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SOME NEW RESULTS IN THE CHARACTERIZATION ‘OF DEFECTS.

IN PHOSPHOROUS ION—IMPLANTED SILICON

Y

K. Seshan and J. Washburn

: Department of Materials Sc1ence and Engineerlng,
College of Engineering and Inorganic Materials Research Division
Lawrence Berkeley Laboratory, University of Callfornla
Berkeley, California 94720 |
ABSTRACT
Defects in annealed P+ ion-implanted silicon-(p';ype), implanted .
to below the critical dose to fbfm a.continuous "amorphous” layer, were
‘found to be faulted hexagonal Frank loops‘(~1016/¢m3;f2002 in diameter)
on the four.{lll} planes. A few unfaulted loops andilinear defects
(*1013/cm3, ~SOOKin length) along the <110> directioné were éléb ﬁresent.
The loops showé&.contrast effects indicative of solute segregation within
the loop. The displacement vectérs are then of the type-i [llli with x
slightly greater than three. The loops were all iﬁterstitial suggesting
that they form from the conversion and growth of small interstitial
clusters formed during implantation. .Segregation of'dopants to these
interstitial clusters could accounf for the poor electrical activity
of phosphorous in foils implanted to below the critical dose and annealed
in the 500-700° range. Studieé of n type.(P and Sb doped) foils show
that defect morphology varies with foil type (n- or p—) and dopant
species present pfior to implantation{ Evidence thét‘the linear defects

are interstitial type, that they anneal from the end near the free

surface and that boron is necessary for their formation is also presented.



INTRODUCTION
N ‘ .
The recovery of electrical activity of P+ implants in silicon

depends critically on the dose. It is knoﬁn'thatufor.implahts Just
below the "critical dose", i.e. before the»formatioﬁ,of a continuous

"amorphous" layér, a high proportion of thevimplanted ions (70% after
| | (1)

a 600°C anneal, ~20% after a~800°C anneal) are still inactive.

Precipitation at or near the dislocation loops formed on_ahnealing

(2)

has been suggested. However, the exact nature of the process is not

clear. It has been proposed that the impurities are attracted to the

dislocation core. However; this attraction is weak:fqr phosphorous.(3)
The ﬁresent experiments were undertaken to cﬁaracterize‘the type
of loops présént and tovattempt to obtainvevidence fbr segrégation_bf
phosphoréus atgﬁs to the loops. |
Differiné'accounts of defect morphology,in,?+~implantsinbw exist.

Circular perfect 1oopé in the foil plane have been_reported.(z’a)

Other studies show mostly hexagonal Frank 1oops.(555a)

One authof(6)

denies the presence of linear defects in P+ implants, while others
repﬁrt their ﬁresence.(4’7’8)

‘ The presgﬁt experiments were carried out t6 éxplain the above
differences and to test the hypothesis that.loop»typé and the presence
of linear defeéts depend on foil type and on the dppant elements

present prior to implantation.

EXPERIMENTAL -

Silicon foils (p-typeboron doped 0.2 - SQém,.ahd n-type phosphorous

‘or antimony dopéd ~1Qcm) were implanted 8° off <111> to a dose of 2x1014
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ions/cm2 withfloo keV P+ ioas at room temperatefe'ﬁith currents of
~1uA/em2. One p type foil was implanted with Si ions to a dose of
2 x 1014 ions/cmz. Samples for electron microscopy were annealed in
the range 600°C - 800°C in extra pure helium, chemically thinned from
the non—implanted side and examined at 100 keV in_a‘Philips 301 and a

Hitachi Hu 125 electron microscope.

. RESULTS

In Section A the loops lying in the foil plane are analyzed and
shown to be interstitial type (Fig. 1). Figures 1d and 3a~e show
weak—peam iﬁages of these defects. Several loopsv(e.g. B and y in Fig.
1d; A in Fig° 3e) appear hexagopai with fringespindicating that they
are faultedband lie on planes inclined to the (111) foil surface. In-
Section B, their inclination is calculated using_tﬁe fringe spacingl-
variation (Fig. 3a-e). In Section C, the reeulte‘ofbchanging substrate _
dopant and the effects ef segregation are discussed. Finally, Section
D is on fhe nature and behaviour of the linear defects.

