 

by expanding on the established nucleus rather than by producing more 

nucleion 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 atom nucleus 

and complete two undistorted bonds. In doing so they form a linear 
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chain along the surface in a <110> direction. On the (111) surface the 

three atom nucleus may expand first by the addition of a single atom 

but then must be followed by a two atom cluster such that the two bond 

per atom requirement is met. This chain of atoms may branch off in 

several directions on the surface. On {100} surfaces single atoms may 

be incorporated and therefore no nucleation step is required. 

The requirement of two completed bonds for atomic additions to the 

crystal is seen three dimensionally on the (110), (111), and (001) 

surfaces. On the opposite surfaces, (OOl), (iio), and (111); the [110] 

projected image of these additi~ns is indicated by cross-hatching. 

Here the two bonds per atom requirement is more easily seen to be 

satisfied. 

It is interesting to note that Shaepen et al (21) considered the 

basic criterion for crystal grOilth to be the formation of six~fold 

rings, characteristic of the diamond cubic structure, at the a/C 

interface. This is an alternative approach to the two bond per atom 

requirement first proposed by Faust and John (15). It can be seen, 

however, from the (Iff), (ifo), and (OOf) faces in figure that the 

three, two, and one atom clusters are completing six-fold rings (cross­

hatched areas) at the a/C interfaces. When nucleation of a new atomic 

layer is accomplished on a flat a/C, interface the incoming atom(s) 

will complete a ring that is inclined to the interface. In doing so 

the atom(s) will also complete two undistorted bonds to the crystal. 
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An alternative way of looking at the relative difficulty of atomic 

growth on different crystal faces is to consider how much of a yet to 

be completed six-fold ring is "submerged" within the crystal. On the 

{100} surface it is seen in Figure 3 that only one corner of the ring 

extends above the surface and hence .only one atom is required to 

· complete it. On the { 110} surface one side of the ring protrudes out 

of the surface and two atoms are needed to complete it. On the {111} 
• 

surface one half of the six-fold ring is exposed and hence three atoms 

are needed to finish it off. 

Reconstruction and Atomic Roughness of the Crystal Surface 

Surface reconstruction is known to occur when silicon is in contact 

with its melt or vapor (16). Amorphous. silicon, unlike the liquid or 

vapour phases is still covalently bonded. Therefore rigidly fixed 

bonding is probable across an a/C·interface making reconstruction most 

unlikely. The diamond cubic structure is probably maintained right up 

to the a/C interface. The figures presented in this paper are based 

on this assumption. 

Whether or not the interfaces are atomically flat is also important 

to the grONth process. An atomically rough {111} surface will contain 

many steps at which growth can occur by attachment of single atoms 

without the need for repeatednucleation (17) of growth steps. Jackson 

has. predicted from therroodynamic arguments that the {111} face will be 

smooth and the {lOO} rough when in contact with the melt at (IA10°C). 

However~ these conclusions are of little help in pred1cting the 

structure of the amorphous to crystalline interface. 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 a/C interface is determined by the amorph itization process. 

Once annealing begins and significant atomic motion becomes possible 

the "equilibrium" degree of roughness should be attained quickly. 

The Origin of Defects in Recrys ta 11 ized ·Layers 

Primarily two types of secondary defects are observed as a result 

of recrystallization of a silicon layers, dislocations and microtwins. 

Dislocations are a result of point defects that condense to form dis-

location loops or the impingement of a-C interfaces where the two 

crystal fronts are out of registry. The loops may grow large enough 

that they intersect each other thus forming a tangle or network. Point 

defects are forrred during the implantation process as each incident ion 

creates vacancies and interstifials. Just prior to annealing many of 

these primary defects reside in the crystalline silicon near the a/C 

interface. Dislocation loops·found after annealing are at a depth in 

the speci~en app~oximately equal to the original a layer thickness. 

Hence, the primary defects formed during implantation are responsible 

for the majority of the dislocation loops. 

Microtwins are nucleated at the a/c interface. The clusters of . 
·three atoms required on {111} faces may bond in two different posit ions 

as shown in Fig. 3. The cluster labeled "correct" has attached in a 

position that continues the correct stacking order of {111} planes. 

The nucleus labeled "twin" has reversed the stacking order and is thus 

the beginning of a twin. No first nearest neighbor mistakes have been 

made by the twin cluster and hence the excess energy of this defect is 
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small. Similar stacki~g mistakes on the (100) and (110) surfaces 

require first nearest neighbor mistakes and are thus unlikely to occur. 

Experimentally microtwins are only observed for <111> regrowth (7). 

It is easily visualized how twins in the plane of the a/C interface 

might arise. However, microtwins on inclined {111} planes are observed 

as well (6). Thes·e twins may be accounted for by assuming that the 

original interface is not planar over large areas. "Bumps" or long 

range irregularities probably exist as shown in Fig. 4 (although the 

a/C interface is smooth on an atomic level). Upon annealing the sides 

of these hills should become bounded by inclined {111} planes since 

[111] is the slowest regr0t1th direction. This would lead to the 

possibility of stacking mistakes on inclined {111} planes by the same 

mechanism as mentioned above. 

