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R u th e rfo rd  b a ck sc a tte r in g  and  channeling  (R B S ) h a s  been  em ployed  to  investígate  th e  annea ling  c h a rac te ris tic s  o f  ion- 
b o m b a rd ed  ( 1 1 1 )  Silicon for a w ide range  o f  im p lan t species. T h e  general rec ry s ta lliza tio n  b eh av io u r is th a t high levels o f  
rem n an t d iso rd e r a re  ob serv ed  fo r h igh -dose  fty p ica lly  > 10 15 ions cm ~ :) im p lan ts  o f  all species investigated . and 
tran sm iss io n  e lectrón  m ic ro sco p y  in d ica tes  th e  p resen ce  o f  a  p o ly c ry sta llin e  re o rd e red  la y e r in such  cases. T h e  m agn itude  
o f  the  re m n a n t d iso rd e r (m iso rien ta tio n  o f  g ra in s  w ith  re spec t to  th e  underly ing  bu lk  su b stra te ) is ob serv ed  to  increase  
with bo th  im p lan t d o se  an d  o rig inal a m o rp h o u s -la y e r  th ick n ess  a n d  to  exh ib it a  slight im p lan t m ass  dependence. 
A lthough  the  rec ry s ta lliza tio n  b eh av io u r is q u a lita tiv e ly  s im ila r fo r all species s tud ied , ce rta in  species (m ain ly  those  
so luble ¡n Silicon) a re  fou n d  to  influence th e  reg ro w th  p ro ce ss  a t low  im p lan t c o n cen tra tio n s . It is suggested  th a t 
s tre ss /s tra in  effects. a ttr ib u ted  to  high im p lan ted  co n ce n tra tio n s . p lay  a m a jo r  ro le in the  inh ib ition  o f  ep itax ial Silicon 
rec ry s ta lliza tio n  b u t th a t species effects c an  beco m e  d o m in a n t a t low er im p lan t co n cen tra tio n s .

1 IN T R O D U C T IO N

In the first article1 o f the curren t series on Silicon 
recrystallization. it was established tha t Silicon 
surface layers, rendered am orphous by high-dose 
P b '-im plan ta tion  (typically > 5 x 1014 c m "! at 20 
keV). reorder as a polycrystalline network, where the 
degree o f polycrystallinity (i.e., m isorientation o f 
grains with respect to  the underlying substrate) 
increases with increasing P b + dose. The observe^ 
dose dependence1,2 o f recrystallization suggested 
that epitaxial recovery o f  Pb^-im planted Silicon was 
inhibited by high im plant concentrations. M oreover, 
detailed R utherford-backscattering  (RBS) and tran s­
mission electron-m icroscopy (TEM ) investigations 
indicated that the reordered Silicon structure was 
dependent upon the local Pb concentration encoun- 
tered as crystalline regrowth progressed from the 
underlying bulk lattice tow ards the Silicon surface. 
Im plantation-induced stress/strain  within the near- 
surface was recently suggested3 as a likely cause o f 
the observed poor epitaxial recovery o f  high-dose- 
im planted Silicon.

O ther reported observations o f  the annealing

t  P e rm a n e n t ad d re ss : C en tro  A to m ico  B ariloche. S an  C ar lo s  
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behaviour o f  Silicon im planted with a wide range of 
different species appear to  be consistent with details 
o f the recrystallization representation outlined 
above. F or example. high levels o f residual disorder 
in annealed Silicon,4-9 evidence for a polycrystalline 
reordered structure,9-11 a dose dependence o f 
recrystallization,6-8 and outdiffusion o f im plant 
species during or following lattice reordering8-12-13 
are all aspects o f  the P b +-implanted S ilicon  
behaviour. However, because o f  the large num ber o f 
param eters, which appear to play a role in epitaxial 
regrowth, and the differences in experimental 
approach adopted by the various w orkers. it is 
difficult to  com pare and evalúate the body o f data  
reported in the literature. Therefore, in the present 
study, the annealing behaviour o f am orphous Silicon  
has been system atically investigated for wide range 
o f im planted species under well-defined experimental 
conditions. The two main aims o f  the study have 
been: (i) to  exam ine the generalitv o f the recrystal­
lization behaviour, particularly  the dose dependence, 
identified for the P b +-imp!anted S ilicon  system , and 
(ii) to investígate the possible effect16 o f  im plant 
species on the epitaxial regrowth process.

A m ost im portant part o f  investigation (i) was the 
detailed exam ination o f  Si+-implanted Silicon, which 
produces an am orphous surface layer for subsequent
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annealing studies w ithout any com plicating effects 
due to foreign species. Previous reports6-10-14' 15 have 
alreadv indicated that the annealing behaviour for 
the S i'-im planted  Silicon system  m ay be 
qualitatively similar to that observed for P b +- 
im planted Silicon. With regard to aim (ii), species 
chosen for investigation were selected as being 
representative o f a wide range o f physica! and 
chemical properties when im planted into Silicon (i.e., 
solubility, chem ical reactivity, diffusivity, atom ic 
size and mass). C are has been taken to  consider 
other param eters such as im plant concentration and 
am orphous-layer thickness so tha t valid species 
com parisons can be attem pted. RBS o f 2-MeV H e+ 
ions and TEM  have been the analysis techniques 
em ployed to examine the lattice disorder and 
im plant profiles in im planted and annealed ( 1 1 1 )  
Silicon.

