PHYSICAL REVIEW B VOLUME 56, NUMBER 9 1 SEPTEMBER 1997-1

Diffuse x-ray scattering from thermal donors in Czochralski-grown silicon
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The diffuse x-ray(Cu Ka,) scattering from Czochralski-grow(Cz) silicon crystals after annealing at
450 °C for 24 h has been investigated. The x-ray measurements have been made ¥@®) thed (311)
Bragg reflections in directions parallel and perpendicular to the scattering vector. All the characteristic features
have been predicted by the theory for scattering from defect clusters with weak displacemen(tiigidg
scattering. It is shown that the long-range part of their displacement fields has an orthorhombic symmetry and
the defects are the interstitial type. Furthermore, by comparing the symmetry of the diffuse scattering intensi-
ties with that of displacement fields around the thermal donor models in Cz Si, it is found that an NL8 or
10, (self-interstitial and two oxygemsmodel is reasonable as a core structure of thermal donors.
[S0163-182697)00221-X

I. INTRODUCTION are distributed at aroundl,.—0.07 and 0.15 eV? forming a
succession of increasingly shallow states. The electron para-
Diffuse x-ray scattering has been used for 40 years as gagnetic resonancéEPR centef* NL8 correlates with
very powerful method for the investigation of point defectsthese characteristic electronic transitiGns.’
and their clusters™® Diffuse scattering is suitable for the  (3) The dominant TD species after annealing for over 10 h
measurement of the symmetry and strength of defects and & 450 °C have &,, point-group symmetr??(C, rotation
also a very sensitive method for observing the clustering ofixis[001] and mirror planes, two in each of the perpendicu-
point defects during annealing. Since most theoretical moddar {110 planes. In the cluster of T} series the anisotropy
calculations pertain to the noble metals such as Cu and Ni, increases witm.? Therefore, it is generally supposed that all
has been preferréd®to do the diffuse x-ray scattering mea- TD’s have a common cot&*3and that TQ,, , is generated
surements also on these metals. For semiconductors, hofrom TD,, by the addition of one extra oxygen at®nin a
ever, comparison between the scattering results and the th€t10) plane.
oretical calculations has been limited to larger defects, Based on accumulating knowledge about TD complexes,
especially dislocation loops’ and has never been applied to a large number of core structure models have been proposed.

small defects like thermal don@fD) complexes. According to Dé& et al,** they can be classified into four
TD complexes arising after heat treatments at aroungroups.
450 °C in oxygen-rich Czochralski-gromi€z) silicon have (a) Oxygen-only complexegOy) configuration, one oxy-

been studied in detail since their discovéyMuch impor-  gen is bonded to three silicon atoms to form the threefold
tant experimental information of the properties has been obeoodinate, what is called g-lid; (O;),,*! O; occupies a
tained and many structural models have been proptsed.puckered bond-center position between two neighboring sili-
However, no conclusive information to determine the TDcon atomsZ3 (O,),, the four-member ring structure in
structure has been obtained yet. In order to determine thehich two threefold-coordinated oxygens and two
structure of the oxygen-related TD defects, it is helpful tosilicons3*3! (Oy) »;***interstitial O, molecule® two oxy-
give a short summary of the characteristic features of muclgens intercepting parallel Si-Si bonds in(HL1) plane and
of the experimental informatidfi **available. also bonded to each other; and twg @omplexes, one is

