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ABSTRACT

Brégg line profile (BLP) and high-resolution
diffuse X-ray scattering (DXS) measurements have been obtained

in boron Czochralski Si single crystals. The crystals, dislocation
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free, doped with B concentration (CB) from 10 to 1019 cm 7,

have been analysed in a double crystal diffractometer using a
highly collimated CuKa; radiation. The BLP evidenced that the

(111} plane is the most affected by doping process and in a

more critical way for CB 3 1018 cm_3. DXS results have shown

the presence of clusters with typical size parameters of some
tens to some thousands of angstrons with a prevaling interstitial-

nature for the larger and vacancy-nature for the smaller except

for CB - 1019 cm-3 which presents only an interstitial-nature.

INTRODUCTION

Point -defects are known to have marked effects
on physical properties of silicon single crystals.. Silicon
crystals can be grown from the melt by means of the floating-
zone (FZ) and Czochralski (CZ} technigues, free of line dislocations
and macroscopic defects like twins and stacking .faults [1].
buring the growth, point defects can be inhcmogenecusly incorporated
in the crystal and point defects agglomerates are often.formed.
The main defects and inhomogeneities . occuring in -8§i  crystals
are: striations, corresponding to microscopically non-uniform
spatial distribution of impurities (dopant, carbon, oxygen):
microdefects or swirl defects, corresponding to agglomerates of
atomic point defects, like silicon interstitials, vacancies;
precipitates of impurities, e.g. oxygen precipitates in .CZ
silicon [1]. The performance of silicon electronic devices is
significantly influenced by the presence of these microdefects
and despite of extensive studies, many aspects regarding their
nature and origin .are still not understood. (For a review, see
references [1-5]).

These silicon defects, that show a marked rxelation
with the growth conditions [6], have been extensively. studied
in FZ-silicon. Only recently microdefects were detected in
Cz—siiicon E?,{}: three types of  microdefects were found
differing in size, density and spacial distribution: the larger,
A-type, are perfect dislocation loops of interstitial nature;
B-type are precipitate particies exhibiting a vacancy-type strain
field; C-type, the smaller, afe of character still not unravelled.
Doping and crystal pulling rate (Vg).were-found to affect strongly

the formation of swirl defects in C2 silicon crystals f7,8}.



Undeoped or lightly doped (n~ or p-type impurities) CZ crystals.
pulled at rates Vg ¢ 1 mm/min contaln the three types of

microdefects distributed in striated patterns: At Vé % 2 mm/min,
A defect- formation is completely suppressed.  TFor concentrations

axcaeeding 10l7 cm_3

; the defect formation is drastically
affected by the type of impurities: doping with acceptor type
(B, Ga) suppresses completely the formation of B defects as
well as of € defects; doping with donor type {(Sb, P, As}
eliminates the A defects.  Similarly for FZ silicon, the carbon
content of the crystals’ influences the concentration of B and
C defects” [§].

" An  accurate study of crystalline parameter variation
of CZ silicon, boron doped by diffusion during the growth D,Bﬂ,
has shown that-thé lattice interplanar spacings are differently
contracted by the presence of boron. This préferential alteration
cceurs in a more pronunciate way for concentrations up. to
1013-¢m‘3s-it was also observed a2 growth orientation dependehce
of the diffusion of boron.

These defécts in Si single crystals have been
characterized by means of several techniques: ﬁetal decoration
combinéd with X-ray topography, etching, electron microscopy
(TEM, HVEM, SEM-EBIC) aﬂd-electriéél measurements. The X-ray
transmission topography is extensively employed but it does not
allow 'a detdiled charactérization’ of the defect aggregates. On
the other-hand, the lattice strains due to point defects and
clusters are sometimes very weak to produce visible images in
X-ray fopographsi ' The same occirs for B-swirl defects that have
a weak strain field at room temperature, tha attempts to identify
them by “TEM ~having failed [8].