2 E X P E R IM E N T A L

The sam ple preparation  and im plantation details 
have been previously described,1 and only the 
experim ental procedures with special relevance to 
the current series o f experim ents will be given here. 
Sixteen different species were im planted at dose rates 
<  5 ,uAcm~2 into ( 1 1 1 )  Silicon targets to  a variety 
o f  doses and at energies as listed in Table I. The

T A B L E  I

A s u m m a ry  o f  the  im p lan t and  an a ly sis  co n d itio n s  fo r the 
im p lan ted  \ I 1 1 )  Si ta rg e ts . T h e  im p lan t-d o se  co lu m n  lists the 
n u m b er o f  doses  e m p loyed  an d  the  dose  range . w hereas  co lum n 
4 lists th e  type  o f  an a ly se s  p e rfo rm ed  on  each  im p lan ted  system , 
A . B. an d  C , re ferring  to  R B S and  ch an n e lin g -d iso rd er m easu re- 
m en ts. low -angle  R B S d e te rm in a tio n , an d  tra^ism ission 
m ic ro sco p y  investigation , re spec tive ly , as  desc ribed  in íh e  text.

Species E n erg y /k eV D o se s /io n s  c m -2 A n a ly sis

N * 15 3: Í O 'M O 15 A
N e + 20 3:3  x  10 l4- 3  x 10 “ A
Si 15 9: 1014—3 x 10“ A
A r+ 40 3: 3 x 10 ,4- 3  x 10 “ A , B, C
C r + 20 2: 1 0 '5—3 x 10 “ A . B
N i* 40 5: 101J- 1 0 17 A . B. C
G a * 20 2: I 0 IS, 8 x 10 13 A , B
A s + 30, 40 6: 3 x  10u - 3  x 10 “ A . B, C
Br* 30 3: 3 x 10 14- 3  x 10 “ A , B, C
K r* 40 5: 1013—3 x 10 17 A , B, C
X e + 4 0 5: 10 ,5- 3  x 1017 A . B
C s* 30 6: 1014—5 x  10“ A . B
P t+ 20 1: 10 15 B
P b + 20. 40 . 80 18: 2 x 10 l2- 1 0 17 A . B .C
Bi* 20 1: I 0 '5 B
U * 20 1 :3  x 1 0 1S A. B

num ber of discrete doses analvsed has beer, listed in 
column 3. together with the ap p ro p r ir^  dose range. 
Colum n 4 lists the types of analyses undertaken, 
A, B, and C referring to  Rutherford baek- 
scattering/channeling m easurem ents o f lattice d isor­
der. high-resolution (low-angle) RBS m easurem ents 
o f  the implanted profile, and TEM , respectively.

The particular details o f the RBS and TEM  
analysis procedures have also been previously 
described.1 It is. however. worth reiterating the 
annealing procedures. All implanted samples were 
analvsed prior to heat treatm ent and after isochronal 
annealing steps at 500, 650. and 850°C  in flowing 
dry argón for 30 min. Some o f the higher-dose Ni~- 
im planted samples were given longer anneals at the 
higher tem peratures to  aid silicide form ation as 
identified by TEM .

3 RESU LTS

3.1 Residual-silicon Disorder

The RBS disorder m easurem ents for all species 
im planted into Silicon have indicated the same 
qualitative dose dependence as was exhibited by the 
P b+-implanted Silicon d a ta  reported previously:1 that 
is, the residual lattice disorder following annealing 
beyond 600°C  increases with increasing implant 
dose. F or example. Figure 1 shows the random  and 
( 1 1 1 )  aligned RBS spectra (silicon portion only) for 
30-keV A s+-implanted Silicon at three doses and 
illustrates this general behaviour. Figure la  contains 
the 3 x 1014 A s+ c r r r 2 and 3 x 1015 A s+ cm ~2 
spectra and Figure Ib the 3 x 1016 A s+ cm 2

F IG U R E  I 2-M eV  H e + b ack sc a tte re d  sp ec tra  fo r 30-keV 
A s +-im plan ted  < 1 1 1 > Si annea led  up  to  6 5 0 ° C . R an d o m  (O ) 
an d  < 111 > aligned sp ec tra  fo r th ree  A s* do ses: (a ) 3 x I 0 15 
cm ~ 2 (D ) and  3 x 10 “  c m “ 2 (A ); and  (b) 3 x 10 “  c m * ! (x ) .  
Solid  an d  d a sh ed  cu rv es  ind íca te  respec tive  aligned sp ec tra  p rio r 
to  annea ling .



R E C R Y S TA L L1Z A T IO N  O F  IM PLA N TH D  Si. II 75

-pectra. after annealing at 650°C  for 30 min. The 
Jashed  and solid curves represent the respective 
aligned spectra prior to annealing and were essen- 
tiallv unchanged after annealing at 50 0 °C  for 30 
min. Similarlv. the spectra taken after annealing to 
850°C  for 30 min were little changed from  the 
650°C  spectra shown in F igure la  and b, indicating 
that. for our annealing schedule. reordering proceeds 
abruptlv  during the 650°C  anneal.