The Effect of Microtwins on the r~igration of a {Ill} Interface 

Microtwins, once formed on inclined {111} planes, ~an accelerate 

the crystal growth process. The rate controlling step for growth in 

the <111> direction is probably nucleation of new atomic ledges, 

requiring simultaneous positioning of three atoms on the crystal 

lattice sites on a defect free surface. As has 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 

establish a nucleus as shown in Fig. 5. Once a segment of the twin 

boundary, at its intersection with the a/C interface, has been 

decorated with two-atom clusters, a• linear gr0t1th step has been 
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created. This step can propagate by the addition of single atoms in a 

direction perpendicular to itself, <211> •. Only one of the two tvlin 

boundaries will be effective in accelerating the growth on the adjacent 

{ 111} surface. This is because an atomic 1 edge on a {111} surface 

aligned along <110> has a fast and slow <211> growth direction as shown 

in Fig. 6. In the fast direction single atoms may attach at the step 

but in the .slow direction a two atom nucleus, followed by single atom 

attachrrent, is required to advance the atomic step by one row. The 

right hand twin boundary in Fig. 5 nucleates an atomic step that can 

expand in the fast direction for the matrix as well as on the twin. 

At the left twin boundary in Fig. 6 the growth step has to expand in 

the slow direction both in the matrix and on the twin. Therefore, the 

{Ill} crystalline surface should attain an enhanced growth rate 

primarily on one side of the twin. The resulting exposed lateral 

surface of the twin (marked Sin Fig. 7) can migrate s.lm't'ly resulting 

in an increase in thickness of the t\·lin but must do so by nucleating 

new atomic layers. The other side surface of the twin is never ~xposed 

at the fast growing boundary. Experimentally, the microtwins are 

observed to thicken. primarily from one side as shown in Fig. 8. The 

twins have one planar boundary while steps are seen on the opposite 

side where the twin increases in thickness. The planar twin boundary 

has advanced further than the other, as the model predicts. 

Csepregi et al. (13) have presented a mechanism by which microtwins 

may in.crease 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 initially. However, the protruding twin 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 Recrys ta 11 iza tion 

The activation energy for a/C interface migration is in dispute at 

the present time {10,11,12). However, the fact that the activation 

energy is constant for a variety of recrystallization directions has 

been confirmed (11). This observation may seem unusual since growth 

on the {111} surface requires nucleation of atomic steps while on the 

{100} surface single atoms should be able to attach independently. 

This suggests that the thermally activated event for growth on any 

surface is similar- perhaps the reorientation of a small group of 

atoms in the amorphous material at the interface as proposed by 

Spaepen (21 ). The different growth rates reflect the different 

probabilities that such an event will result in placement of. atoms in 

position to form new regular bonds to the crystal. It is puzzeling 

that all reported measurements of a layer crystallization activation 

energy are well in excess of that for self diffusion. 

The Effect of the Implantation Temperature and the Implanted Ion 

S~ecies on a/C Interface Migration 

a layers created during implantation at elevated temperatures of 

about 100oC recrystallize differently than those resulting from 77°K 

ion bombardment. Most notably a high temperature implanted {111} 
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substrate containing an a layer will not produce t~vins when annealed. 

To determine the effect of the implantation temperature on the a layer· 

dark filed micrographs were taken of samples that were implanted but 

unannealed, as seen in Fig. 10. This figure suggests that the a/C 

interface is rougher when the implantation is carried out at higher 

temperatures. There may even be small islands of the original crystal 

remaining throughout the.a layer. If this is the case the growth 

direction becomes less well defined; many segnents of the a/C interface 

will initially be migrating in directions· other than that normal to the 

wafer plane during annealing. In this fashion a nominally {111} inter­

face would at first be able to avoid propagation in the <111> 

direction. The thin a layer (-1000 A) created by ion implantation. may 

be completely recrystallized before it can become planar and start to 

produce twins. Another possible difference (between high and low . . 

temperature implanted silicon) is the initial level of internal stress 

at the interface. Stresses at the interface may play a role in micro-

twin nu c 1 eat ion • 

It has been reported (11) that the type of ion used to form the 

a layer can substan.tially 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 controlling step then 

segregation of impurities at the interface or their random distribution 

in the amorphous rna ter i al caul d faci 1 ita te the necessary bond breaking 

or influence the nucleation and propagation Df growth steps. 
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Conclusions 

1. At {111} a/C interfaces microtwins on inclined {111} planes 

accelerate the crystal growth process by providing sites of easy 

nucleation of growth ledges at one of the twin boundaries. 

2. The activation energy measured for a/C interface migration 

probably relates to reorientation of small groups of-atoms in the a/C 

interface. 

3. Relative a/C interface migration rates in the three major cubic 

directions can be understood in terms of the probability that a 

suitable site for attachment will exist when an atom group shifts from 

one orientation to another in the a/C interface. 

