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A change in the crystal lattice parameter of n type silicon single crystal grown by
Czochralski technique under a weak (B ~ 0.2 to 0.4 T) constant magnetic field has been
revealed. The effect shows some specific characteristics. First, it has a time-dependent,
that is, it disappears after a certain relaxation time, provided that the crystal is not
subjected to any subsequent external influences. Second, the lattice parameter was ob-
served to be changed only after influence of a magnetic field exceeding 100 mT. A
physical model explaining the effect is proposed. The magnetic field action consists most
likely in the transformation of the oxygen-containing clusters (initial or appearing during
the growth) in a metastable state where those may be decomposed into their components
or simpler defects due to thermal fluctuations.

MeTomoM pPEHTreHOBCKOM Au(pPaKTOMETPHM BBIABJIEHO H3MEHEHHEe [IapamMerpa pelreTKH
MOHOKPHCTAIINYECKOTO0 KPEMHUS N-THUIIA, BBIPAIEHHOI0 MeTOM0M J0XPasIbCKOro IO BJIHS-
Huem ciaaboro (B~0,2—0,4 T) mOCTOSHHOIO MArHMTHOTO I0JsA. IPPEKT mMeeT HEKOTOPHIe
XapaKkTepHble 4YepThl. BO-IepBBIX, OH KMMeeT BPEMEeHHBINl XapaKTep, T.e. HCUe3aeT I[OoCcje
OIIPeIeJIEHHOIO0 BPEMEHM peJaKCAI[UU, €CHH KPHCTAJNJ [Jajbllle He IIOJBePraeTcs HUKAKUM
BHEIIIHUM BO3JeMCcTBUSIM. BO-BTOPBIX, H3MEHEHNE IIapaMerpa pelleTKu HaOJII0maoch TOJIbKO
mocJsie BO3AeiicTBUMS MArHuTHBIM moaem GoJbine, yem 100 mT. Ilpemnoxxkena dQusmueckas
MOzesb HabaomaemMoro sperra, B paMKax KOTOPOM O0BACHSETCS BO3MOMKHOCTH TAKOI'O BJIM-
SHHUS cJa00oro MArHWUTHOTO MOJSI HA KpHUCTaIbl. JleficTBMe MArHUTHOTO IIOJA 3aKJOUAeTCs
B IIePEBOJe MCXOMHBIX WJH POCTOBBIX KHCJIOPOAOCONEPIKAINX KJIACTEPOB B METACTAOUIBbHOE
COCTOSIHNE, B KOTOPOM OHM MOIYT PAaCIIafaThCS IO AelicTBUeM TepMudecKnx QayKryammii HA
COCTABHBIE YACTH HJIU 0oJiee IpOCcThie medeKTsl.
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1. Introduction

The general properties of semiconductor
crystals being used in science and engineer-
ing are known to depend on their defect
structure and chemical purity both in the
surface layer and in the bulk material. The
defect formation and the defect structure
evolution result in variations in the electri-
cal and other structure-sensitive properties
of the crystal. The defect/impurity subsys-
tem, in turn, may undergo substantial
transformations due to external factors.
The defect subsystem conversion is a rather
complex process involving the whole set of
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impurities, the crystal defects and its treat-
ment prehistory.

Recently, numerous works are published
concerning the magnetic field effect on the
defect/impurity structure in nonmagnetic
materials [1-10]. It is to note, however,
that in spite of a large experimental data
set, the concepts proposed, and possible
physical models, the magnetic field (MF) ef-
fect on the real single crystal structure has
been not explained physically to date in a
complete and unambiguous manner. That is
why the studies of novel regularities in that
influence will make it possible to develop
the novel means to control the defect evolu-
tions in real single crystals as well as to
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improve the theoretical model of defect in-
teraction in a crystal.

The possibility of considerable changes in
macroscale characteristics of "nonmagnetic”
solids (both para- and diamagnets having no
ordered magnetic structure) in weak MFs is
not quite apparent and is often doubted in
spite of numerous publications describing
various "magnetic” effects in such materi-
als. So the weak MF effect on different
structure-sensitive properties of dielectric
crystals (mechanical, electrical, magnetic,
surface characteristics) was found in vari-
ous studies [6, 7, 10, 11]. In those works,
numerous concepts and models were pro-
posed for the weak MF effect on the dielec-
tric crystal characteristic changes. Numer-
ous publications are agreed that the effects
mentioned are based on the concept of the
spin-dependent reactions between the crystal
defects that is explained rather well within
the spin chemistry theory (see review [12]).

