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PRECESION INTERPLANAR SPACING MEASUREMENTS OF BORON DOPED SILICON

By D.A. Werner Soares
Escola Federal de Engenhar1a de Itajubd, IBA, Campus J.R. Seabra,
37500 Itajubid - Brasi

and Ceciiia A. Pimentel
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05508 S3ao Paulo - Brasil

A study of Tattice parameters of boron doped s111con
(10I4 019atom/cc) grewn in  <111> and <001> directions by
Czochralski technique has heen underféken. Interplanar spacings (d)
were measured by pseudo-Kossel technique +to a precision up to
0,001% ; different procedures to obtain d and the errors are
discussed. It is concluded that fhe crystallographic planes contract
preferentiatly and the usual study of parameter variation must be made
as & function of d. The diffused B particularly contracts tHe

{333} plane and in a more pronunciate way in high cencentrations.

An orientation dependence of the diffusion during. growth was observed,

INTRODUCTIOQN

Silicon crystal-lattice distortion, resulting from
impurity diffusien, has been widely studied due to interest in solid-
state devices. Pearson & Bardeen {1948) studying the electrical
properties of undoped and boren doped silicon verifyed that the
presence of substitucional B in the silicon lattice as acceptor
impurity produces a lattice contraction, originating elastic defor-
mations. Harn {1955) arrived to the same conc1u51on employing
den51ty measurements in addition to lattice parameters, electricatl
and chemical analysis. The B diffusion {5 xTOZUat.cm' } in silicon
wafers reduces the lattice parameter due to different values of the
ionic radius of Si atoms (i.]?g) and substitucional B atoms (0.983)
(Queisser, 1961; Carruthers, Hoffman & Ashmer, 19&3); this reductipn
introduces uniform deformation and for adequaﬁely Targe values it
favours the formation of dislocatiens, reqularly distributed in the
slip ptanes. Cohen {1967) considered thét discrepancies found in the
contraction coefficient of silicon lattice are due to'the non-

consideration of deformation produced by diffusion process and the

'cdmp1exes formation; the generation of vacancies in excess would be

~one. of the factors contributing to make the diffusion a function of

the température {Jain & Overstraeten, T973). Fukuhara & Takand{IQ??)
employing X-vay techniques confirmed part of the results of Queisser
(1961) verifying the proportiona1ify.betﬁeen the etastic deformation
and the B concentration; after a critical value of deformation,
defects 1ike dislocations appear in order to relax that deformation
and proportionality is no longer valid.

The B diffusion process is certainlty related to the
s0 called microdefects in Si. Despite ihtensive efforts, basic
questions about point defects in $i are still unanswered or hotly

disputed, with the consequence that all the important diffusion



'_ mechan1sms of 1mpur1t1es are st11¥ not known w1th certa1nty (FE11, .

”GoseIE & Koibesen, 1981) Bes1des that ‘some crysta?lograph1c

"aspects. of the B d1fuss1on process are not weil knawn,

L in the prev1ous papers about the s111con crystﬂ 1aﬁnceu

IGTStOFt10R, resuitnng from boron dlffus1on, 2 uniform 1att1ce con-
tract1on was assumed s1nce 1t is usually expressed in terms of a
varletlon Az of the cub1c celI parameter E-‘ This paper presents
an accurate study of the crysta?11ne parameter varwat1on of boron
doped s111con s1ngle crystals grown by Czochralsk1 method and doped
by d}ffuexon,durlng growth. The or1entat1on dependence of d1ffus1on
of B {n si}iooo's]ices hae been po1nted out (Alten & Anand, 1971,
euoug.ofhers}iout'a possible reIetiou eooug.the ofystal growth-
e{feetioo;_diffusion p}ope$§1aud'a}te?etion of erystallogeaph%c
PeremeﬁeES has not'been esteoifshed;.VThisrpapeE,e1so presents a
cofreiat%on befween growfh direction {<100$.and.<ili>) endintemﬂanar
,spac1ng of the silicon doped Iatt1ce during growth

‘ It was employed the back~ref1ect1on pseudo Kosse]
techn1que that can determ1ne 1att1ce parameters to within 0.002%