(1) There is a series of TP complexes/*® usually (Oy) stabilized by Q atoms on both sides, the other is that
n=1-9; recently up to 17 have been identiftéd’produced two oxygen atoms intervene at the nearby bond-centered
by a clustering of oxygen atoms during annealing in the temsites, and the silicon atom bonded both sides with these two
perature range of 300—-550 °C and dissociated by annealingxygens is repelled upward and the broken two bonds with
at temperatures higher than 550 °C. Each species of TDother silicon atoms repaired by addition of one more oxygen
sequentially appears with increasing the annealing time. Amatom.
initial rate of TD formation is proportional to the fourth (b) Oxygen+ vacancy complexed/O, one vacancy and
power? of the initial oxygen concentration, and the total TD one Q ;*¥%°V0,, one vacancy and two &;***°andVQ,,
concentratiorA approaches its maximum value according toone vacancy and two bond-centered Molecules®#!
the law of If Ao A(t)/Amax] = — kt, wheret is the anneal- (c) Oxygen + semivacancy complexes: The Ourmazd-
ing time2! The maximum of the total TD concentration is Bourret-Schiter (OBS) modef? and NL8 cente proposed
approximately proportional to the cube of the initial oxygenby the electron-nuclear double resonafE®&IDOR) investi-
concentratioff** and TD; and TD, have attained the high- gations.
est maximum concentrations in the nine species after anneal- (d) Oxygen + self-interstitial complex:1O,, one self-
ing for about 24 h at 450 °&. interstitial and two threefold coordinated oxygéfé?

(2) TD is a double dondf~1¢1823and the energy levels  The purpose of this paper is to propose experimental data
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to determine the TD’s core structure by comparing the dis- TABLE I. Parametersy”), 42, and® entering into Eq(3)
tribution of diffuse x-ray intensity from the TD complexes for two reflections and directions used in the present investiga-
with that theoretically calculated from the above complicatedion. The parameters have been calculated according to the formulas
TD core models. The following section gives a short sum-given in Refs. 43 and 44 using the room-temperature elastic con-
mary of the theoretical background of diffuse x-ray scatter-Stants of SiRef. 54: ¢,,=1.6564 10" dyn/en®. The parameters
ing. Section Il contains the experimental procedures. The'~ &re given in units of 1/8,,"=1.215¢10"* dyn™* cm".

results of the diffuse scattering measurements are discuss$d

in Sec. IV. ype of Direction
reflection ofq 1 ¥ y®
II. THEORETICAL BACKGROUND (h00) [100] 1 2 0
[011] 0 0 8.22

The most important features of the theory of diffuse x-ray —
scattering for understanding the Si results are summarize 1)
here. For further details and a complete review of the litera-
ture we refer to DedericHS, the papers of Trinkau¥, ,
Ehrhartet al,’~3 and Morozov and Bublif. wherec,; andc,, are elastic constants. Therefore, the mea-

Assuming a statistical distribution of defects, low defectSUrements of botfS,ang and of Aa/a can determine (Zt)he
densities, and a linear superposition of the dispIr;tcemer1"fb50|u3te value of the defect density The quantitiess
fields around the defects, one obtains, for the diffuse scatteAnd 7® characterize the deviation from the cubic symmetry

[011] 0 2.89 1.23

ing cross section per atom close to the Bragg peaks, of the long-range displacement field. o
The shape of the diffuse x-ray scattering intensity distri-
St (K) = Stiuand K) + Sani(K) - (1)  bution around the different reflections is determined by the

variation of the coefficients'¥) — ¥(3) in the square brackets
of Eq. (3) with the directions ofj andh and by the magni-
Stuand k) =c 2| h-t(q)|2, (2)  tudes of the defect parameter§”) — 7(*). For Si, the factors
y® — 43 in Eq. (3) are summarized for different directions
wherec is the concentration of defects, the atomic scat- and reflections in Table I. Inspection of this table reveals

tering factor k the scattering vectoh the nearest reciprocal that by combining the measuring direction a unique discrimi-
lattice vectorg=k—h, andt(q) the Fourier transform of the nation between cubic#®=x=(=0), tetragonal ¢?>0,

displacement field of one defe¢single-defect approxima- 7(=0), trigonal (#@=0, #(>0), and orthorhombic
tion). For the case of small values gft(q) can be evaluated (7@, 7(>0) symmetry of the long-range displacement
by elastic continuum theory. In this approximation, the sym-a|q of the defects is possible.