I# récent Vears; a very sensitive X-ray technique
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has been employed in the study of point defects and their
aggregates: the diffuse X-ray scattering technique DJJ,. The
point defects and aggregates produce a diffuse X~ray scattering
(DX5) near the Bragg reflection and the study of this DXS can
give information about characteristics of those defects. DXS
has been developed into a very powerful method for investigation
of the structure and size of point defects and their agglomerates,
being applicable for defect sizes ranging from single point .
defects up to dislocation loops which are large encugh to be
observed also in the electron microscope [12] . In order to study
the DXS wvery near a Bragg reflection, accurate experimental
conditions are required, such as highly collimated and mono-
cromated X-ray beam [l3—li} as well as precise mechanics
apparatus to permit the rocking of the sample at very short
steps. The high resolution technigue for measurements of DXS
has been particularly used by Lal and co-workers [14-21]. This
method has been employed in detailed studies of point defect
aggregates in nearly perfect silicon single crystal ElG-lS;ZO];
their interstitial or vacancy nature as well as the average
cluster size were determined. As-grown silicon has showed DXS
predominatingly due to aggregates of vacancies while the silicon,
heated under oxygen, presents defect aggregates of interstitial
type . [3.'8] .

In the present paper the DXS technigue is used
in a high resolution condiction to study aggregates n1Czaﬂualski
silicon single crystals, diélocation free, boron doped by
diffusion during the growth. The doping levels, between 1014
and 1019 cm-3 are the generally used for CZ silicon device
applications. It is also employed the profile analysis of Bragg

reflection that can likewise gives information about the defects
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in singlé crystals, despite of their yet gualitative aspect for

some crystal defects !:20-23].

OUTLINE OF THE METHOD

The basic theory of diffuse scattering from point
defects and their aggregates has been &iscussed by several
authors (for a review, see reference [l{]). In this paper only
the aspects used in the interpretation of the experimental
results are discussed.

For statistically distributed point defects with
small concentration ¢ , the DXS depends directly on the nuwber
N of defects, the defect itself and the displaced cloud of
lattice atoms in the vicinity of the defect. The DXS is measured
‘as a function of the scattering vector k (IEE = (47/\)senB} ;
a g vector is defined as the difference between the scattering
vector k and the nearest reciprocal lattice vector h: g=k-h.
Depending on the deviation g from the Bragg reflection, two
DXS regions are in general distinguished. For small g . which

‘means near to the Bragg reflections (g << h , h = k), the DXS
_{or Huang scattering) intensity Ié(g) varies as l/qz‘, being
determined by the behaviour of the long range displacement field
of the defect. TFor large g , the DXS intensity away from the
Bragg reflections depends sensitively on the displacements in
the immediate vicinity of the defect. In addition to the Huang
scattering, there is a contribution to the intensity which varies
like 1/q , yielding an asymmetry of the DXS near the Bragg
reflection. Therefore, the DXS intensity Z(E) is given by a

symmetric Is(q) and a asymmetric IA(q) component; at small
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g9 values, Is(g)=2'IH(q) .- The sign of the antisymmetric term
depends very sensitively on the strenghth of the displacement
field: for dilation centers (e.g. vacancies) the DXS is more
intense for angles smaller than the Bragg angle (BB); whereas .
for centers of compression it is more intense for angles larger
than the Bragg angle.

When the N point defects are clustered together,
there is a lower concentration of the new ch defects given
by Cor = c/ncz . where nC£ is the number of point defects in
the cluster; the Nc£ defects have a much stronger displacement
field. The theory assumes a linear superposition of the dis-
placements of the R.p point defects in a cluster, and also
considers the scattering centers (clusters) statistically
distributed and a constant density within a sphere of radius
R_p . For small g values, fql << q,. = /R, + R, Deing
a critical e¢luster radius, the DXS intensity follows also the
1/q2 behaviour; this Huang scattering is very sensitive to
defect clustering, increasing by a factor nc2 . For large
g (ig] > q_) values the DXS is determined by strongly distorted
regions of the lattice, which means it is determined by the
displacement field in the core of the cluster. A2an asymptotic
digplacement field is used since the 1/:2 behaviour of the
long range displacement'field is no ionger foliowed and a
géneralized form of the Stokes~Wilson approximation can be
applied. This DXS (or Stokes-Wilson scattering) intensity
ISW(E) decreases very fast ~l/q4 and is proportional to
ccﬁ'nci = ¢ . A critical radius, Rcr = l/qcr ; can be estimated,
from the crossing point (qcr) of the Huang and Stokes-Wilson

scattering; at low reflection orders R =~ R and this

cr cluster
relations is often used for an estimate of the cluster radius.