It became obvious in last few years that
when considering such effects of weak ex-
ternal factors on a crystal, the elementary
atomic interaction acts between all the de-
fect types are to be considered taking into
account the charge and spin states thereof
to provide a more clear pattern of the inter-
nal evolution.

In the previous works [9, 13], the MF
effect on micromechanical characteristics of
silicon crystals has been revealed, in par-
ticular, the microhardness reduction by 20
to 25 % and the corresponding plasticity
increase was observed. The revealed micro-
hardness reduction was referred to as the
magnetomechanical effect (MME). Taking
the above into account, the purpose of this
work is to demonstrate the weak constant
MF influence on a fundamental crystal
characteristic, namely, the crystal lattice
parameter, and to reveal the reasons for
that influence as far as it is possible.

2. Experimental

The phosphorus doped n type conductiv-
ity samples of dislocation-free Si single
crystals grown by the Czochralski technique
and (111)-jriented were used in our experi-
ments. The phosphorus impurity concentra-
tion was found to be 1.2:101% cm™3 using
the four probe method. The oxygen content
in the silicon crystals was measured by UR
spectroscopy and amounted [O] =
1.1.1018 cm™3 in all the samples. The rec-
tangular (20x8) mm? samples were mechani-
cally and chemically polished at both sides.
The samples from different growth batches
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Fig. 1. Dependence of the lattice parameter
change Aa/a of silicon single crystal on the
sample exposure time in MF (B~ 0.3 T).
Arrow downward, the MF action onset, arrow
upward, the MF action finish.

or from different plates of the same batch
were used.

The relative change in the crystal lattice
parameters measured by three-crystal X-ray
diffractometry (TXRD) at room temperature
was the main object to be studied in this
work. The surrounding temperature was
measured to within 0.1°C.

The relative crystal lattice parameters
were determined in situ, that is, immedi-
ately during the crystal treatment in mag-
netic field, the crystals were not extracted
from the goniometer during the whole ex-
periment after the diffractometer was ad-
justed. This provided an improved measure-
ment accuracy and a reduced influences of
other undesirable factors on the study ob-
ject. The error of the relative lattice pa-
rameter change was about 1.4.1076, the
Bragg angle for (111) planes 65~14.28 deg.

3. Results and discussion

To reveal the possible causes of weak
constant magnetic field influence on the
silicon crystal lattice parameter change,
several sample types were studied (n-Si P
doped to 4.5 Ohm-cm resistivity, d = 0.45
mm; n-Si P doped to 4.5 Q-cm resistivity,
d = 0.46 mm; n-Si P doped to 2 Q-cm resis-
tivity, d = 0.5 mm; d being the sample
thickness) containing different concentra-
tion of dopants and having similar initial
parameters, shape, and treatment prehis-
tory. The kinetic dependences Aa(t)/a were
studied in experiment under different MF
induction values acting upon the samples.
All the n-type samples have shown an in-
crease of the lattice parameter (see Fig. 1)
as a result of the MF action. The thermal
expansion coefficient of silicon single crys-
tal is known to be o = 2.88-107 K1, The
correction to the relative lattice parameter
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change associated with the possible change
of the crystal temperature by 1 deg was de-
termined as

84 _ . AT, 1)
a

Fig. 1 shows that the lattice parameter
change attains its maximum during 7 or
8 days.

It is to note that the sample removal out
of the MF results in the effect relaxation.
The MF effect drops substantially to zero
during 7 or 8 days. During the subsequent
14 to 20 days, the lattice parameter re-
mained unchanged and corresponded to the
data obtained for the initial samples.

Then the lattice parameter change regu-
larities were studied at a constant holding
time of a sample in the MF but at different
magnetic induction values. The MF expo-
sure time was 7 days for all the samples.
These experiments have demonstrated the
"threshold”™ character of the MF action. It
is seen in Fig. 2 that the MF induction
value causing no lattice parameter change
even at long sample exposure time in the
MF (up to 10 days) is about 100 mT. To
explain that phenomenon, the applied MF
can be supposed to result in weakened in-
teratomic bonds and appearing diffuse in-
stability in the crystal according to the sin-
glet-triplet spin conversion [1, 5, 6]. This
causes the weakening of all the Si-Si, O-0,
Si-0, etc. bonds in the crystal. Due to ther-
mal fluctuations, the growth-induced defect
complexes Si—-O, V-0, or more complex
ones, as SiXOyVZ, start to decompose.
Atomic oxygen and interstitial silicon atoms
cause an increased nonequilibrium atomic
concentration in the interstices, thus result-
ing in the impurity concentration gradient
and, as a consequence, its diffusion over the
crystal. Since the dislocation-free crystals
were used, it is just the crystal surface that
is the most efficient drain for point defects.
But even the plates subjected to all the
technological pretreatment stages and
chemical/mechanical polishing contain the
near-surface microcracks and dislocation
half-loops [13]. That layer may be as deep
as 5 um in our case. Those microcracks can
be supposed to form the point defect drain
channels out of the near-surface layers to
the surface.