metry and strength of the long-range part of the displacement g antisymmetric contributio8, to the diffuse scatter-
field are determined by the dipole force tensgy and the ing intensity in Eq.(1) is given by

radial variation is like 1R?, whereR is the distance from the

The main term is the Huang scattering

defect center. Expressiri(p) in terms of the components of h 1 112
the dipole force tensoP;;, we get for cubic crystals Santi= Zcfﬁna 7(57(1)) P, (6)
C
h\? 1 .
Suand ) =cfp q W[?’(l)ﬂ(l)+ Y2 @4 73], with
C

3 D

where ), ), and y® are factors which depend on the 77:§n: (1—cosh~t”)—ReE, (7)

elastic constants of the medium and on the directiong of

andh. V. is the atomic volume, and?, 7, and7® are wheref ! is the scattering factor of the defect afidhe static
guadratic expressions of the dipole force tensor Componentaisplacement of the atom due to the defect. Equatioi6)
2 holds for defects whose long-range displacement fields have
_ 1 D 1, bi iy
att=2| 2 Pii _§p , (43  cubic symmetry. o o
' Sani(K) is antisymmetric with respect to the directiongpf
therefore it can easily be separated from the symmetric
(2)21 P2 Shuand K) by averaging the experimentally observed intensi-
7P=2> (Pi—Pj)?, (4b > ) ally obse
6= I ties Sy at equal distances but opposite directions from the
Bragg peak. For defects with large local displacements, like
) single interstitials, interstitial clusters, dislocation loops, etc.,
> Pij (49 the first term of Eq(7) usually outweighs the contribution to
n from the scattering amplitud(q? of the defect itself. For
The quantityP=Tr P;; =(37(") ¥? characterizes the strength such defects; is always positive, so that the sign of long-
of the defect. It also determines the lattice parameter chang@nge displacements can be determined directly from the
as sign of S,
Aa 1AV p _ When the point defects are'clustering, _the diffuse scatter-
S P — (5) ing comes from the strongly distorted region around the de-
a 3V 3Vct2cyy) fects. The diffuse scattering for larger valuesief 1/R, can

@ 2
3=
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CuKo X-ray 0.5 mm slit(slit 1) in front of the monochromator, the mono-
chromator crystal which selected th€w, radiation by a
\ (100)-cut nondoped Fz Si single crystal for the symmetrical
non-dope Fz-Si (400) \ incidence(400 reflection, a 0.5 mm slifslit 2), a 0.2 mm
slit 1 slit (slit 3), the sample holding at the high-precision three-
—|—lit 2 axis goniometer, and the scintillation countghe energy

resolutionAE/E= 40%). The incident x-ray beam area onto
the specimen surface was &8 mm?. The range of angular
deviation of the second crystal from the accurate Bragg po-
sition was = 2° and the angular scanning step was 0.05°. In

slit 3 —— order to obtain an accurate Bragg peak, the scanning was

4‘?' carried out using a step of'l
; In our systems, the background was less than 10 counts/
Scintillation / specimen min. According to Klug and Alexandéf,if N+ is the total
counter /QZ number of counts recorded in tinteand Ng is that of back-
& 20 ! ground counts in the same time, the probable eupris
given by
o _ 1.64[R(R+1)]¥?
FIG. 1. Schematic view of the measuring system. up=ﬁ N (10)
- T

be described by a Stokes-Wilson approximattbrwhich
shows the characteristic proportionalitydo“ in contrast to  for a 90% confidence levéhere,R=N1/Ng). Foru,=3%,

SHuang: this reduces to
The main principles of double-crystal measurements and
the analysis of the diffuse x-ray intensity distribution can be R(R+1)
found in the above paragraphs. However, a more correct Nt=300 CE (13)

analysis of the diffuse x-ray intensity has been carried out by
Krivoglaz®® It becomes possible to obtain more precise in'Assuming a signal-to-background ratio of 39; is of the
formation on defect sizes and their types. , order of 3x 10°. Taking into account this criterion, counts in
For the case of widely opened detector slits, the x-raypach step are accumulated in the scaler for 2000-4000 s.
detectzor gcasures scattered intensities around every The scattering intensity around the reciprocal lattice point
q=(do+ )", where the vector; which satisfies the in- 1, was measured in a direction parallel iaby rotating the
equality 0<q; <= belongs to the tangent plane including the sample and the counter at the ratio of 1:2. It was also mea-
point qo=A 6hcoss. The qo determines the minimum dis- sured in a direction perpendicularicby rotating the sample
tance between the reciprocal lattice site and the Ewald spheigith the counter angle fixed at9g (6 is the Bragg angle