Bnalogously to point defects, the'asymmetric contribution to
the DXS'allows the determination of the type of cluster: vacancy,

if higher intensity at  8:<8_, and interstitial,. if higher

B
intensity at 9 > e
Besides -the ‘evaluation of the’ cluster radius from
the inverse of Doy values, corresponding to -the transition
from Huang to Stokes-Wilson scattering, other propositiens have
been made. The rocking curves obtained in a double=-crystal
spectrometer with a wide-open counter is an integrated intensity,
measured as a function of the deviation A6 = s8-8, [11,24];
hence 'the DXS intensity must be integrate over all q values
on the Ewald sphere surface. The result of this integration [11,24]
takes intoc account the component of the g vector at the
scattering beam direction, for a given deviation angle A3:
Igol = |h| 49 cos¢ = |q| cos® . The symmetrical part of DXS
intensity is given by:

. V2,0
Iglay) ~ A fn (e /R g ) for Ig{ < /R
(Eq.1)
1o (q,) - c|:1/R-2q2]  for lg| > i/r
57 ] ool = =]

where A - includes the size and number of clusters and the
wavelenqht_oﬁ the used radiation; and C includes the size of
cluste:g aqd the gmplpged (hk£) reflection. _To cbtain the -
symmetrical part of the DXS intensity it is proposed [?4,li] to
considér the average of the inﬁensity change measured at equal.

g

s ©°F _AB on either side of the center of Bragy peak (k =h qc).

For g < l/R0 , a plot of Is(qo) vs. &n a, should be ilinear

and yields an intercept (Is(qo) = 0) with the horizontal axis

of g which is =l/RD ; l.e. the reciprocal cof the cluster
radius (g = el/Z/RO (Bq.2)) [1]. Fer gq< /R, a plot of £n Io(q)
vs. £n q, should be linear with silope m = -2 ‘

Another procedure is proposed by Lal and co-
workers [17-19]. They have chosen an Ig(q) vs. l/q2 plot
because a straight line is expected if the observed DXS cor-
responds to Huang scattering. For dislocation-free silicon single
crystal they have observed that the plots are not single straight
lines but consist of at least two straight lines with different
slopes; the points where the lines change the slopes (or knee
points, as called by Lal and co-workers) are important parameters
since they can give information about the size of the clusters.
These authors {18] also analysed the DXS intensity in a
log Is(g} vs. log(q) plot, which reveals regions of different

values of n in the equation IS(q) = !g|~rl .

EXPERIMENTAL

The Czochralski silicon crystals used in the
present investigation were grown in the Microelectronic Laboratory,
Peolitechnic School, Sao Paulo University, and the wafers of
normal semiconductor grade specifications belong to batches
usually utilized in microcircuit devices. The crystals were
grown in a purified argeon atmosphere of low pressure (~13 Torr)
at a pulling rate of about 1 mm/min. The silicon wafers have
4 cm  in diameter, nominally 200 um thick and the surface plane
perpendicular to the growth direction. (<00l> and <111>). The
usual chemical-mechanical polishing was made in order to remove