(Berg & Haii 1975), hav;ng-tbe advantage of allow1ng the separate

determ1nat1on of ﬁnterplanar spacings from planes of the same_Fami]y,

prov1d1ng a techn}que for 1nvest1gat1ng an1sotropy {Newman & Shrier,’

'1970) I

.severaT mefhods ofdeeesuring iuteroTanar spaciugs,
ujtﬁ precision, using the baok-refTeof{on'X—rey_divergent oeae
techu{qUe, haue been sugges ted (for a:reuiew, geé Newman & Shrier,
1970).. The fu&euost'qifficu}ty'ufth'this tectinique is that the

oseudo-KosseI ¥ines are comp}icated'Fourth degree equations aod the

- assumpt1on that they are conics wou]d 1ead tao srgn1f1cant error’

(Newman, 1970}-' The 1ncomp1ete format1on of the curves, due to some
sub structure 1n the specnmen, constwtutes another l1m1tat1on for S

several methods

In arder to overcome these difficulties Schneider &

Weik:(1967) have suggested geometrical methods, utilizing double -

' exposures, which are convenientely applicable to the study of

anisotropjc distortions in singTe crystals. A discussion of the
geoﬁetrica] 11uitation of this method was presented by Newman &
Shrier {19707} who suggested another method_uti]ﬁzing.the eoordhmtes
of general points of the lines rather tﬁan their specia1 geomefrica1
properties. A double exposure of the fiim is also emp]oyed mermen
& Shrier but the correspond1ng points are established by ut111z1ng
dlscont1nu1t1es produced by fine shadows of a wire grid on the pseudo-
Kossel curve; from the measurements of the shadow displacements due
_to film translation the directicn cosines of a particular diffracted
beam can be determined. .

_ . Aristov, Shekhtman & Shmytko (1974) employed an
ana1ogous_method utilizing a screen of copper wires (# ~ Imm) in the
form of a radial net to create sharp breaks on the diffraction Tines;
1nterp1enar spacing measurements have shown that the method guarantees
an error Ad/d of less than 0.0005 . Employing basically the same
experimental procedure, enother approach to this technique was given
by Aristev & Shmytko (1978); they coosidered that the precision of
lattice parameter'measuuements can be 1ncreased.1f the calculation
of the Bragg angle is obtained by combining the approaoh based on the

direction cosines of three arbitrary diffracted surfaces and the

_employed in the Debye-Scherrer method; this procedure_a1lows high

accuracy (ed/d=3x10;5),but it is comparetiveiy'more labour consuming,

' Aristov, Shekhtman & Shmytko {1974) have proposed that
the precision in the determination of the crysta11ographic parameters
by eheie method can be improved if neceesary by 1ucreasing.the‘number
of exposures, the humoer of breaksnon the lines, the Az displacesment

of the cassette as well as by a special mathematical treatment.  The

accuracy conStrainte_of thjs technique ere associated with the-



comparatively high error in determining each of the coordinates of .
‘the gap points (Aristov & Shmytko, 19787).

This paper employs the method suggested by Newman &
Shrier (1970) and Aristov, Shekhtman & Schmytko (1974) improving
some experimental procedures such as employing-a screen of very thin
tungsten wires to create the breaks on the diffraction Tines (Koishi
& Gilles, 1979). It 15_a]so done a brief discussion about some
procedures to obtain the interptanar spacings as well as the cor-

respondent errors.

EXPERIMENTAL

Silicon single crystals were grown by Czochralski
method and doped by diffusion process during the growth. The doping
was carried out with acceptor type impurity (boron} at concentrations
in the sclid up to 1019atoms/cc . The silicon wafers have 4cm  in
diameter, nominally ZOGum thick with the surface crystallographic
plane perpendicular to the growth direction {<111> and <001>). In
order to remove the surface stress introduced by the cut process,
the wafers were polished by usual chemical-mechanical precess. The
silicon wafers of normal semiconductor grade specifications belong
‘to batches usually utilized in microcircuit devices in thé Microelec-
tronic Laboratory of the Politechnic School, $. Paulo University,