It is known that each impurity atom
causes local stresses of one sign or another
in the crystal lattice, thus changing the lat-
tice parameter in a corresponding manner.
That dependence is described [14] as
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Fig. 2. Dependence of the relative lattice pa-
rameter change value of a silicon single crys-
tal on the MF strength. The marks limit the
value range obtained for different samples in
identical conditions.

LU (2)
g -~ P AC,

where 3 is a coefficient that characterizes
the lattice parameter change due to entering
single impurity atom (for interstitial oxygen,
B=5.2410"24 cm3 [14]); AC, the impurity
concentration change per unit volume.

Thus, one can say that the MF forms an
increased concentration of interstitial oxy-
gen atoms and vacancies. As a result, the
concentration of vacancies (acting as the
trapping centers of point defects) exceeds
considerably the equilibrium concentration
for the specified conditions, N, > N,,.

Supposing that the vacancies may act as
the adsorbing trapping centers for the
atoms moving in the crystal towards its sur-
face, the process can be described in terms
of the Langmuir adsorption kinetics. Let N,
be the number of adsorption centers per
unit area, then the atom trapping rate by
the vacancies can be described as

%—N=n-(NU—N)—Y-N, (3)

t
where N, is the number of vacancies; N, the
number of impurity atoms causing a change
in the lattice parameter and the crystal me-
chanical properties; n, the rate constant of

the atom trapping by vacancies; vy, the re-
combination rate constant. Within a thin
subsurface layer, the vacancies are in dy-
namical equilibrium, that is, the number of
forming vacancies is equal to that of disap-
pearing ones due to trapping of an atom,
N, = const. Thus, the atomic impurities
may migrate from the bulk towards the sur-
face according to interstitial mechanism (O)
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or to vacancy one (V, C, Ph, B). Those im-
purities may be trapped by the point defect
adsorption centers (vacancies).

The solution of Eq. 2 at the entry condi-
tions N = 0 at ¢ = 0 has the form

N
—— Y (1-e4 (4)
N 1+B (@ - e,

where A=1n+yand B=vy/n. Aty <<n,A=n
and B <|1.

When being decomposed into compo-
nents, the defect complexes cause a change
in the lattice parameter; on the other hand,
the number of vacancies (acting as the point
atom trapping centers) increases. As a re-
sult, the equilibrium state is established in
the subsurface layer at a certain moment
when all the free vacancies diffused to the
crystal surface have trapped a fraction of
interstitial oxygen and silicon atoms. One
can say that the deeper crystal layers be-
come “purified”.

Taking into account the supposition that
the concentration of impurity atoms influ-
ences the lattice parameter change accord-
ing to Eq.(1), the sample exposure duration
in the MF can be supposed to effect its
lattice parameter. Then, taking into account
the Fick formula

X-\D1 5)

the impurity concentration can be supposed
to vary along the depth X from the sample
surface from the values Cj = Ny/X-S (where
Ng is the initial number of the impurity
atoms in that layer per 1 ecm? area) down to
the values

Non—- N
C-= OX -
=C _L,(l_e—flt)z (6
O @+y/my-X
N
%C —é~1—7At.
N ( e

The expression takes such a wvalue if
y/n << 1, i.e. the trapping rate of intersti-
tial atoms exceeds considerably that of the
reverse process in the initial stage. There-
fore, one can write for the relative lattice
parameter change as a function if the impu-
rity concentration:

Aa o Ny
a =B

" (1 — eAb, (M)
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Fig. 3. Kinetics of the relative lattice pa-
rameter change value of a silicon single crys-
tal under the MF (B =0.27 T) action. The
solid line is the theoretical curve calculated
using Eq. 7. The points are the experimental
values.

Basing on a series of experiments using
the layer-by-layer etching and determination
of the diffusion coefficient and the micro-
hardness variations, the following values of
parameters were found: X = 1.15107% em,
D =21072! cm2/sec, N,=1.81017 cm~2,
A =17.4051072 g7,

It is seen from Fig. 3 that the experi-
mental points fit rather well the theoretical
curve drawn basing on Eq.(7) using the
model concepts.