the surface damage introduced by the cut. process.
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Sevéral characteristics of the samples were
-obtained before the high resolution DXS study. Resistivity
measurements (four point probe technique) were employed to assure
the resigtivity homogeneity (0.4 to 2.3%) and to obtain the
concentration of electrically-active dopants. The thickness was
determined by means of a capacitive proéess and showed an homo-
geneity of about 0.5%. A light interferometer was used to
determine the radius of curvature: 25m [9]; in some samples it
was also evaluated from the diffraction curves obtained from a
topographic camera, Lang-type: 400 m [25] . For B concentration
higher than 108 cm™3 , the doped silicon is completely absorvent
to infrared radiation; therefore, it is impracticable the de-
termination of residual carbon and oxygen contents in those
crystals by the infrared absorption spectroscopic analysis, For
the determination of carbon and oxygen content in a single
crystal silicon P doped (6.5 x 1014 cm_3), grown at the same
usual conditions [}6}, the differential infrared technique was
employed taking as standard a FZ-silicon (from General Diode
Corp.}, low carbon and oxygen concentrations, 200R.cm of

resistivity; the obtained values of concentrations are 3x1017 cm"3

for oxygen and 10'® ™3 for carbon. a profile analysis of
Bragg reflection was carriéd cut in a X-ray double diffractometer
from different regions of the wafers in order to certify the
crystalline homogeneity [20]. X-ray transmission topography in
a Lang camera [25] has shown total absence of line dislocations
as well as defects introduced by cut processes. The silicon
specimens studied in this paper were also investigated by means
of pseudo-Kossel technique [9,10] that likewise did not show

the presence of dislocations. In Table 1 are shown the doped

silicon samples, dislocation free, their direction of growth,
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resistivity and boron concentration.

FPor the high resclution DXS measurements as well
as to obtain the line profile of Bragg reflecticn (BLP) a double
crystal diffractometer was moﬁnted in such a way to profit some
mechanics movements of a commercial Rigaku Denki diffractometer
[?03. A schematic line diagram of the experimental arrangement
is shown in Fig. la. It is emploved a Cu radiatidn of a lineal
section X-ray beam from a fine focus tube; the stability of the
X-ray generator is 0.03%. To obtain the Ke¢ radiation it is
used a.single crystal monochromator, set in a special gonilometer
head. Platinum pinholes {¢ = 200um) allow the elimination of
the TKa, radiation. The sample is mounted on a standard
goniometer head of a Rigaku Denki full circle single'crystal
attachment, set in the comercial diffractometer. A scintillaticn

counter is used as detector and a w~ or 8-scanning of the sample

permits to obtain the BLP in a plotter or by counting the intensity

step to step; a single-channel analyser is adjusted to utilize
90% of the energy spectrum. The mechanic stability of the
arrangement was improved by adapting the diffractometer on an
iron ground plate; this plate was projected in order also to
allow the rotation of the diffractometer around the vertical
axis of the monochromator. This disposability is particularly
important in the initial stages of the alignment; on the other
kand, it easily allows the utilization of others monochromator
crystals. The alignment of the arrangement can be made in a
very systematic and reproductive way, employing in the  first
stages a laser source in place of the detector.” Figure lb shows
the BLP of the (111) reflecticn of Ge single crystal, cbtained
in the double crvstal diffractometer, having a Ge {11l1) as

monochromaﬁor; the half width of this BLP is 1l séconds of arc.
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To possibilitate the record oﬁ such sharp line profiles it is
necessary to.adapt a gear reducer. the §-scanning motor axis of
therdiffrgctometer. A. semi~automatic procedure possibilitates
to.get. A8 intervals of 2.5 x 10—4 degrees or less.

.Particular care should be taken to centralize
the sample.. This is of fundamental‘importance_for the BLP
analysis f22] and for comparative analysis of high resolution
DXS in different samples. The exact setting of the sample
surface in the center of the full circle attachment is assured, by means
of X-ray diffraction, after an accuraté optical alignment to
prevent geonetric deformation in the BLP. Taking as references
the (hkf) reflection of the surface plane, the crystal is adjusted
until the [hkE] scattering vector. is exagtly perpendicular to
the w- or f-rotatieon axis. This is verified from successive
rotation of the sample arcund the (e ] direction followed by
the cbservation of the maximum or peak intensity. This intensity
must be constant within the mechanic precision of the gonicmweter
head movements. This procedure also allows to check the symmetry
of the cut of the wafers, since asymmetries can alter the half
width of the BLP. wWithin the precision of cur measurements, was
no£ detected alterations in the BLP of surface plane reflections
of the studied crystals.