4. The implantation temperature affects the a/C interface 

morphology and perhaps the structure of the a layer itself. 

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 

Figure L TEM micrographs of amorphous layers recrystallized at 300°( 

for l/2 hour. Amorph1tiz~tion was a result of an 100 keV 

phosphorus ion implantation to a dose of 1o161cm2• 

Figures a. and b. are {100} and {111} substrates, respec­

tively, implanted at 100°(. Both exhibit a dislocation net­

work as well as a few dislocation loops. Figures c. and d. 

are also {100} and { 111} orientations but were implanted 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 obtained by tilting the {111} 

sample. 

Figure 2. A plot of amorphous layer regrcMth rate versus reciprocal 

temperature. The activation energy 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. 

Phosphorus ions were used to form the amorphous layer. 

Figure 3. A schematic drawing of the growth process on the major 

surfaces of a diamond cubic crystal is shown. The front 

face of the crystal is a [llO] projection. Here. the 

apparently "shorter~' (horizontal) atomic 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 (llf) 

surface. On the top and right surfaces of the crys ta 1 
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surface nuclei, labeled "N 11 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 waul d. add on to the es tab 1 i shed nucleus. 

A twin nucleus, labeled 11 T", is shown on the (ll1) surface. 

Since atoms add on individually on the (001) surface, no 

nucleation step or sequential growth, occurs. 

Figure 4. Schematic drawing of the {ll1} a/C interface. In fig. a. 

the unannealed interface is rough due to the amorphitization 

process. In fig. b. the interface, after being slightly 

anne a 1 ed, has migrated a sma 11 di.s tance and is now bounded 

by its slowest growing faces, {111}. Further growth 1vill 

require nucleation of new atomic ledges which can result in 

stacking mistakes~ In fig. c. the completely recrystallized 

a layer contains twin~ on all {111} planes as a result of 

the stacking mistakes made during growth. 

Figure 5. A schematic drawing of a diamond cubic crystal containing a 

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

the top ~hews the (111) matrix surface. At the right hand 

twin boundary the minimum size surface nucleus is seen to be 

two atoms (labeled 11 N") instead of the usual three for a 

defect free { 1ll} surface. The atomic ledge, created at the 

twin boundary, expands by single atom additions as numbered 

in order. 
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Figure 6. A schematic drawing of an atomic ledge on the (lll) surface 

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

direction by the addition of single atoms. In the [112] 

direction a nucleation step is required for the ledge to 

advance where a two atom cluster labeled 11 N'1 is shown. 

Single atoms may add to complete this row and then another 

nucleus must be formed for further growth. The numbered 

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

Figure 7. A schematic drawing of growth of an inclined mi crotwin at a 

. {111} a/C interface. In fig. a. the twin boundary marked 

11 A11 is nucleating atomic ledges while 11 8 11 is not. This 

leaves the left side of the microtwin, marked 11 5 11
, exposed 

to the amorphous material. In fig. b. the a/C interface has 

advanced only on the right side of the twin. In addition 

a new atomic ledge has nucleated on the exposed surface 11 5 11 

of the mi crotwin, thus increasing its thickness. Figure c. 

shows atomic ledges being 11 Sent over 11 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. 

Figure 8. A bright field TEM micrograph of recrystallization of 

a silicon in the [111] direction, the specimen plane is 

(liO). Microtwins inclined to the a/C interface are seen on 

the (11l) plane. The right hand twin boundaries are planar 
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while the left boundaries have steps. In addition the a/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 reflections in addition to 

streaking indicating the twins are plate 1 ike. The small 

linear objects alligned along the (111) pla~e are twins I 

parallel to the plane of the a/C interface. These twins are 

always small compared to the inclined twins since growth at 

their edges is in a perpendicular direction to that of the 

advancing crystal matrix •. Within the larger inclined twins 

smaller linear 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 

regions that are twin oriented to the primary twin but have 

not returned to the matrix orientation. 

Figure 9. 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). The twin surface advances 

more rapidly than that of the matrix but then becorr.es 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 10. Figures a. and b. are dark field TEM micrographs of wedge 

shaped samples containing a layers that have not been 

annealed. The implantation temperature was 100°C for 

sample a. and 77°C for sample b. Th~ bottom portion of each 

micrograph is the area near the central hole in a ·rEM 

specimen and thus represents the top surface of the 

implanted wafer. The lower inset diffraction patterns, 

verify that this area is completely amorphous. In the upper 

portion of figs. a. and b. the crystalline substrate over-

laps the a layer. The diffraction patterns show both, 

crys ta 11 ine reflect ions ahd amorphous 1 ike diffuse rings. 

Br,ight spots are seen in images a. and b. \'Jhere tne a layer 

and crystal substrate overlap, while none are seen where 

the a layer stands alone. We believe that these bright 

spots are strained crystalline zones in the a/C interface, 

as shown schematically in fig. c. The fact that the spots 

are much larger and show greater contrast in the sample 

implanted at the higher temperature indicates that the a/C 

interface roughness is on a much larger scale. 
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