with the angular deviation ¢ from the Bragg position. The diffuse x-ray scattering intensity was obtained by sub-
The integral x-ray intensity and its dependenceggrare  tracting the intensity of the nondoped Fz Si single crystal
determined by the integral from the total intensity. In this time, thermal diffuse scatter-
m—2 ing and other background scattering were automatically re-
f°° d¢ “d2dd; ® moved.
o (ai+qg™
Here m is the power factor in the power law expression B. Correction of intensities to absolute units
I(q)<q~"™, and for clusters the vectay, is determined by The absolute diffuse scattering cross sectisrgiven in
the expressiomy=R, " * for differentqo. Then the integra-  electron units(e.u)] were obtained from the known cross
tion of Eq.(8) gives as section of a polystyrene (Elg) reference sample by com-
In[ dgexp(0.5)/dl] for go<q parison of the scattered i_ntensitf’ésThe polarization factor
1(do 4 ) d S 0 0=Hd> (9 P depends on the scattering angle of the monochromator and
04/295 for go>qq. that of the sample and was calculated for “mosaic crystals.”
For thin crystals and for asymmetrical geometry, corrections
IIl. EXPERIMENTAL PROCEDURES are necessary for scattered intensitie3he correction fac-
torsk=Il4eal | sctuasWere calculated according to the Interna-
A. X-ray setups tional Table&® and are collected in Table II.

The diffuse x-ray scattering measurements were per- [N order to determine the absolute scattering cross section

formed at room temperature in the so-called integral geomS; the square of the atomic structure facttf= (f+Af")2,
etry (widely opened counter slitsThe double-crystal dif- must be known for the evaluation af)) — 7(3) from Eq.
fractometer system(Rigaku Denki SLX-)} schematically (3). f2 is reduced by the thermal Debye-Waller Factor
shown in Fig. 1 with an 18 kW rotating anode x-ray source(DWF) neglected in Eq(3). According to the International
and CuKe radiation was used. It was composed of aTables, the values df, were taken and the DWF was calcu-
vacuum path which led the x-ray to the monochromator, dated for the temperature of 293 K. The thermal Debye pa-
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TABLE Il. Parameters used for conversion to absolute intensities.

Geometry, Absorption DWF
Reflection 0z (300 K) p correctionk (293 K) (fotAf")2
(400 Symmetrical reflection 0.902 1.000 0.908 59.55
o 34.57
(311) Asymmetrical reflection 0.922 8.647 0.935 69.96
28.06
rameters were taken as average value® g&=505 and 658 IV. RESULTS

K. All values are collected in Table II. The results of diffuse x-ray intensity measurements for

the Fz Si and thermally annealed Cz-Si crystals are shown in
Fig. 2. Figures ga) and 2b) are the intensities close to the
(400 reflection measured in a direction parallel and perpen-
A precisely chemically polishedl00 surface cut from dicular to the reciprocal lattice vector, respectively, and Fig.
the nondoped Fz Si single crystal was used as the referengge) is the intensity close to thé11) reflection in the per-
specimen. The sample being investigated wastgpe Cz Si pendicular direction.
wafer which was doped witB having a 60Qum thick and a The asymmetry of the intensity pattern relative to the
(100 surface orientation. The resistivity was in the range ofBragg peak, that is, a stronger intensity at the right-hand side
4-6 ) cm, and it initially contained interstitial oxygen of (positive ) than the left one, is observed in Fig(a2 It
1.7X 10 cm 2 and substitutinal carbon of >OLOY cm ™3, means that the scattering is caused predominantly by a defect
The samples were cut from the wafer to sizes of about Bvhich produces a positive displacement of its neighboring