For the five samples it was obtained the BLP of
nine reflections. For a gualitative control, they were recorded
in a plotter at a conditicn of low time constant (¢.5 s } and
scanning speed (l/lGo/min). In the vrocedure of step by step
counting it was employed constant time; different Aw intervals
. were used in a profile. To avoid truncation errors in the BLP,
the intensity measurements were made until the background counting

is reached. The background is measured in both sides of each line
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profile; for the background correction it is subtracted from
each intensity value the correspondent backgrcund intensity,
obtained for eéch refleétion adjusting a straight line by least .
mean square. Care was taken to study the same set of (hké)
reflections in all the samples {and not the eguivalent ome {hké}
reflections) ., Besides the stability of the experimental arrangement,
systematic verifications of the electronic conditions and the
initial performance_of the deouble crystal diffractometer were

done, employing a standard reflection.

RESULTS AND DISCUSSION .

In this paper the intensities always refer to
relative intensity in arbitrary unities but its unity is the
same for all BLP and DSX intensities, since in this experiment
the intensity of the exploring X-ray beam is kept constant.

DXS intensity is expected to contribute preferentialy uJenlmxﬁ
the base of BLP; therefore, it is considered more pertinent to
take the width at half height to evaluate the profile width
since the integral width would take into account also the DXS,
FPigure 2 shows the 81/2 half-width values for several (hki)
relp's of free-dislocation doped silicon crystals with increasing

boron concentration. An undoped silicon single crystal, -~ 4000.cm

resistivity, from Hooboken, is taken as reference and the 81/2
values from its reflections are also signalized in Fig. 2.
The diffractions curves are narrow, the 81/2

for the various 8i c¢rystals varied in the range of ll"(Si]ﬂl4,

" . 19
(111)) to 135" (Si 1077, (440)). As a general tendency, it is

observed an increasing of 61/2_.values as the CB boron
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concentration increases but two. distinct behaviours of this

parameter are evident, depending on CB . Until CB = 1016 cm_3

the BLP are very sharp; the (hk?) BLP from 51 1014 and Sijl_ol5
present hnearly the same geometric parameters than the standard
silicon reflections; the 31/2 values show no significative

alteration, being the (111) reflection the most affected, with

an increasing of about 18% (11" to 13"} in its 61/2 value.

Marked’ changing: occurs. for higher CB values (—--1018 cm‘3):
taking as reference the standard silicon, the 61/2 of (111}
reflection from Si 1018 has increased by a factor 9.5 . It

is worthwhile to note that, at lower CB values, an increasing in

C of a facteor 23 alters in 10% the

B value while at higher

81/2

¢, wvalues, an increasing of ¢€_ of only a factor 3 also alters

B B

in 10% the same parameter Bl/Z . Taking into account the
broadening due to dispersion it is observed a preferential
alteration in (hk£) BLP as the B concentration increases. The
most affected reflections with the doping process aie respectively,
{111) - the most significantly changed - (220}, (311} and (400}.

These BLP results are in accordance with the
results of precision interplanar spacing from the same  silicon
samples, employving pseudo-Kossel technique [9}10]: the B
diffusion process was found to affect differently the crystal-
lographic planes producinq a contraction particularly in {333}
planes and also, in a more pronunciate, way for concentrations
over 1018 cm*a.

Tt is considered of interest to analyse the DXS§
im this <111> crystallographic direction and the {111} and
(333) reflections were chosen to be studied; the (111) reflection
is the less affected by instrumental dispersion and the (333)

is a high order reflecticon, very sensitive to crystal perfection.
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A computer program was madé-to analyse the DXS and a collection

of curves is obtained from a plotter. A typical segquence is

illustrated in Pig. 3 for the (333) reflection from sample Siiﬂ4.
Fig. 3a shows the 1log I vs. log Igr plot where 1t is

"B
These plots for (111} and (333) reflections from all the samples

identified the g values corresponding to 6 > 8, and ¢ <=BB.