The m agnitude o f the disorder peak area following 
a 6 5 0 °C  anneal can be taken as a m easure o f  the 
residual disorder. which is clearly shown in F igure 1 
to increase with increasing As* dose. It is im portant 
to note that all doses indicated exceed the 
am orphous threshold. (Here. the am orphous 
threshold is defined as the dose ju s t sufficient to 
create a continuous am orphous layer extending from 
about the ion range back to  the sil'con surface and 
for 30-keV A s+ is about 1 x 1014 c i r r 2.) The 
difference in shape between the high- and low-dose 
spectra arises from the increased stopping pow er o f 
the com posite Si/A s-im planted layer for the analys- 
ing He* ions. The effect is for the high-dose random  
spectrum  to exhibit a near-surface dip (lower yield) 
and for the aligned disorder peak to be correspon- 
dinglv lower and broader. as shown in F igure Ib. In 
all cases, the area under the aligned disorder peak 
(after subtracting a small dechanneling contribution.

U1
C3
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o

F IG U R E  2 S i-Iattice d iso rd e r (re la tive  u n its) a s  a  func tion  o f  
an nea ling  te m p e ra tu re  o b ta in ed  from  ( 1 11 )  aligned 2-M eV  
H e* R B S sp ec tra  fo r 30-keV  im p la n ta tio n s  o f  (a ) A s +. (b ) N i+, 
(c) C s +, a n d  (d ) B r+ a t v a rio u s  doses. D o tted  lines in th e  low er 
p o rtio n  o f  the  figures p ro v id e  a m easu re  o f  th e  un im p lan ted  
su rface  d iso rd e r level.

as described previously1). taken as a m easure o f the 
lattice disorder. is plotted for various A s+ d^ses as a 
function o f annealing tem perature in Figure 2a.

The m agnitude o f the As*-im planted (20°C ) 
disorder increases slightly with dose even though a 
completelv am orphous layer is obtained for the 
lowest dose. This effect can be taken to indícate 
small increases in the am orphous-layer thickness 
with increasing dose. arising from the disorder 
created bv those im planted ions which penetrate 
beyond the mean ion range into the tail o f the 
distribution. The m agnitude o f  the residual disorder 
and the dose dependence o f lattice recovery are 
quantified by considering the 650°C  data  points of 
Figure 2a. Shown in Figure 2b. c, and d are similar 
disorder plots for species N i+, C s+, and Br* 
im planted into Silicon and dem ónstrate the same 
general trend for the residual disorder to  increase 
with dose. Similar disorder data  have been obtained 
by RBS for all other im planted im purity species 
listed in Table I but are not shown here since the 
results are in qualitative agreem ent with the dose 
dependence displayed by the examples presented in 
Figure 2. The results o f  the rare-gas im plantations 
into Silicon, however, have been reported briefly 
elsewhere.7

An exam ination o f  the m agnitude o f the rem nant 
disorder levels (¡>650°C d a ta  points) in Figure 2 
reveáis species differences. F or example, a com- 
parison o f the low-dose (3 x 10u  cm -2) A s+ and 
N i+ data  indicates that the A s+-implanted Silicon 
has recovered alm ost completely (less than 10% 
rem nant disorder), whereas the Ni-implanted layer 
has a high (~ 60% ) residual disorder. In this partic­
ular case, it is valid to  directly com pare the As* and 
N i+ species effects since, apart from a slight implant- 
m ass difference. the im plant and annealing con- 
ditions are identical. Differences in am orphous-layer 
thickness. im plant dose and concentration profile 
com plícate species-effect com parisons in the ma- 
jo rity  o f cases and necessitate the adoption o f some 
norm alization procedure. Such evaluations are 
treated in detail in Section 4.2: suffice it to  say here 
tha t the im plant species has been found to influencc 
silicon-lattice recovery at low im plant con- 
centrations.

TEM  analysis o f  the system s indicated in Table I 
showed behaviour essentially similar to  tha t p re­
viously observed for the P b +-implanted Silicon 
system . The significant findings are sum m arized in 
the following points.

i) The structure o f  the reordered Silicon layers 
exhibited a dose dependence which was qualitatively
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similar for all im plan t sys tem s investigated. With 
increasing im plan t dose. the na tu re  o f  the reordered  
laver  chan ged  from basicallv  bulk-orien ted  single 
crvs ta l  conta in ing  som e twinning (doses '  3 x  1014 
c m -2) to  ran do m lv  oriented  po lycrys ta ls  (doses >  
10"’ cm ~2).

ii) Differences between the reo rde red  Silicon 
s t ruc tu re  for various  im plan t sys tem s, a t  similar 
doses .  could be identified. F o r  exam ple . co m p a red  
with the Pb* im plan ted  Silicon d a ta .  A s*-im plan ted  
ta rge ts  exhibited better  single-crvstal recovery ,  and  
N i+ im plan ts  resulted in considerab ly  w orse 
recovery  (i.e., highly tw inned  and  po lycrystalline) at 
im p lan t doses  o f  3 x 1 0 14 c m -2 in each  case.