X 15 mm?, preannealed for 5 min over 750 °C, and annealedtoms(an interstitial-type defegtand that the lattice param-
for 24 h at 450 °C in a vacuum furnace-@x 10~ Torr).  ©€ter changes are positif.This is in agreement with the

Before the x-ray measurements, the samples were chemicalfgSUlt of the mea

— -5 in Ei
etched by an acid mixture (GBOOH:HNO, HF=10:4:1) A&/ a _+2£f 10 ')i F“Ttt_hermore'b'” F'gg-@ha”d ﬁg).’t. |
to remove the low-defect-density region of about 26 at Symmetrc difuse intensities are observed. 1hus, additiona

the front surface. After the above heat treatments, the Conv_\/eak diffuse intensities are observed in any direction for the

trati f interstitial ¢ d substituti anealed Cz Si crystal in comparison with the Fz Si refer-
centrations of Interstitial oxygen atoms and Substtutional,, e crystal. Taking into account the low dislocation density
carbon atoms were estimated from theuth and the 16.5

in the annealed Cz Si crystal, it may be recognized that the

um ab;orption band; obtained at room temperaturg by usingyra diffuse scattering in the annealed Cz Si specimen is due
a Fourier transform infra-re(FTIR) spectrometer using the g microdefects with a low-volume dilatation.

conversion factors of 2.4610' cm™2 (ASTM F121-80 for The Huang scattering intensityy,angis a symmetric part

oxygen and 1.810'" cm™? (ASTM F123-81 for carbon, of the scattering intensity and is obtained BYiuang
and the carrier concentrations of the samples were dete"z‘%[l(q)+|(—q)—|o(q)—lo(—q)] wherel is the measured

mined from Hall-effect measurements at room temperature;ntensities and, is the background. Figure 3 ShoWgyang

near the(400) reflection parallel to the reciprocal lattice vec-
tor plotted in a semilogarithmic scale agaistBecause of
the no slit measurement in front of the countsee Fig. 1,

In the x-ray measurement the samples were mounted onexperimental data points in Fig. 3 show the characteristic
holder such that the rotation axis of the diffractometer wadeature as is expected in E().*> Hence it is possible to
parallel to thg011] axis. With this orientation the reflections suppose that the predominant microdefects in the annealed
(200), (400), (311), (422), (511), etc., can be investigated. In Cz Si specimen are clusters being extrinsic in nature.
these reflections we selected the larger and sirhifair, the ~ According to Eq.(9), if do=0d4exp(0.5), the diffuse x-ray
(400) and (311) reflections. The400) reflection was inves- intensity becomes zero. This fact leads to a determination of

tigated in the symmetrical Bragg case and (A&l) reflec- € defect cluster size:

tion was in the asymmetrical case. By measuring the Huan _ -1

scattering near thyeé400) reflection in ){the perpengdiculaq ’ Ro=exp(0.9[qo(0)] (12
direction, the parametenr(3) was determinedsee Table )l Here qo(0) is the intercept point of the linear portion with
The parameterr(® was calculated from the scattered inten-the abscissa axis as shown in Fig. 3. The cluster siZe) A,
sity in the perpendiculaq direction at the(311) reflection, ~ is obtained directly from Eq(12). _ .

and then the parameter? was calculated from that in the ~_ According to Table | and Eq(3) the diffuse x-ray inten-
radial q direction at the(400) reflection. The lattice param- Sity measurement in thggdirection[011] at the(400) reflec-
eter was measured by a technique using two lattice plandion immediately gives the magnitude ef®). From the
mentioned above and monochromatic x-ray be&hi&The  value of7(*) and the measurement in thelirection[011] at
accuracy of the lattice parameter measurement wathe (311) reflection we getr(?), and from theser(® and
+1x10°*4 A. w3 values and the measurement in tpdirection[100] at

C. Samples

D. X-ray measurement
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FIG. 2. Angular distribution of x-ray scattering intensiti¢a)
Near the(400 reflection inq direction[100], (b) near the(400
reflection inq direction[011], and(c) near the(311) reflection inq
direction[011].

the (400 reflection we getr™¥). The value of7(®) is small
and thew(? is 3 times larger than the(® (see Table II.