have presented regions of lineal behaviour with different slopes
; m. Table 2 shows the m slope values corresponding to regﬂxﬁ
of q < Doy and g > Tor .(hereafter called respectively H
and S-W regions); for some plots, the lineal behaviours can
only be admited at g 2 Ty and g ¥ Gop * For samples with
low CB the (111} reflections have presented lineal behaviour
with a ~ qu decrease of the DXS in both H and 5-W. regions
following, therefore, the Huahg scattering law; from samples
heavily doped it is observed in both regions a much slower

-l.2 _ q-l's)-, which may

decrease of DXS intensity with q (g
indicate that close to the defect the displacements are much
large than in an x:_2 extrapolations of long-range displacement
fietd [27}. From ali the samples, {333} reflections have presented
a marked change in the behavicur of the DXS intensity with the
increasing of <« . From samples with low CB the DXS intemsity
foilows in H region the Huang scattering law (q-2 dependenge)
and in 8-W region the Stokes-Wilson law (q—4 dependence) ; the
average radius of clusters (Rcr) obtained. from the crossing
point of changing of behaviour .q-z to q_4 (Table 2) are of
some hundred of angstrons. For samples with high 'CB it is
difficult to precise the slope in H region and only a tendency

to a q_z dependence is observed; in S-W region a more fast

3 -m

decrease of the intensity occurs, but less than _qf (a .

2.4 <m < 2.9), which is a first indication.of the qfécmgenﬂama
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observed for even stronger defects [26]; it is also noted a
distint behaviocur of the DXS intensity for g  values cor-
responding to 9 > 0p and § < 8y - Variation of the slopes in
these plots with the orders of ré&flections has been pointed out
[17,27]. The observed deviation from the a? law indicates
that the nearest neighbeors of the clusters are strongly dis-
torted [11]; this distortion is quite different for the heavily
doped samples and it is not poséible from the crossing point to
. well define an average radius of clusters.

Fig. 3b expresses the I vs. ﬂnlgol. The behavicour
of these curves is in accordance with theoretical prediction
{Eq. {1)), being lineal near the peak, until a particular a..
value. The alteration of the lineal behaviour is inferpreted
as due to a differential DXS, produced by strain fields internal
and external to the cluster [11]. The symmetrical part of the
D¥$ intensity (from Eq. (2)) is used to obtain the q, value
correspondent to the intersect of the straight line and the
abcisse axis.  From the 'qo' relation, the averaée size of the
aggregates was evaluated. Table 2 shows the mean values of the
clusters size Ro for the free-dislocation doped CZ-silicon
single crystal with different ‘B - concentration. The R~ values’
obtained from (Lll) reflections aré bigger than those from (333)
reflections, which are more affected by the dispersion. There
is a general téndency to a decreasing of the Ro value with

the increasing of Ch For very sharp BLP (like (ill) reflections

from st 107* ; si 10'® and si 10'%) , it is observed the
close dependence of the slope of the straight line with the
elimination of a few points very near to the Bragg peak. This

fact yields a 'large imprecision in the determination of 4,

(This explains the two different values presented in Table 2
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for a sample Si 10l4).

A comparison between the Rcr and Ro values
obtained from {333) reflections shows RO = 3Rcr and, therefore,
an cccurance toc a qmz dependence at g > qd - The present
results for (333) reflectiong are guite different from the
cbtained by Patel [li}, under analogous experimental corditions,
for Si crystals having about the same oxygen concentration
but after heat treatment, which induces the oxvgen to cluster.
This authcr has observed a q-2 dependence of the DXS at q>1JPb
and exygen cluster of size Ro = 2,200 g .  Therefore, the
cbhserved g dependences of DXS in the present paper are related
to the presence of B and for all range of B concentration
our results show clusters of size Ro < 2,200 g

Fig. 4c shows a typical plot of DXS intensity as
function of |E|“2 (I vs. l/qzl. It represents a more efficient
and sensible anamorphosis than the plot showed in Fig. 3a.