iii) Evidence for gas-bubble form ation in annealed 
(> 6 0 0 °C ) A r+- and K r+-implanted Silicon was 
found for im plant doses exceeding ~5 x 1015 cm -2. 
Such features m ay act as nucleation sites for 
observed poly-crystalline recovery.

iv) Both A s+ and N i+ precipitation was observed 
following annealing o f  high-dose im plants (£ 3  x 
1016 cm -2) o f these species. Long-tim e anneals at 
high tem peratures (e.g., 3 hr at 8 0 0 °C) for N i+- 
im planted targets for doses > 1 0 16 c m '2 resulted in 
the form ation o f  stable Ni Si2 precip itates.17

3.2 Silicon Im plantation into Silicon

An additional series o f im plantations o f 15-keV Si* 
into < 1 1 1 ) Silicon was undertaken for an exa- 
mination o f the dose dependence o f residual disorder 
w ithout the com plication o f foreign species. Extreme 
care was exercised to  ensure contam ination-free 
im plantations. Extensive m easurem ent o f the Si^- 
isotopic m ass ratios (28, 29. 30) indicated that, 
during im plantation, less than 1% o f other inipurities 
(m ainly N J) were im planted along with S¡+ ions. To 
determ ine the scale o f  the effect on silicon-lattice 
recoverv produced by the im purity, particularly for 
the highest doses (e.g.. 3 x 1016 Si+ c m '2 sample 
m ay have 3 x 1014 N£ cm "2). a separate set o f 
< 1 1 1 )  Silicon control sam ples were im planted as 
follows. Three substrates were first im planted with a 
d o s e o fS  x 1 0 l4 c m -2 Si+ (15 keV ),ju st sufficient to 
form  a continuous am orphous layer and then 
further im planted with N J (15 keV) ions to  doses 
equivalent to  the m áxim um  N J  im purity expected 
for the three highest-dose Si* im plants em ployed. All 
sam ples were annealed isochronally at 500, 650, and 
8 0 0 °C  and analysed by RBS after each stage. as 
described previously.

The random  and aligned backscattered  spectra for

- -  i ! j

£  L ,------------ ,.
i  k Ou  í ,-

220 230

CHANNEL NUMBER

F IG U R E  3 P o rtion  o f  2-M eV  H e* R B S ran d o m  and  < 1 U  > 
aligned sp ec tra  show ing re la tive  la ttice  d iso rd e r following 
6 5 0 ° C  annea ling  fo r (a ) 15-keV Si* im p lan ta tio n s  in to  < 111 > Si 
an d  (M  15-keV Si* (5 x I 0 14 c m 'J) and  15-keV N 2*-im planted 
(1 1 1 ^  Si. D o t-d a sh  and  d a sh ed  cu rves in (a ) d en o te  the room - 
te m p e ra tu re  sp ec tra  fo r the  3 x 1016 Si* cm  2 and  5 x 1014 Si 
cm ~ 2 im plan ts .

three doses o f  Si* (5 x 1 0 '\  5 x 1015, 3 x 1016 
c m -2). after annealing to  6 50°C , are shown in 
Figure 3a. The dot-dash and dashed curves indícate 
the as-im planted aligned spectra for the 3 x 10“  and 
5 x 1014 im plantations. respectively. The peak area 
o f the 3 x 1016 cm -2 as-im planted spectrum  is about 
25%  greater than that at 5 x 1014 cm -2, indicating a 
corresponding thickening o f  the am orphous layer 
into the tail región o f the im planted Si+ distribution. 
as suggested previously. The aligned peak areas 
corresponding to the annealed sam ples again 
dem ónstrate the increase in rem nant disorder with 
dose. In Figure 3b, the spectra for the N J-im planted 
control sam ples (after annealing to  65 0 °C ) are 
shown and clearly indícate tha t the small 
im purity does not produce the high residual-disorder 
levels o f Figure 3a.

The dose dependence o f the residual disorder is 
clearly shown in F igure 4, where all the Si+-disorder 
m easurem ents (quantified from  disorder peak areas)
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15 keV S i* —Si

F IG U R E  4 S i-lattice d iso rd e r as a  fu n c tio n  o f  annea ling  
te m p e ra tu re  fo r v a rious  d o ses  o f  S i+ (15 -keV ) im p lan ta tio n s  
in to  ( 1 1 1 )  Si. D a ta  o b ta in ed  from  peak  a re a s  o f  2-M eV  H e*- 
aligned sp ec tra  sim ilar to  th o se  o f  F igu re  3.

are plotted as a function o f annealing tem perature. 
Com parison of the residual (> 6 5 0 °C ) disorder 
levels for Si+ im plants with those o f  other species is 
made ¡n Section 4.