SECTION A

Analysis of Loops Lying in the Plane of the Foil

Figureala_shows the conventional bright fiele image at the (111)
pole with g = 022. Loops in the foil piane (e.g;>5 in Fig. la apd_3b)
eppea: in residuai contrast (g;b.= b). In Fig. 1b and c the same area
is imaged at the [211] pole with +g (g = [111]). ‘Loops in the foil )
plane now appear as grey hexagonal discs with edges along <110> direc-
tions (Fig. 1b or A in Fig: 3e). They show strong '"inside" contrast
(Fig. 1b). | | . | | |

Fig. 2a shows the crystal orientation.that;was determine& from tﬁe

- Kikuchi pattern aﬁd was used for analysis of loop type. Vectors for the
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foil normal f, the operating reflection § and the condition for 's'
) . Lo .

)(9a).

(the deviatiop:pérameter being positive are shoﬁh in Fig. 2b. In

‘terms of the FS/RH conventiOnI(Fig. 2c) only interstitial loops in the

foil plane satisfy the condition (g.R)s>0 (g = 111 R = II11, s>0) This
(%)

gives "inéide" images as observed in Fig. 1b. The analysis in tefﬁss
of theArotatidﬁ»bf planes gives the same result (Fig; 2&) as do the :
weak-beam images (1d). It is éoncluded’that the lOQéS in_thevplane of
~the foil are interstitial type. | | |

A‘diélocation reaction consistent with tﬁis chélﬁsion is seen in
Fig. 1b and d at'E; Here a loop on the inclined plane has grown into
contact with.a loop in the plane of the foil. Thexﬁwo meet at 120° and
tﬁe two Frank dislocations have combined to form a stﬁir—rod dislocation.
Therefore,.fhe defects on the two planes must have béen of the same type
i.e. both werevinterstitial type. Loops on the inClined planes have

1. (5353)

‘previously been shown to be interstitia This may also be

deduced using Fig. 2b.
(10)

It has been suggested that loops in the foii p1ane are vacancy
type. _If.this were so or if lodps in the foil plang had been found to
lie at a different depth it would suggest an effect of internal stress
(causgd by tﬁe sﬁeliing of the amorphous regions) bn the nucleation or
growth of loops. Fig. 5 shows the result of stereoscbpic depth distri-
bution measurements. Loops in the foil plane (6)‘wete found to be
dispersed uniformly with those on tﬁe inclined planes within the same
depth range. .Therefore, no effect of internal stress on nucleation or

growth was detected in these foils which wére'damagéd to less than the

cfitical dose.
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SECTION B

Determination of Loop Habit Planes

The spacing of the fringes in defects like A (Fig. 3a-e) depend
only on the effective extinction distance Eg and the inclination 0 of
the fault hsbit plane to the foil plane. For the kinematical condition
(large s) under‘thicn these weak beam images were cbtained_the fringe
spacing is ng.Cote (9¢). Assumingvthat'the loopS'lie'on an inclined
{111} plane, 6 is 70°. |

Table 1,.column 1 shows the weak-beam reflecting conditions corres-
ponding to Fig; 3a, ¢ and d. The calculated values of the deviation
narameter Sg.and the dimensionless deviation w,.which equals Sé times
the extinction distance E;, are shown in column 3 snd 4 respectiyely;
This was used'td find the effective extinction distence EZ in column
5 using the formula Eg = E; / /l;;?j where E; for silicon g = 220 is
7571, Fringe.spacing was calculated from the formula Eg Cot 70° and
is shown in column 6. These agree within the experimental error
(¥0.1mm = lOK)-With the spacing measured on the plete and shown in
column 7. This validates the assumption that the loops lie on {111}
planes. |

Table 1

Fringe'specing as measured on the electron micrographs are shown

in column 7. These agree within experimental errnr (+108) with calcu-

lated values shown in column 6. The calculations assumed that the loops

lie on an inclined {111} plane.