These plots show that for a given value of |g|, the correspondent
intensity value I{(g) 1is different depending on observed
directions. This behaviour strongly suggest that the results
are predominantly due to defacts aggregates [18]. The straight
lines have different slopes, like observed by Lal and co-
workers [}7—19]. To obtain the correspondent g values from the
knee points, care is taken to vary sucessively the vertical and
herizontal scale of the plot to better define those points.
Table 2 gives this parameter size for all the studied samples;
it is wothwhile to point out that for a sample the set of radius
values means the most promineﬁt average values (R) for the size
of clusters. It is observed, as a general tendency, an increasing
in the number of R as the C increases; it is also noted the

B

decreasing in’ the smaller values with the: intreasing: og: Cy v
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which is in agreemgnt tb.the results obfained for Ro.'

The size parameter for the aggregates varies in
a large range of values, from tens to thousands angstrons. 1In a
similar DXS study of unddped silicon, Lal et al. [}7] have
obtained as typical size parameter for the aggregates, 3,000 to
10,000 S. The presence of B has, therefore, marked influence
in the range of cluster size values, particularly in the smaller
ones.

To analyse the nature of the aggregates, it is
considered the asymmetries in the DXS intensities in térms of
the 6-angles, since in reciprocal space when 8 > BB (ox
8 < BB) a is parallel (or antiparallel} to h . The plotting
of intensity in a ldgarithmic scale (log I vs. A8}, as shown in
Fig. 3d, gives a qualitative evidence of the presence of DXS
in BLP. PFig. 4 allows to comparate the DXS of (111) and (333)
reflections from the samples. These curves put also in evidence
the anisotropies in the distribution of DXS intensity in both_
side of the BLP, taking as reference the Bragg angle BB. The
evaluation of asymmetries were done from the BLP's and from the
log I vs. logl|gl| plots, taking into account the existence of the
two H and S5-W regions. These plots allow a better ohservation
of changes in asymmetry with the increasing of g values, as
can be seen in Fig. 3a. For the studied reflections it is
determined the sign of that asymmetrical behavior that is related
+o vacancy or interstitial cluster type. Table 2 gives the
predominante nature of the clusters in the doped CE-silicon for
several B concentrations, from the (111) and (333) reflections.
From the less doped samples it is not evident in (111) reflecticns
the presence of asymmetries in both H and S-W regions; .

therefore, no prevailing nature of clusters is observed. In the
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{333) ‘reflections the DXS -intensity -in H region is higher for

6 > BB than the 8 < GB ; the opposite occuring in  S-W. region;

this behaviour is also observed in (111) and (333) reflections

from sample 8i 1018; these asymmetries correspond to a prevailing

interstitial-type cluster from H region and a vacancy one from

19

S-W region. The DX$ intensity from Si 10 shows a distint

behaviour: a predominant. interstitial-type .from {(333) reflection
in both H and S-W regions and from (111) only in S-W region since in
H region a predominant vacancy-type.is observed. .(The experimental
1%

data of Si 10 sample were:analysed with a particular care

in order to confirm the above results). - It seems interesting
to note-that the. inversion of asymmetry. -(that:occurs for all
reflections except (333)-51-1019) takes place at g .values

near to . Similar inversion of asymmetry was presented by

eir
Lal et al. [17]. e.g. in Fig. 8a. -If it is considered the (333}

reflections, the prevailing nature of the clusters can be so

summarized: until Cp - 1018 cn™3 |, interstitial-type in H
region and vacancy-type in - S-W..regions; for CB ~ 1019 va3 ;

interstitial-type in-both region.. -Considering the results from
the I vs. l/ig|2 plots and the R, and R__ . valves it is
possible to relate the interstitial- and vacancy-nature
respectively to the larger: and. smaller clusters.