3.3 Im plant Redistribution E ffects

Low-angle RBS analysis indicated that. in m any 
cases, a significant redistribution o f  the im planted 
species within the Silicon surface layers had taken 
place during annealing. In general, the as-im planted 
profiles (near-G aussian in shape for doses >  5 x
1015 cm -2) developed a pronounced peak at the 
near-surface with a reduced yield in the región o f  the 
original distribution. This resultant double-peaked 
structure is illustrated in Figure 5, where the profiles 
for A s+. Cs*, P t+, and Bi* im plants in Silicon are 
plotted for the various annealing stages. The depth 
resolution (three channels) is o f the order o f 40Á 
and has been obtained using a low-angle RBS 
geom etry with the incident beam  inclined at 5 o to 
the target surface. The near-surface peak obtained 
after annealing for the profiles illustrated was 
observed for most im plant species investigated and is

CHANNEL NUMBER (5keV/channel)

F IG U R E  5 Im p lan t profiles o b ta in ed  from  low -angle ( 5 o 
inc idence  to  ta rg e t su rface) R B S analvsis  using 2-M eV  H e ' 
ions. (a ) 30-keV  As* (3 x 10 ,! cm  :)! (b) 30-keV  C s~ (2 x 
10'-' cm  -’). (c) 20-keV  P t*  (1 x 10”  cm  2), (d) 20-keV  Bi* 
(1 x 10”  c m -2).

suggestive o f outdiffusion o f part o f the im plant 
during annealing.

The im portant similarities and differences in 
redistribution for the various im plants in Silicon can 
be sum m arized as follows. (The examples o f Figure 
5 are em ployed. where applicable, to ¡Ilústrate the 
specific observations.)

i) In no instance was any significant implant 
redistribution observed for anneals below 6 0 0 °C or 
before Silicon recrvstallization. as indicated by TEM . 
This suggests that the im plant outdiffusion m ay be 
correlated directly with the recrvstallization process 
o r with the nature o f the reordered (polycrystalline) 
layer.

ii) OutdifTusion was only observed in cases where 
TEM  revealed that the im plant layer reordered as a 
polycrystalline network (i.e.. only for the higher 
im plant doses). and for most species (Pb~, Xe"\ C s+, 
etc.), there appeared to  be a well-defined threshold 
dose usually o f  the order o f  1015 cm -2 below which 
no outdiffusion was observed during annealing. The 
m agnitude o f  this threshold dose changed with both 
im plant energy and type. F or example. low-energy 
(near-surface) im plants exhibited outdiffusion effects 
at a lower dose. and som e species (e.g., N i+, Br*. 
and C r+) were observed to  m igrate only for doses in 
excess o f  1016 cm -2.

iii) The double-peaked structure o f  the redistri- 
buted profiles shown in Figure 5 w as typical o f m ost 
species in that outdifTusion was usually rapid but 
never total. P art o f  the original distribution always 
rem ained “ trapped” at or beyond the original ion
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F IG U R E  6 T h e  am o u n t o f  Pb  tra p p e d  a t o r  b ey o n d  th e  ion 
ran g e  p lo tted  as a  func tion  im p la n ta tio n  d o se  a fte r th e rm al 
annea ling  b ey o n d  6 5 0 ° C  o f  < 1 U  > Si im p lan ted  w ith 80-keV  
P b* . D a ta  o b ta in ed  from  low -ang le  2-M eV  H e* analysis .

range, and the rest m igrated out to  the target 
surface. The fraction o f the original im plant. which 
rem ains “ trapped” in the bulk. appears to  be species- 
dependent. F or species P b \  noble gases, Bi+, C s , 
G a*. Pt*. and U +, the absolute trapped am ount is 
practically independent o f dose and corresponds 
closelv to  the outdiffusion threshold dose o f - 1 0 15 
ions c m '! discussed in (ii). whereas the trapped 
am ount o f species such as A s+ and N i+ increases 
with dose. The form er (dose-independent) behaviour 
is illustrated for Pb* in F igure 6, where the absolute 
trapped am ount is plotted against P b + dosé for 80- 
keV P b+ im plants in Silicon. In some cases (e.g., the 
A s+ profiles o f F igure 5), p art o f the bulk peak 
seems to  reside slightly deeper than the original 
distribution, possibly indicating some, small indif- 
fusion.

iv) The tem perature a t which outdiffusion is 
observed. while never below 6 0 0 °C, is species- and 
dose-dependent. In F igure 5, for exam ple, C s+, P t+, 
and Bi+ exhibit outdiffusion sharply at 6 50°C , 
w hereas As* does not redistribute until annealing at 
850°C . Also, N i+ was only observed to  outdiffuse 
after long-tim e (> 3  hr) anneals above 8 0 0 °C and, 
for the noble gases, the m igration tem perature 
changed with dose (concentration) o f implant.

v) The outdiffusing species appear, in the ma- 
jority  o f cases, to  be trapped at o r near the target

surface. usually behind the residual surface oxide on 
Silicon. Some species do not build up at surface 
(e.g., Br*) but are com pletely lost. while others are 
significantly diminished (e.g., Cs* in Figure 5) 
usually after higher-tem perature anneals. Further- 
more. the surface peak o f some species (e.g.. Pt* in 
Figure 5) is not sharp  and appears to tail into the 
bulk and merge with the “ trapped” fraction. This 
behaviour can be attributed either to surface 
precipitation (identified by TEM  for Pb* and Ni* in 
Silicon) or to trapping o f som e im purity in transit to 
the surface.