1 2. 3 4 5 6 1
Weak-beam Fig. (Sg)z-l W 'Ew Caléuiatgd Measured
reflecting : ' og' spacing A spacing A
condition L _ _ A ) ' -
g/2g 3a 5.05x10™> 3.83 - 190 69 . 70.5

g/3g Je  1.14x107°  8.65 87 32 35

g/bg 34 2.02x107%2 15.30 49 18 200

The edge$ of the loops lying in the foil plane (fig.'lb).and those
inclined to fﬁe foil plane (Fié. 3e at A) lie accugately along <110>.or
projected <ilO> directioﬁs. Since dhly {111} planes éontain thfee
‘coplanar <liO> directions, this is furthef evidenéebﬁhat the defects
lie on (111)‘planes. |

| Finally,_four sets of loops were observed as would be exﬁeéted
_if'the habit planes are {111} .
o © SECTION ¢

On Loop Morphology

The morphology of the defects for p-type foils in the resistivity
‘range 0.2-8Qcm was similar to that shown in Fig. 1 and 3. They were .
mostly faulted hexagonal loops on the four {111} planes, present in

' 13 .15, 3 ' S
concentrations between 107 -10""/cm~ and were between 200-300A in
diameter. In éddition, there were a few circular unféulted loops
whose interiors appreared much darker than adjacent areas, e.g. Fig.

1d at A, B and D in the weak-beam positive print. .
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‘ The hexagéﬁal Frénk lodpé_iﬁ thevfbil_planévshOWEd similar
~contrast. In inside contrast. they aﬁpeared as biack'hexagonal discs
(Fig. 1b); in outside contrast they were faint and céuld hardly be
éeen (Fig. Ic)f' Weak-beam images also showed thié'trend. This behaviour
is not affected by small changes in 's' énd'depends oﬁly on the sign of
(g.b)s. The logps are distributéd at various'depfhs within iiSOOR'a
(Fig. 4). Nevertheless, all tﬁe loops still show. the same effect.
Therefore, thié.is not a depth effect. |

It is sﬁggested that this contrast effect in tHe_fau1ted_1oops_may
be a structure factor contrast arising from the adsorption of dopant
~on the stacking fault. The contrast effect in the'peffect loops could
result if small displacements normal to the loop plane still remain
after unfaulting; i.e. the burgers vector of the unfaulted loop is still
not quite a'lattice vector. |

For P+ ions in these foils implanted to a dose less than‘the'
critical dose and annealed.to aBout.800°C up to 20% of the dopant atoms
are still inacti&e.(l) It is possible that these l017 atoms/cm3 (corres-
ponding'to abodf.loz of the atoms fdrming the loopé) Segregate on the
stacking fault &iﬁhin the Frank loop during growth:and remain even if
the fault has been removed by the nucleation of aIShockley partial. Such
a segregation would change the displacément-vecfor of the faulfed loop
to~§ [111] with.x slightly greater than three %nd thoée of the perfect
loops to %[110] - 3[111].‘

A different loop morphology was observed in_n—type phosphorous
. dopedvand antimony.doped silicon, for the same.dose and'anneaiing '

treatment as the p-~type sémples described above. In. the phosphorous
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doped foils, for>b§th Czdchralski.grown(Fig{ Sa}and Qacﬁum float

zoned '1o§ex' éi1ic6n(Fig. gb):the loops tended téhbe:mofe circg;af.'
The change 1ﬁ oxygén concentration'seemed to have littlg effect.. In
the antimony doped féils irregular hexagons were.seen,(Fig. 5¢,d) In
weak-beam images near the g/3g Bragg condition (g %FEZO)'these'loops
had no fringe contrast suggesting that they are_perfect loopé; However,
they'did exhibi£ the unusual contrast effeéts for:+ énd -g, indicative |
of solute seg?égation withiﬁ the loop (e.g. Fig. Sc ;ﬁd d at A).