Cz Si have an orthorhombic symmetr§1@0) defects. For a

comparison of these symmetry parameteré) and 7(%)

with the theoretical predictions calculated from the thermaland then their tendencies are similar to NL8 &, except
donor models, they were normalized by, which is inde-

DIFFUSE INTENSITY [cps]

FIG. 3. Dependence of the diffuse x-ray intensity on the devia-
tion from the reciprocal lattice point. The error bars correspond to a
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the distortion resulf$-*®*'around the thermal donor models
as shown in Table lll. In these calculations of the dipole
force tensor, it is assumed that the displacements of the at-
oms far from the third-nearest neighbors are negligibly
small, and we have used the isotropic approximation. In Ta-

q[A™]

0.1

ble Ill, (Oy), are the interstitial oxygen complexegO,

the oxygen+ vacancy complexes, OBS and NL8 the oxygen

+ semivacancy complexes, an®, the oxygen+ self-
interstitial complex, respectively. TPand TD, are domi-

nant thermal donors in a specimen annealed for 24 h at

450 °C?? and their symmetry parameters®/7() and

7371 are calculated from the total dipole force tensor

which is added the dipole force tensor of two or three bond-
centered interstitial oxygen atoms to that of the above de-
fined core structure models. The experimental values should
be compared to these two columns’ values. The tendency of

each complex type is the followinga) Oxygen only,=(®) is
extremely larger thanr® or 7() is zero within the error

bar. It means a strong anisotropy and a small dilatation, and

then all models are ruled oub) VO,,, in a small number of

n (~2), 7 is extremely small due to the cancellation of
the volume dilatations from oxygens and the contraction to

the vacancy; them(® and 7(®) become large, and also ruled
out. INVO2" 72 s zero, and then it is ruled out) OBS,

() is very small or zero within the error bar, and then ruled

out. NL8, 7(?) is larger thanm(®), which is due to the double
force of the strength witlP 35 in the direction(001) is stron-

ger thanP, in (110); then they are close to the experimental
values.(d) 105, the tendency is the same with NL8. In ad-
Therefore we can determine that the clusters in the annealetition to these results of the symmetry parameters of TD
complexes, we have calculated those parameters for another

(0;) 3 core modet® and the NGQ one’® proposed recently,

for the more extremely strong force in the directid@01); it
pendent of the absolute defect strength. The experimentaheans thatr(?) is larger than=(®) and they are also ruled
values are compared to those calculated theoretically frorout.
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TABLE lIl. Experimental and theoretical values of the parametef@/ 72 and 73/ 7 describing the deviation of the displacement
field of cluster defects in annealed Cz Si from cubic symmetry. For complicated structures refer to Refs. 30, 36, and 51, and abbreviations
to Sec. I.(-) indicates an extremely large value.

Experimental Theoretical values for oxygen-related thermal donor models
values (Oy) 002 0))2 0v) 2 O, (0)) 51 (0)) 52
AEC) 0.065 coréTD,) 0.616 0.000 0.290 1.039 0.775 - 0.0 17
TD, 0.022 0.000 0.058 3.635 6.822 0.032 0.005
TD, 0.011 0.000 0.035 11.396 - 0.014 0.003
& 7D 0.017 coréTD,) 0.112 0.148 0.080 1.013 1.560 - 0.8 97
TD, 0.199 0.000 0.135 5.256 9-24 0.441 0.065
TD, 0.243 0.019 0.171 29.738 - 0.409 0.045
Theoretical values for oxygen-related thermal donor models
vo° (ol \Yel vo3* vo! vo3* OBS NL 8 10,
7D corgTD,) 0.749 0.608 0.481 0.756 0.131 0.000 0.002 0.086 0.063
TD,4 2.620 2.285 2.799 3.367 0.042 0.000 0.001 0.049 0.028
TD, 8.215 8.104 32.437 17.005 0.028 0.000 0.001 0.039 0.020
& 7D corgTD;) 0.002 0.003 0.000 0.000 0.000 0.002 0.012 0.111 0.187
TD,4 0.106 0.304 0.443 0.274 0.042 0.076 0.001 0.019 0.017
TD, 1.147 2.118 14.127 3.804 0.078 0.120 0.013 0.010 0.011