3.4 A svm m etric H igh-dose Profiles

In examining the high-dose (£ 5  x 101! cm L) as- 
im planted profiles by high-resolution (low-angle) 
RBS, most o f the distributions were found to be 
asym m etric. In general, the profiles exhibited a flat- 
top and becam e skewed tow ards the target surface 
as a result o f  substrate sputtering. However, in some 
cases, effects which could not be attributable to 
sputtering were noticed. Such behaviour is typified 
by the as-im planted C s+ profiles shown in Figure 7. 
The low-dose (5 x 1015 cm “2) profile shows the 
expected, slight skew tow ards the surface, but the 
higher-dose profiles. som ew hat unexpectedly. reveal 
a double peak. One interpretation is that the surface 
peak is indicative o f radiation-assisted outdiffusion. 
(Heating effects were reduced by cooling the target 
during im plantation.) The shift in the im plant peak 
position to lower backscattered  energies for the 
higher-dose profiles can partly be explained by a

F IG U R E  7 30  keV  C s*  profiles in < 111 )  Si o b ta ined  from  
low -ang le  (5 o inc idence  to  ta rg e t su rface) 2-M eV  H e* analysis.
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Mopping power increase for H e+ ions in the com - 
posite S i/Cs target. Nevertheless. the shift in the 5 x
I0 16 Cs* cm _! profile seems excessive and may 
suggest diffusion tow ards the bulk. Effects sim ilar to 
those shown for Cs in Figure 7 have also been 
observed for P b+ and Br~ and are discussed in detail 
elsew here.18

4 D ISC U SSIO N

4.1 General Recrvstallization E ffects

The RBS results p resented  here for the  reordering  o f  
Silicon im plan ted  with m a n y  different elem ental 
species confirm the basic  generality  o f  the  dose  
dependence  o f  recrvsta l liza tion  b o th  suggested  in 
earlier w o rk s6-8-10 a n d  studied in detail for the  P b +- 
im plan ted  Silicon sy s tem .1,2 M ore  specifically, the 
RBS d a ta  indícate  th a t  the  ability o f  a m o rp h o u s  
Silicon layers to  recover  as a single crys ta l  after 
annealing  decreases  with increasing im plan t dose. 
T he  d a ta  collected for Si+ im p la n ta tio n s in to  Silicon  
suggest tha t .  qualitatively, this  b ehav io u r  is indepen- 
dent o f  ion species a lthough  we shall d e m ó n s tra te  in 
the following section th a t  the type  o f  im plan t species 
can  influence the degree o f  Silicon-lattice recovery .

The detailed TEM  studies undertaken for the P b+- 
im planted Silicon system indicated tha t the mag- 
nitude o f the RBS residual disorder could be taken 
as a useful m easure o f the polycrystallinity within 
the reordered lattice. whereby increased im plant 
dose resulted in increased m isorientation o f  crystal 
grains with respect to the underlying bulk lattice. 
Both additional TEM  data  o f our own (Table I) and 
those o f  other w orkers9-11' 19,20 for m any different 
im plant species support this correlation. Howev^r, it 
should be stressed that this in te rp re taron  o f  ¿B S  
disorder is only applicable to  the isochronal anneal­
ing seq u en ce  of Silicon em ployed in the current study 
and should not be inferred for other experim ental 
conditions.

The general nature o f  the im plant-redistribution 
effects observed in this study suggests th a t im purity 
m igration can be associated with either the reorder­
ing process or the structure o f  the recrystallized layer. 
The fact tha t no ou td iffu sio n  was observed in the 
P b+-implanted Silicon study until the P b +-ion dose 
was sufficient to  result in a polycrystalline reordered 
layer prom pted us to  suggest th a t grain boundaries 
were acting as easy diffusion paths for the P b + 
im purity. A sim ilar proposal for In + outdiffusion 
from im planted Silicon has recently been put forw ard 
by other w orkers.13 Thus, the outdiffusion behaviour

observed in the present study has been likewise 
attributed to  the presence o f  grain boundarW  «vithin 
the reordered layer. Outdiffusion effects during 
Silicon recrystallization have been observed by other 
w orkers21-22 for im plant doses too low to result in a 
polycrystalline layer. and the suggestion put 
forw ard21 is that part o f the im plant is “ pushed” 
ahead o f the recrystallization front as it advances 
epitaxially from the bulk lattice tow ards the surface. 
Such effects were not observed in the present study. 
possibly because the som ew hat higher im plantation 
doses used here resulted in a polycrystalline rather 
than in an epitaxial reordered layer.