-.The concentrations of electrically-active dopants were
determined wiéh the four point probe technique; this measurement
allows also the verification of the resistive homogeneity of the
samples within 0.5%. Thickness homogeneity was verified with a
precision of O.lum by a capacitive process. The radius of curvature
was determined from a light interferometer and in some samples also

by a-transmission itopographic camera (Lang-type). The profile analysis

of themBragg.refieétioﬁ.in a‘X;ray double diffractometerrwas employed
to assure thé crysta11iné-homogeneity {Brito Filho, 1981; Pimentel &
Brito.Fifho,1982). The X-ray transmission topography has sﬁown:the
absence of dislocations and surface imperfections due to cut and

polishment processes; the X-ray topographic section has shown the

typical fringes of a perfect crystal.

The samples with boron concentration higher than
]D1Batoms/cc » despite their thin thickness, were completly (100%)
absorvent to infrared radiation, making impossible any 1nfrére§
absorption spectroscopic analysis. For the samples with loﬁer B
cohcentrétiqn this analysis was performed jn a differentiai form,
employing a standard roatiné zoned $iticon céystai from the General
Diode Corp. (2002 .cm resistivity) with low carbon and dxigen
concentration; the differential curves obtained did not show oxigen
or carbon absorption lines, Considering the growth cdnditions, the
electrical performance and the general crystallographic characteristics
it is possible to admit for the samples the usual values for carbon

v 018atoms/cc) concentration for

(~ 10 "atoms/cc) and oxigen (~ 1
Czochraiski-si]icon (Liaw, 1979). The characteristics of the silicon
sampiés (growth orientation, electrical resistivity and boron con-
centration) are shown in Table I, together with the expérimenta]
resuits.

The pseudo-Kossel back-reflection patterns were obiained
with a Rigaku "Microflex" apparatus of the Physics Department, ITA,
employing CuKa radiation (40kV ,65pA) with a focal spot of 60um ;
a screen of tungsten wires (¢ ~ 0.2mm) in the form of a quadrgtic net
of 20 cmx 25cm between the crystal and the film produced the "shadows"
on the patterns. The focus-screen distance was 55mm and 75mm
respectively in the first and second exposures. It is necessary to

gvoid the contribution of the c¢rystal edge to the patterns since the

polishing process may change the edge thickness, with consequent
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JABLE 1 - Qeneral characteristics of boron doped silicon samples, mean interplanar spacings for {nke}

planes and the corresponding standard deviation of the mean value {68% confidence level).

variation of the sample curvature. On the other hand, only for
sample-focus distances > 3,0mm it is possible to obtain the pseudo-
Kossel lines corresponding to {533} and {444} of crystals with
growth direction respectively <111> and <00%> These facts have
limited the sample-focus distance to 3,0 -3,5 mm. The samples were
mounted vertically in.a goniometer and set parallel te the film
cassette. Sakura and Kodak films with one emultion removed were
used,

Several factors contribute to the precisionm of the
measurements and carefull calculations or estimates were made for
each source of error. The temparature of the sample during exposure
can be taken to be within :0.2%C and the determined interplanar
spacing values correspond to 21%C. For the silicon, a temperature
change of O.}OC, near ZSOC anrd 263=157° {Hubbard, Swanson & Mauer,

5

1975), alters this d interplanar value in ~4 x10°°% . A variation

26
of 29 changes both extreme meazsured interplanar spacings in aboutuJ
O;OOI% or, in other terms, changes d004 and d444 respectively

by 5 x10°% 8 and 5x1077 R. Hence, changes in temperature
several times the controlled toferance would not affect the calculated
interplanar spacings. The error due to sample curvature {Berg &
Hall, 1974} is less than 10"63 since the curvature radius is bigger
than 200m, except for sample 2 (curvature radius ~ Bm} of which.
the estimated error is less than 3 xlD'SR . The calculated precision
in the displacement z -of the cassette and the estimated buckling

of the fiim in the cassette show that both may introduce an error in
dhk£ less than 0.05%. The shrinkage of the photographic material

was calculated and the error intreoduced by the development process

in dhk£ is about 0.001%. Measurements on the film were made with

an Earaf-Monius microdensitometer fitted with a 3 x telescope; this

coordinate measuring constitutes the main source of error and is due

to the absolute uncertainty in the reading (+ 0.005mm}, the observator,



the line width and the edges of breaks, despite their sharp feature,
In order to minimize this error,  for each particular (hk&) plane the
‘corrdinates (x,y) were measured from seven to twelve pairs of dis-

continuities on the (hkf) diffraction lines.