The-shaﬁe of the ioops could be affécted by whether fhevae:e‘

gfoﬁing-or shrinking at tﬁe end of the final heat.ffeétment. The
former tend to be hexagonal, the latter circular assuming that jog

an Since the désé of P+ ions and

nucleation isvén imporgant step.
the annealing treatment of the n-type and p-type folls were the same the
loops are expected to be in the same growth stage; ‘The differences

in loop morphology are ﬁresumably due to the presenée.of the differént
zdopants, phosphdrous or antimony, present prior to imp1antation.‘

The change in loop morphology with prior dopant épecies suggests
that there is én effect of dopant elements on loép.nﬁcleation orboﬁ
unfaulting. 'This could account for éome of fhe différing morphologies
reported iﬁ thg.1iterature.(2’4-8): |

SECTION D

On the Presence of Linear Defects

" In p-type (boron doped) foils implanted with P+ or Si+ ions linear
13

defects (”8000R long) in concentrations of about 1012-10 /cm2 were

(12)

seen. (This estimate may be low as their images are depth dependent

~ and not all of them are seen). They were absent in the n-type (p?doped
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or Sb—dOpqu foils, (Fig. 5). Since rods wereronly éeéﬁvin:foils‘
where bbron was:presént (p~type boron dopedvsiliéqn og B+ implanted
éilic§n) thé'presence of boron is'apﬁarencly esSenfiai'for the rods to
form. | | |

Fig. lishows that thefe are few iﬂieractiohsfbét@een ﬁhe linear
rods'énd thé'looés suggesting that they deplete thé_same speciesv
.during groﬁth'aﬁd so tend to avoid each other. This deduction that the
rods afe interstitial.because fhe loops are ipterétitiél is consisteﬁt
with the contréSt analysis showing thatvthe rods afe extrinsic.(s)
Stereo microécépy indicates that the rods along';he inclined <110>
directions (Ab,.BDbetc;, Fig. 13) are much lonéérx(~1u) than those in
tﬁe foil planer(~6000—80002). The inclined rods extend from the plane _
of the loops towards the implanted surface. Duriqé aﬁneal a great
majority of these rods simply shrink from the end bﬁﬁ:a few grow wider
to become loop like. The inclined rods shrink most;fapidly from the

end nearer to the implanted surface probably by the motion of vacancies

- from the surface.

One study(6a) reported that linear defects wer§ not present in

(4)

P+ ion implanted p~type silicon. Another reported that they were

present only in hot implants. Linear defects_wereialwéys found in

€

this study of room temperature implants at subcritical dose; recently

similar results have been obtained elsewhere.(s) Ekperiments in progress
indicate that sample heating during implantatibn may determine whether
rods are formed or not.

A catalogue of defects observed, their probable origin and their

contrast properties are given in Table II.-

-
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CONCLUSIONS

In pho;phorous implanted and annealed p-type;(B4doped) silicon
foils, loops iying in the (111) foil plane were found to:be interstitial
as are thosejon»the inclined (111) planes. A majority of the loops
were hexagonal in shape; fahlted and_iay-on {llli_ﬁlanes. The displace-'
mént vectors ﬁf‘the loops were of the_t&pe %{111]'§itﬁ X probably
slightly greater than three becaﬁse of absorptionvof'impurity_bnvthe
stacking fault. The observed interstitiél Frank.léqﬁs>on the four {111}
planes are probably formed from the break—up of smﬁli interstitiaivclus-‘
ters formed'éither during irradiation or during the;very early stages
of annealing (100—300°C);

The defect morpholégy resulting from phosphoréus{implants iﬁto'
n-type, phosphorous or antimony doped samples were‘digferent from
each other andvdifferent from that obtained from p;ﬁype foils. This
‘effect of dopaﬁts which are initially present, coﬁid account for the
differing descriptions of loopmorphology present in_the literaﬁure;(z’a-sj

Contrast effects indicate that dopant atoms seéregate inside the
perfect loops:as we11 as on the stacking faults.ﬁithiﬁ the faulted
loops. Tﬁis Suggests that the perfect loops weré;originally faulted and
that the segregation remains after unfaulting. This accumulation of
dopants to intetstitial loops could account for ;he‘low‘phosphordus
activity in foilé damaged below the critical dose. -

Boron has Been found to be essential for’the f6rmation of 1inearv
rod like defects.. They are extrinsic in nature and the majority shrink

from the ends in the 700°C temperature range.. A few grow wider té become

loop like.
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Type and example

A Catagogue of Defects - Table II

Contrast features

Physical Characteristics

-Faulted loops on the four
111 planes, e.g. o, B, Y
¢ 1in fig. la-e.*

Origin: Clustering of inter-
stitials and the break up

of such clusters during
annealing.