The general recrystallization behaviour observed 
for all species im planted into Silicon, especially the 
im plant-dose (concentration) dependence, the poly­
crystallinity o f  the reordered layer for high-dose 
im plants and the nature o f im plant outdiffusion, 
supports the basic step-by-step representation o f  the 
recrystallization process put forw ard to account for 
the results o f  the P b +-implanted Silicon system 
(Figure 9 o f Ref. 1). D uring annealing, epitaxial re- 
growth o f the am orphous Silicon layer may proceed 
from the underlying bulk tow ards the surface. Re- 
growth is likely to  be reasonably good in the initial 
stages since the im purity concentration is low in the 
tail o f  the distribution. but the epitaxial grow th be- 
com es increasingly inhibited as the higher-concen- 
tration regions o f  the profile are encountered. For 
sufficiently high im purity concentrations, the growth 
o f  a polycrystalline structure completely dom inates 
epitaxial recovery. G rain-boundary  assisted o u t­
diffusion of the im purity is now possible through the 
polycrystalline región o f the reordered layer, but 
some im purity always rem ains trapped in the low- 
concentration tail región o f the original profile where 
single-crystal recovery is partly  achieved.

The Si+-im plantation results are consistent with 
the above recrystallization process and suggest that 
the origin o f  the polycrystalline structure for high- 
dose im plants is not necessarily one o f nucleation by 
im purity precipitation or com pound form ation. 
Following a recent p roposal3 on the im portance o f 
stress effects in high-dose im planted Silicon, we 
speculate here tha t the epitaxial regrowth m ay be 
inhibited by the expected high stresses within the 
surface layers o f  heavily im planted Silicon. This 
suggestion will be discussed in m ore detail in the 
final article in this series.23

4.2 Species Effects

A lthough the basic silicon-recrystallization 
behaviour is qualitatively similar for all im plant
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species investigated. both the RBS and TEM  data  of 
Section 3.1 indícate that significant species dif­
ferences exist in respect to the scale o f the observed 
efTects. To quantify such differences. we present the 
rem nant silicon-disorder data, obtained by RBS. for 
all im plant species in Figure 8 and 9. An attem pt has 
been made to isolate the regrowth effects attributable 
to  other im plantation param eters so that differences 
in recrvstallization behaviour arising specifically 
from im plant species m ay be clearly identified. W ith 
regard to  dose-dependent effects. the data  have been 
divided into three dose regions shown in Figures 8a, 
b, c. and 9, as indicated by the closed, open, 
and half-closed sym bols for the particular, labelled 
species. Furtherm ore, the thickness o f the 
im plant-induced am orphous layer (dependent upon 
im plant energy for a particular species) has 
been em ployed as abscissa to  indícate the influ- 
ence o f  this param eter on residual disorder. A 
slight im plant-m ass dependence o f residual disor-
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der was found but. by presentation o f the results for 
high- and low-mass species on separate figures, this 
com plication was efficiently removed. Therm al 
historv effects are not significant since a similar 
anneal schedule was em ployed for all im planted 
targets.

The data points plotted in Figures 8 and 9 were 
obtained from spectra and plots similar to  those of 
Figure 1 and 2. The m agnitude o f  the as-im planted 
disorder peak area for a particular dose and species 
(e.g., A s+ im plants in Figure 1) was em ployed as a 
relative m easure o f  the am orphous-layer thickness 
(the abscissa o f Figures 8 and 9), with a thick 
•amorphous layer used to  obtain an approxim ate 
absolute thickness calibration .24 The corresponding 
valúes o f the ordinate in Figures 8 and 9 were found 
by expressing the residual disorder after a 650°C  
anneal (e.g., F igure 2) as a percentage o f the as- 
im planted disorder. Some d a ta  from  other w orkers 
have been included in the resultant plots, as 
indicated by the referenced points. The am orphous- 
layer thicknesses associated with such points have 
been estim ated by com parison with similar 
m ass/energy im plants em ployed in this study. C are 
was also taken to  check tha t the annealing schedule 
used to  obtain the d a ta  corresponded closely with 
tha t o f this study .25 It should be em phasized that 
Figures 8 and 9 are merely an attem pt at placing
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disorder data  from all implant species on a universal 
plot and. due mainly to possible errors in estim ating 
am orphous-layer thicknesses, should only be useful 
in indicating overall trends and obvious exceptions 
rather than showing small absolute differences 
between species.

An exam ination o f the data  em bodied in Figures 8 
and 9 reveáis the influence o f  several im plant 
param eters on the m agnitude o f  the rem nant 
disorder. D otted lines have been draw n (som ew hat 
arbitrarily) to bound the regions for each dose 
regime. where most o f the data  lie. and. thus. to 
highlight both the general behaviour and implant- 
species differences. In particular, the dose depen­
dence (cf. the percentage disorder for the bounded 
regions. Figure 8a. b. and c), the influence o f 
am orphous-layer thickness (note the slope o f the 
dotted lines), the small im plant-m ass dependence (cf. 
absolute disorder from  sim ilar dose regimes for 
Figures 8 and 9) and im plant-species effects (cf. 
species which do not fall within the bounded regions 
for a particular dose regime) are clearly identified. 
The param etric equation.