CONSIDERATIONS ABOUT THE .PSEUDO-KOSSEL METHOD

The pseudo-Kossel lines were indexed by comparison
with a theoretical pattern obtained by a computer program (Keishi &
Gitles, 1979) that takes into account the expebfmental-coﬁditions
 and gives reflection conics on the crystal surface. Table 2 shows
the plane family {hk&} and reflections (hk£) appearing in the
pseudo-Kossel pattefns in the particular experimental conditions for
samples with <Iti> and <001> growth directions. .

A computer program has calculated the directioncoshms
uﬁ%he diffracted rays defined for each pair of coordinates (x,y) and
the displacement z of the film, providing N directions (N=7 to
12 in this paper); the direction cosines of the normal to a (Hki)
plane was obtained from-the system of equatiéns {Newman & Shrier,

1970):

where gi represents the direction cosine of the diffracted ray
(DCD), the components of M represent the direction cosines of a
solution for the unit vector normal to a (hk£) plane {DCN} and 9
the Bragg angle. Two different procedures (I and II) were adopted.in
order to obtain BCN, the interplanar spacings. {(hkf) and {hke} as

well as the corresponding errors.
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TABLE 2 - (hkZ) reflections appearing in pseudo-Kossel patterns for samples with <111> and

<001> growth directions parallel to the incident beam,
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By procedure I one solution was determined for the DCN
for each three triplets of DCD, which means to obtain N{N-1}(N-2).16 = N'
solutions or N' valees for the DCN and N' values for s$iné ;
employing the Bragg law and the X value, N' values for d(hkt)
were obtained (Koishi & Gilles, 1979). In this present paper selected
data réducing the N' wvalues to n <N' were empioyed in order to
avoid the introduction of rough errors in the mean value H(hkz) .
The mean interplanar spacing of a (hke) p];ne (Hi = a(hkﬁ)) wWas
given. by the arithmetic average for the n values; oy is the
standard deviation of the distribution.

_For a fhk£} plane family,

r E n;d;

q 5 i i1 o 2y
P
j=1 ¥ i1 of

where r corresponds to the number of (hk2) planes of a same {hke}
family, and w, = "ifG$ . The standard deviation of this alobal mean

value is given by

2
ro M (dy; -
T T
2 i=1 j=1 o
g~ = i
r i 1
(n-1y 1 1
i=1 j=F o}

Employing algebraic artifices and definitions of mean values and
deviation, it is possible to simplify and rewrite this Tast

expression:

2,

roon, 5
n-r+ 121 = (T -45)
2 B i
a_ = T - . (3
d i
(n-1) } -5
i=1 a5

Procedure II followed the approach suggested by Newman

& Shrier {1970); the equation (1) was rewritten in a mere suitable

form:
s_. = as +bs +cC
zi Txy Y5
where. -
n n send
a=--2 , b=--L and c-= L
n n n
z z z

and i = 1,...,N.

In this paper, in order to determine the parameters a,b,c of the
syétem of M eguations the REGRE/IBM program was used employing
multiple linear regretion (Ostle, 1954). The mean interplanar

spacing of a (hkl) plane is given by

1 + a '+ b

- by
d. - 2
2 el

5

)

(MCucaq) = 1.5405981 A)
For a {(hkfZ} plane family, the average interplanar

spacing d {is given by the arithmetic average of the r vatués of .

d,
i

d = — . f{r = 3 to 8) (4}
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and the corresponding standard deviation:

2 (di 73) . ' S i . .,
- v o - (5)

Q. ™

2

The values of d , o° (and the corresponding standard
deviation of the mean value, e} obtained from pracedures I (expressions
2, 3} and TI (expressions 4,5) are shown in Table 3 for some planes

{hke}.