Fig. la. Only B, Y are seen.
¢ § loops appear by residual
contrast i.e. line of no con-
trast perpendicular to g.

: loops on O absent: @.Ba = 0,

g = 111 at 211 pole

¢ o loops are seen edge on
(Fig. 1b,d) in strong contrast
as g and b are parallel.

¢ § loops show strong inside
contrast +g and weak outside

.~g. This is independent of

"s", Fig. 1b and Fig. lc.

Hexagonal, faulted with sides
along 110 directions (See loop
in Fig. 1b in foil plane and
loop A Fig. 3e on an inclined
plane)

There is indication that dopants
are segregated on the stacking’
fault and the displacements are
of the type a <111> , x>3.

X .
Population: numerous for phos-
phorous ions implanted into
p (boron-doped) silicon.
Type: Interstitial onm all four:
planes. '

Unfaulted lodps, e.g.
“A,B,C,D. Fig. 1b.

Origin: Unfaulting of
faulted hexagonal loops
and . the subsequent rotation

" off 111 planes or:

nucleation of perfect
loops caused by the pres-
ence of dopant elements.

Contrast goes from weak to

. strong as the operating
reflection changed from +g

to -g. Indicates precipation

- of dopants within loop.

2

Displacements: -

8:110> -a/y<111>

due - to precipitation.

Population: very few.. However,

their numbers are increased _
with impurity, for Phosphorous
ions implanted into n-type
(Phosphorous doped or Antimony
doped) silicon. =

Loops with habit planes {110}
(edge orientation) as well as
those rotated off {111} are seen.




Table II (Con't)

Type and example ; ~ Contrast features Physical characteristics

Linear rods AB,AC,CB lying Inclined rods show dotted Displacements: £ 100> 3 interstitial
along the three <110>directions contrast e.g. DC,DB,DA lying on {100}.*  (8a)

in' the foil plane and CD,BD,AD in Fig. 1d. Behave like : » o

along the three <110> directions . = dipoles, give inside and

inclined to the foil plame.. = - outside contrast.

Fig. 1b*, ‘ ' '

Contrast and visibility of
Form only when boron is present these defects are very

' : ' : sensitive to position of
defect in foil and effective
foil thickness.

Rods and loops do not interact. They
avoid each other possibly because

they compete for the same point
defect. Work in progress indicates
that the inclined rods are much longer
than those in the foil plane. They
start at the level of the horizontal
rods and extend towards the implanted.
surface. They anneal from the end-
near the implanted surface. .

* The lettering used in Fig. la, b, and d'are consistent with the Thomson tetrahedron drawn on these figures.

_E'[_
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FIGURE CABTIONS

Fig. 1. | (a) shows the image éf a (111) foil at thé [111] péle using
a 022 reflection; loops in the foil plané,'e.g. § , appear-
by residual (g.R = 0) contrast. | L
(b)'shows the same area at the [211] bble with g = lii;_;lb
Loépé in the foil plane appear by difffaction.coﬁtrést. They

| show strong inside contrast, lie on theV(lll) foil ﬁlane"
v and have straight edges along 110 direétioﬁs.
(c) shows the image at the [211] pole Qithig = 111. The
: lobps-in the foiL plane now show weak ou;side contrast.
In.Fig. 1b and d the tetrahedron of 111 planeé is drawn
aﬁd the linéér defects along tHe_six <110> directions
'identified. |
(d) éhows the weak-beam image of the same area at the
[211] pole. The § léops show uniform whife_contrast
cénfifming that they lie parallel to thé foil_surface.
Loops on the a(BCD) ﬁlane appear edge opi_ Perfect loops
rmarked’A,B,C showvdark interiors evidenéiné some form of
pfécipitation inside the loops.. At E a:iOOpboh the foil
plane has reacted with one on an inclihéﬁ:plané. Hence