Dr = D r (dose, energy, M ,, species)

conveniently expresses the dependence o f  residual 
disorder ( Dr) on these param eters. where the 
am orphous-layer thickness is dependent upon the 
im plant-energy and m ass M , param eters. We 
em phasize here that D r is effectively a m easure of 
the polvcrystallinity or average grain m isorientation 
of the reordered layer with respect to  the underlying 
Silicon substrate. The difTerences in recrystallization 
behaviour attributable to the fourth param eter, 
im plant species. are now examined. .

F or the highest doses (closed circles). all impfant 
species appear to  result in similarly high rem nant 
disorder levels except perhaps Ni*, where the 
disorder is significantly lower. This suggests that 
high im planted N i+ concentrations tend to aid 
Silicon recovery as a single crystal com pared to 
other species. It is possible tha t the form ation o f Ni 
Si precipitates, identified by T E M ,17 is responsible 
for prom oting im proved Silicon recovery, and it is 
interesting to  note, in this regard, that high doses of 
Pd+ (also Iikely to  form a silic id e  with S ilicon26) have 
been reported to  similarly result in som ew hat lower 
levels o f residual d isorder.1-10

Exam ination o f the lower-dose ranges (half-filled 
and open circles) shows tha t w hereas m ost species 
(i.e., U +, Pb*, C s+, Br+, X e+, K r+, In +, A g+, Cu*, 
Al+, Si*, Ar*, and Ne*) fit again into narrow  
’em nant disorder bands, there are m ore exceptions.

For example. the open-circle valúes for Ge*. As*. 
Au*. and Sb* from Figure 8 and P* from Figure 9 
appear to be low. Here. it is relevant to note that (for 
low-impurity concentrations) certain implant species 
have been reported27 to enhance or retard epitaxial 
regrowth rates. In particular, the soluble species 
such as A s+, P*. and B* were found to significantly 
enhance regrowth com pared with Si* implants. This 
is consistent with the low disorder levels revealed in 
Figures 8 and 9 for the soluble species Ge*. As*. 
Sb+, and P*. A possible explanation for the 
apparently low A u+ valué (Figure 8) m ay derive 
from the fact tha t Au is known to form a eutectic 
with Silicon at 3 7 0 °C .15 F or the low-dose región 
(half-filled circles), the A s+ valúes are again low 
com pared to the m ajority o f  the other data  points. 
but N i+ (a notable exception earlier) is som ewhat 
high.

Thus. although the trends for residual disorder to 
increase with im plant dose and am orphous-layer 
thickness and slightly with im plant m ass are general 
for all species. significant difTerences in the degree of 
lattice recovery exist for som e im plant species. 
particularly at lower im plant concentrations. A 
careful exam ination o f  the outdifTusion behaviour 
reveáis similar species differences. F or example. 
sp ec ies  w h ich  lie w ithin th e  guidelines ind icatin g  the  
general behaviour in Figures 8 and 9 (usually species 
insoluble in Silicon) exhibit similar outdifTusion 
effects. w hereas species which were exceptions in 
term s o f degree o f rem nant disorder (e.g.. As* and 
Ni*) also differ in their diffusion characteristics. 
However, subtler differences are apparent in the 
m igration behaviour, exemplified by the varying 
tem peratures at which outdifTusion is observed for 
difTerent doses o f the sam e species. The behaviour 
obviously w arran ts m ore detailed experim ental 
attention but suggests tha t the ability o f an im purity 
to  m igrate during or following recrystallization may 
depend on the physical or chem ical State o f the 
sp ec ies  in the Silicon la ttice  (e.g., soluble, precip íta te, 
o r com pound).

5 C O N C L U S IO N S

The results obtained for the recrystallization o f ion- 
bom barded ( 1 1 1 )  Silicon layers for a wide range o f 
im planted species show tha t the ability o f the 
am orphous layer to  reorder epítaxially from the bulk 
as a single crystal decreases with increasing ion dose 
(concentration). The residual disorder within the 
recrystallized layer, as m easured by RBS, is also
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observed to  increase with increasing am orphous- 
layer thickness and to have a slight dependence on 
the m ass o f the im plant species. TEM  analysis 
indicates that the high levels o f residual (RBS) 
disorder can be interpreted as an am orphous-to- 
polycrystalline transition. RBS also shows tha t ou t­
diffusion of a significant fraction o f the im plant 
species m ay occur during or following reordering o f 
the Silicon surface layers, and this can be interpreted 
in term s o f a grain-boundary-assisted m igration.

A lthough. qualitatively, this reordering behaviour 
is independent o f im plant species, as specifically 
dem onstrated by the Si+-im plant data , im portant 
quantitative species differences can  be observed. In 
particular, the “ soluble” species (e.g.. A s+, Sb*, P +) 
are found to result an im proved epitaxial Silicon 
recovery for lower im plant concentrations. O f the 
several com peting factors, which can influence 
recrystallization o f im planted Silicon, we suggest that 
residual stress/strain , attributable to  the accom - 
m odation of high im plant concentrations, m ay play 
a m ajor role in inhibiting epitaxial recovery, but at 
lower im plant-concentration levels, implant-species 
effects m ay be o f com parable, o r greater, impor- 
tance. These and other param eters involved in the 
recrystallization process will be discussed in detail in 
the final article o f  this series.22
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