{nke} procedure d o £_ n
: 3 3

531 1 .91758 .00397 0.00018 487
' I 91751 00065 0.00023 8

I .85803 00135 00010 198

620 1t 85808 00064 00038 3
: I .82800 0.00162 .00012 182
335 11 .82810 0.00017 0.00011 4

JABLE 3 - Values of mean intérp]anar spacing'(ﬁ), standard deviation
{c_), standard deviation of the mean value {e ) and degrees
of freedom (n) for {hke} pltanes obtained from procedures I
and II (sample 5).

The fe?ative discrepancy betwéen the d values obtained
ffom procedures I and-II is in general less than 0.01% and always
whithin the stahdard deviation of the.mean value, The largest
difference between these procedures gcéurs in the o¢_ values since
procedure T leads to a set of d{hkﬁ)- va1yes mubh mgre dispersive
than procedure II, despite the mean value being practically the same,
as well as their standard error (perhaps a }1tt1e subestimated in

procedure I}.

L4,

-Expressions (]) .can be thought as equations of a plane
where sinei is the origin-plane distance and the components of ?i
are coordinates of a point belonging-to that plane. Procedure I
determines. a plane for each triple of points and so the corresponding
d(hk£).values this means that not all these dhkﬂ values are
independent, By this procedure, it was attributed equal .weight for
sets of very close and very distant peints. This implies a not very
well defined average and an overestimated dispersion among the d(hk&)
valyues; therefore it is impossible to employ the. ¢_ values (in order
to estimate the dispersion among the r values of da(hkz) -planes
which -would give an idea about the anisotrepic alterations in planes
belenging to the same family. Procedure II adjusts the best plane
containing. the N peints and the distances between the points are
taken as weight. It was considersd that this last procedure leads to
a best determination of -d values with a improved precision (GE Tow)

and it was utilized in this paper.

RESULTS AND DISCUSSION

A typical back-reflection pseudo-Kossel pattern is

shown .in- Figure 1. The pseudo-Kossel lines of all the patterns did

-not show displacements, breaks or preferential enlargement;dislocations

were not detected. This result together with the other- characterizations
allows to consider the samples as "free dislocations".

Table-1 shows the values of mean -interplanar spacing
and the corresponding standard error for the most significant planes.
It is worthwhile to note that although it is possible to obtaia in
the pseudc-Kossel patterns the (hkf) reflections presented in Table 2
some of them:are not adequate. for precise measurements: low order

refiections are characterized by large .errors; reflection Tines (444)
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cover a very small area and are not always completely available in
the film.

The usual procedure to study the lattice parameter
variation in-a cybic system investigates the cell pafameter a. The
precision determination of this a parameter}E*éﬁ;ray divergent
beam-method was. carried out by adopting ;he §eqhence of steps given
by Ellis-et-al (1964), For this determination. the lattice parameter

1/2
was computed using the relation a' = d(h2+k2+£2) / and to

1
each a' of a {hk&} family it was obtained a value of the Nelson-
Riley function; employing a methed of least square, the lattice
parameter ab was obt;ined by extrapolation of the Ne]ﬁon4R11ey plot
of the weig;;ed ﬂf{a_}z} a' values. For samples with high B
concentration_the-anglxsis of this graph has shown a dispersion from
that Tinear function, higbér than the experimental error. Besides
that, it was observeqlihét the more dispersive a' values have
presented high o_ values meaning that practically they did not

d
contribute. to. the a, value extrapolated. If it is taken into

account the phys{caT—significance of o_ , intimately related to the
residual strain distribution in the crygta1 (E11is et al 1964) it can
be seen that the planes f{hk2} affected by the boron diffusion. process
are those that less contribute to an estimate of the 1atfice parameter
alteration due to boron diffusion. Of course, that procedure would
have been valid if the B diffusion process should affect equivalently
a1l the pltanes, what means a isotrapic contraction. Theréfore it is
considered that in the present case a study about the influence of
concentration must be made considering alterations in the lattice
interplanar spacings.