these loops are both interstitial. -

Fig. 2. (a) shows the position of the experimentally observed poles
and the correct orientation of thezcrystal'as seen in Fig. la.
(b) shows the crystai rotated to'the [21i]'p913. This condition
cofrespondé to images in Fig. lb,c‘and d.  The top surface v
of the cfystal is aésumed‘fixed and.the.iﬁages are obtainéd ét
_ g (§>O) i.e., the reciprocal lattice.point in inside the Ewald

sphéré;7 (¢) shows the formal FS/RH ahalyéis. ,The observed"



Fig. 3a-e

Fig. 4.

Fig. 5.
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5
i;ages require that g.R>g., Only inté:stitial loops iﬁ tHe
foii‘plane satisfy this condition.

(d)'shows the analysis repeafed in tefmsiéf the rotation
of planes. Thisvprocedu:e.also gives thé.Same result

that the loops in the plane>of the foll are interstitial.

Shows weak beam images with conditions g/2g (imaging g with

2g satisfied) to g/4g. Notice the increase in the number

of fringes in defect A goinglfrom two in Fig. 3a to about six .

in Fig. 3e. The ffinge spacing decreases as the deviation -

parameter "s'" increases from 5:{10-3 A_l

,2‘2XI0—2 A_liin fig. 3e. The spacing of these fringes can’

in fig. 3a to._

be uéed to accurately‘calculate the inclination.of thé
defgct such as A. It is proved (see féxt) that A is an
héxagonal loop lying on an inclined {lli},plane. Notice
also that A and B have been‘cut by ﬁhe foil surface.:
Shows the distribution of loops in the‘fdil-plan¢.6 and

those on inclined planes a, B, and'y.iiihe' § loops.are

‘distributed uniformly and show no preferential locations.

Phoéphorous implants ( 2 x 1014 ions/cmzj'into:

(aS ‘n (phdsphorous doped), Czochralski.gfown ~1Qcm Si;
symmetric weak—Beam Bright.field (SWBB?).image(l6);
(b)l? (phbsphorbus doped) Si, ~Qlem, vébuum float zoned

"lopex" Si SWWB image;

(é) n (antimony doped) Si, weak-beam images in tg.
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The foils were all heat treated 750 - 800°C for 1/2 hour.
Notice the increase in the fraction of almost circular
perfect loops over the p type foils (Fig. 1) and the absence
of linear defects. In (c) and (d) notice how the large
loops show very dark inside contrast (c) and weak outside
contrast (d) e.g. at A, This is interpreted as evidence of
dopant segregation to the stacking fault before the loop

unfaulted.
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XBB 747-4424

Fig. 1 continued.



-20-

(a)

|

e

(b)

e[211]

g[11i),s>0

Fixed

(C) Fig. Ib requires that
g:-R3>0; (S>0)

gliill, s>0
S

Interstitial Loops Give g. R8>0 (S>0)

N
g9
S>0
Ewald
Sphere
(d)

Interstitial Loops — Image Lnside.

Fig. 2

XBL 745-6413



2

XBB 745-3357




Depth,
o

5000+

4000+

30004

2000

1000~

Top of Foil

Distribution of Loops:
O In the foil plane §

O On inclined planes a, B, y

Bottom <! Foil

o
Area ~ 4 «10° AZ
00 KV
6°tilt

— Rod

O
O

20,000

25,000

o 30,000 35,000

Distance, A

XBL747-6673
Fig. 4



=G




LEGAL NOTICE

This report was prepared as an account of work sponsored by the
United States Government. Neither the United States nor the United
States Atomic Energy Commission, nor any of their employees, nor
any of their contractors, subcontractors, or their employees, makes
any warranty, express or implied, or assumes any legal liability or
responsibility for the accuracy, completeness or usefulness of any
information, apparatus, product or process disclosed, or represents
that its use would not infringe privately owned rights.
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