Therefore, we can select three core modé@ﬁ, NL8, diffuse intensity measurements: 3%), they arise from the
andl O,, which are in agreement with the experimental val-constants given in Table II, the error of the lattice parameter
ues in the point of the same order of magnitude. Howevergchange ¢ 11% for Aa/a), and the possible inhomogeneity
because the measurements have been done at room tempeyhthe heat treatments of the samples. The errors of the con-
ture, it cannot be assumed that the donor states are neutraentrations from FTIR and the Hall-effect measurements are
Therefore the values observed fef?)/ 71 and #()/7(1)  about+20% and+ 10%, respectively.
seem to favor the models NL8 ahn@®, reasonably.

We finally evaluate the absolute concentration of defects,

c, in Eq. (3). From the lattice parameter measurements per- V. SUMMARY
formed in the Cz Si before and after annealing at 450 °C for

24 h under the same conditions we gea/a—2.7x 10-5 The diffuse x-ray scattering technique has been applied to

- ) X . - investigate the thermal dondfD) complexes in the Cz Si
Combining  this vaIueOlv7vnrr1nsEq(5)_ we arrve atc=3.2  gnecimen annealed for 24 h at 450 °C. The measurements
x10°° that is, 1.6<10"/cnm in Si crystal. In the other \yore made near thé400) Bragg reflection in the parallel

glectrical . meazufrerrtlr(]ant, the HaII—eff(ictt_me_astjhrement Tag\recti@ to the reciprocal lattice vector and near t460)
een performed for the carrier concentration In the annea'eg, | (311) in the perpendicular directions. The results indi-

Cz Si specimen. Taking into account that the holes Inltlallycate that the TD complexes are interstitial-type defect clus-

exist and that the TD is double donors, the evaluated don%rs and have an orthorhombic symmetry. The comparison
. . 6 . . . _ .
concentration is §10'%cm?®, which is generally in agree between the symmetry parameter&)/ =M and () 7(1)

ment W.'th t.he diffuse x-ray scattering experiments. Someobtained experimentally and those calculated theoretically
overes‘umaﬂon of the TD concentration by_ the 'd|ffuse Scat'from distorted atoms around the thermal donor models can
tering seems to be due to the presence of inactive complex%s

in the specimen. After annealing at 450 °C for 24 h the.n?errggtl.i;rzgngottv‘éoorease%n:g;gpndcﬂsNEgi:(% (iilrf(::-
interstitial oxygen concentration calculated from theufn : ” WO 0Xyg ! 2

absorption band of the FTIR region has been reduced t810dels are compatible with our results within the range of

5.8x 1017/cm?, while the substitutional carbon concentration SXPerimental errors, further experimental information is nec-
is unchanged. Then the number of oxygen atoms in a clustér>2Y to distinguish these two models.

defect can be determined from the reduction of the interstitial
oxygen concentration and the creation of the defect concen-
tration. On the average, a single-cluster defect contains seven
oxygen atoms. This number is in good agreement with that We would like to thank Professor H. Yamaguchi in our
of oxygen atoms in a thermal donor obtained experimentallyuniversity and Professor K. Watanabe of Tokyo Metropoli-
by other authors*2!233854Therefore, we have concluded tan Technical College for valuable discussions, F. Togashi
that the main contribution to diffuse x-ray scattering intensi-for advice on the x-ray diffraction experiment, and Dr. Y.
ties seem to be TD complex@s. Kikuchi, Fujitsu Co., Ltd., for providing us with the materi-
The estimated errors of the parameter$)/#() and als. Special thanks are due to Komatsu Electronic Metals
w371 are +30% and that of the value from the x-ray  Co., Ltd. for cutting the monochromator and HORIBA, Ltd.
measurement is= 25%. Besides the statistical errors of the for Fourier transform infrared spectrometer measurements.
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