Figure Z shows the graphic of mean interplanar spacings
of several planes {hk&} related to borén concentration values; the

ptotted values-are identificated according to the growth directions

of the samples. The interplanar spacings for a high-purity perfect

6.

silicon measured by the same X-ray method (Aristov & Shmytko, 1978)
are also shown in.the graphs in order to compare the lattice inter-
planar spacings of undoped and B doped silicon single crystal.-

The diverse behaviour of the distinct planes, suffering
ﬁreferential contractions or lTittle affected by the doping is evident.
The actual occurrence of this particular behavior did not allow the
usual analysis of the tattice contraction coefficient to be carried
out as a function of doping concentration taking inte account Jjust an
average of the cell parameter a . This is particularly serious-ifr_'

the boron concentration is 1018 -10]9

atoms/cc.
As a general tendency a decrease of the d values
with the increase of B <concentration can be seen and in a more

18 -1019 atoms/cc, meaning that in general

pronunciate form for 10
the interplanar spacings tend to contract. MNevertheless the {hk&}
planes have suffered different contractions, being the {333} the most
affected. The {620} plane did not suffer marked alterations.

An interesting aspect has been the systematic behavior
of samples depending on the growth direction. It can be noted thét
interplanar spacings of {533} and {531} planes from <111> are smaller
than those for the <001> samples; in a not well definitive form the
reverse seems$ to occur for the {620} ptanes. This indicates a

orientation dependence of the diffusion of boren in silicen during

growth, analogous to observation in silicon slices where borogn

~depositions were carried ocut (Allen & Anand, 1971); (A11en, 1973).

For both growth directibns each particular reflection shows similar
dependence'of the interplanar spacing'with B conrcentration,.

The causes of that contraction sﬁou1d not be immediate-
1y attributed to the presence of substituiiona1 beron in thé silticon
Tattice. The two major non-intentionally doped impurities in silicon
crystals, oxygen and carbon, may also contribute to alter the lattice

parameters. The oxygen is incorporated into the silicon lTattice as a
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sotid solution occupying interstitial sites, causing a lattice. - .
expansion; on the other hand the carbon occupies substitut{onAIH
sites, contracting the Si lattice, but it may also be located
interstiéia11y (for concéntfétion ~10'18 cmsj, expanding the lattice
{Liaw, 1980). It is possible that these impufities may centribute
for some non uniform behavior of the d parameteyr in function of B
concentration. MNevetheless, based om the previous considerations
about the presence of C and 0 , it is possible to admit the marked

18 -1019 atoms/cc

contraction in {333} plane for concentrations ~10
as due to the presence of the doping. This could be understood if

it were admited the substituticnal boron located preferentially in
the planes £111} but it is desirable a more precise amalysis in order
to exactly locate the substitutional boron im the crystal cell.
However the possibility of a preferential distribution of microdefects

particularly in heavy doped silicon samples is not discarded {(Britc

Fitho, 1981).

CONCLYUSIONS

It is concluded that the boron doping process in
silicon during the Czochralski growth imtroduces preferential
alterations im the Si TJattice; the usual study of parameter varia-
tiom must be done as a function of interplanar spaeings of the lattice
since the diffusion process affects differently the crystallographic
planes. The presence of boron in the 351 . Tattice produces a
pronunciate way for concentrations up to _1O]Batom/cc . This reinforces
the hypothesis of the presence of substitutional B8 in the Si
tattice. For identical crystallographic planes the interplanar
spacings of grown samples in different orientations suffer distinct

alterations with the B concentration. Hence occurs a orientation dependence

of the diffusion of B in Si during the Czochralski growth.
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FIGURE CAPTIONS

FIG., 1 - A typical back-reflection pseudo-Kossel pattern of 8 doped

Si free dislocation (part of the pattern).

FIG. 2 - Variation of mean interplanar spacings d of {hkf} planes
with the boron concentration C of silicon samples grown
in <i11> (§) and <001> (§) directions { } values from
Aristov & Shmytko, 1978).
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