Thus, the oxygen-containing defects
(OCD) are decomposed into a set of point
defects due to the MF action. The lattice
parameter is influenced most considerably
by oxygen with concentrations amounting to
1018 ¢m™3 in the crystals under study; the
concentration of the main electrically active
impurity, phosphorus, is as low as 101% ¢cm™3.
The O impurity atoms occupy either inter-
stitials or wvacancy-bound positions. The
oxygen atoms in interstitial positions are
known to stretch the silicon lattice
(B = 5.24-10724 cm3).

It is of importance the lattice parameter
increase under the MF shows a correlation
vith the reduction in the density and size of
the surface nanoaggregates of silicon single
crystals (see Fig. 4). The images were ob-
tained using the atomic force microscopy
(AFM). The exposure in both weak constant
MF and alternating MF results in similar
density and size reduction of those surface
nanoaggregates. Similar to the lattice pa-
rameter, the surface topology relaxes in
time to the initial sample characteristics,
the number and density of nanoaggregates
rises again after a certain holding time of
the samples under room conditions.
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Fig. 4. AFM images of the silicon single crystal surface: a) prior to the MF action; b) immediately
after the constant MF action (B = 0.3 T, t = 15 days); c) after termination of the MF action and the

sample holding in air for £ = 5 days.

Of interest is the fact that the lattice
parameter change under MF was not ob-
served in the crystals grown using the zone
melting (ZM). This fact confirms that the
main contribution to the effect is due to
oxygen impurity, since in the ZM crystals
the concentration of that impurity is sev-
eral orders lower than in those grown by
the Czochralski technique.

5. Conclusions

The effect of a weak constant MF on the
lattice parameter change of dislocation-free
silicon single crystals grown by the Czo-
chralski technique has been revealed in the
work as well as the absence of that effect in
ZM grown silicon single crystals. This sug-
gests the decisive part played in the effect
by the oxygen impurity. The weak MF in-
fluence on the lattice parameter change has
been found to be of threshold character. The
MF effect on the silicon crystals is shown to
be reversible, i.e. to disappear after a cer-
tain time, provided the sample is not sub-
jected to any other external influences. The
physical interpretation of the MF influence
on the changes in the silicon crystal struc-
ture properties may be associated with the
chemical bond weakening in the crystal and
transformation of oxygen-containing struc-
ture defects into a metastable state result-
ing it decomposition thereof into a set of
point defects. The concentration change of
the latter, in turn, causes a change of the
silicon lattice parameter. The MF exposure
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changes also the silicon crystal surface to-
pology with decomposition of the surface
nanoaggregates, that is confermed by AFM
images.
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Bniaus ci1a0Koro mocTiiHOro MarHiTHOIO IOJHA
HAa CTPYKTYPY MOHOKPHCTAJIYHOTO KPEMHIiIO

B.A.Maxapa, /{.B.Kaninivenkxo

Metozmom pentreHogudpaxToMeTpii BUABJIEHO 3MiHY IapaMeTpa I'PATKM MOHOKPUCTAJIU-
HOTO KPEMHIiI0 7-TUIy, BUPOIIEHOTO MeTOZOM YoXpaJlbCbKOro, IIifi BIJUBOM CJa0KOTO
(B~0,2-0,4 T) mocriiiHoro Mmar"iTHoro mosd. EdexT mMae neaxki xapakTepHi BigminHOCTI.
ITo-mepmie, BiH Mae TmMuacoBUil XapaKTep, TOOHO 3HMKAae IicjfA IIEBHOTO Yacy peJjakcarlii,
AKIIO0 KPUCTAJN He MigJaeThcsd Oyab-AKUM 30BHIMIHIM BmjiuBaM. Ilo-gpyre, samMiHa mapamerpa
rpaTKU cHocTepirajacA TiJbKU Iicjad BILIUBY MarHiTHOTO IOJd, AKe mepeBuiyBajo 100 mT.
3anpornoHoBaHO (hisuuHy Mozenb e(peKTy, B PAMKAX AKOI IOACHIOETHCA MOIKJIUBICTH TAKOTO
BILIUBY CJAa0KOTO MarHiTHOTO IOJIA Ha KPUCTAJIU. BIJINB MarHiTHOTO MOJIA IOJATAE y Iepe-
TBOPEeHHI MOYATKOBUX ab0 POCTOBUX KHCHEBMiCHUX KJacTepiB y MeTacTabiibHUII cTaH, B
AKOMY BOHU MOMKYTH DPOSIAaJaTHCA HA KOMIOHeHTH abo mpoctimi gedexTu mnix BmiImBoM
TepMiuHiX QIyKTyarii.
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