Fig. 4 puts.also in.evidence the relative increasing
in the Dks;intensity for different increasing of CB.,the.kugest

16 i8 -3

alteration. occuring. from: € 107 to .10 cm ;. the marked

B' B -
alteration in ' BLP width also ocgcurs in.this:_CB;”xange. As it
was discussed in the outline of the method, the Hwﬂg‘saﬂienh@
increases with the growth of clusters and the Stokes-Wilson

scattering with the point defeqtgcqncentration_(c). A non linear

increase of iH with concentration is.observed and the results
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seems to indicate that for Cj .~ 1018 cn™® |, besides an increasing

of "¢ .- a sensitive process of clustering occurs..

SUMMARY

The BLP results have shown that until Cg ~JDlG cm3,
the crystalline quality of Czochralski silicon single crystals
(Vé = 1 mn/min} is practically not affected by ﬁhe B doping
process. After that value the crystal begins, in a pore prommciate
manner, to lose its crystalline perfection. The BLP analysis
has shown the (111) plane as the most affected by doping process.
The broadening of BLP due to internal stress is related to an
increasing of the number of boron atoms- in: the silicon lattice,
and in a more critical way for B . concentrations values over

1018 cm._3 where a marked clustering process takes place.

For boron concentration CB - 1014 - 1019 cm_3,
the DXS results'have shown the presence of point defects and
clusters of point defects. The displacement field in the core
of the cluster depends on boron concentraticn béing stronger for
lightly doped silicon; the long-range displacement field alsc
depends on doping level, being much larger than in an r_2
extrapolation'for heavily doped silicon. - The set of the most
prominent values for the cluster size varies in a range of some
tens to several thousands of angstrons with an. average size in
geﬁeral of ‘several hundred of angstrons. The presence of  .the
smaller clusters increases with the increasing of boron
concentration.

The prevailing cluster nature depends on the

parameter size and of the boron concentration. Our results are,

.20,

in general in accordance to those reported by de Kock and co-

workers E?,Sj for doped Czochralski silicon pulled at rates
vg ¢ 1L mn/min. For Cy < 1017 em™3 they have verified the

presence of the three types of microdefects: A (the larger), of
interstitial nature, B , exhibiting a vacancy-type strain field
and ¢ (the smaller) of unravelled nature. From our results, a
prevailing interstitial-nature is associated with to the chserved

larger clusters while the opposite occcurs to the cbserved smaller

clusters, which present a vacancy-nature. For CB > 1017 cm"3

de Kock and co-workers have observed only the presence of dis-

location loops (or clusters of dislocation loops) of interstitial-

nature; for CB ~ 1019 cm-3 our results alsc show a prevailing
interstitial-type but for both larger and smaller clusters. For
CB - 1018 cm"3 our results still show a vacancy-type for the

smaller ciusters; it is possible that this CB values is related

to a transition in the prevailing nature of clusters.
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FIGURE CAPTIONS

Fig. 1 - Double crystal X-ray diffractometer with (111) Ge

Fig.

3..

monochromator and Cukm1 beam. a) A schematic line

diagram; b) (111; BLP from Ge single crystal.
T % Ge (111)
* LVC
Fig. 2 - Variation of width at half height (B,,) of (hk{) BLP MONOCHROMATOR DETECTOR o5 .
. T L 4
from dislocation-free doped Czochralski-silicon crystal - .
C o4 :
with the increase of B concentration (g values o * .
1/2 1
~
from floating~zone undoped Si are indicated: — ). =03 - . .
: . .
- -
Typical setting of curves for DXS studies. The o2~ * .
measurements refer to {333) relp of Si 1014, osil e ;
. &,
a) log T vs. logg ¢ b) I vs. £n 4, where (o) . L Q.]'. { I

Fig.

4

corresponds to mean values; c¢) I vs. l/q2 ; SAMPLE .‘49_ fZ) o 20 40
T 8-0_ {sec. of or

d) log I vs. 48 . _ _B_(S?C of -arc)

u .

| ! b)

Line profile of Bragy reflections from B doped )

Czochralski~silicon single crystal for different B Fig, 1 - Double crystal X-ray diffractometer with (111)

concentrations: a) (111) and b) (333) reflections. Ge monochromator and Cukal beam. . a) A schematic

line diagram; b)  (311) BLP from Ge single crystal.
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