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Pe3siome
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EJTEKTPUYHOMY ITOJII: HOBA PEJISITUBICTCBKA CXEMA

Pesiome

B mexax S- marpuuHoro dopmanizmy Ienn-Mana ta Jloy i pensiTuBicTChbKOI Teopii 30ypeHb BUKJIaJeHa HOBA peJIITUBICTChKA
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INFLUENCE OF IMPURITIES AND DISLOCATIONS ON THE VALUE
OF THRESHOLD STRESSES AND PLASTIC DEFORMATIONS IN SILICON

The dependence of a plastic flow stress and deformation values on the presence of clear and
precipitated by impurity initial structural defects in epitaxial p — silicon without foreign impurity and
in epitaxial p — silicon with oxygen impurity is investigated. It is established, that, boron doping of
silicon is the reason of threshold stress reduction in comparison with threshold stress for clear from
defects silicon and leads to reduction of its hardness. Presence of oxygen atoms, precipitating disloca-
tions in plates, stimulates the increase of threshold stress.

1. INTRODUCTION

Structural and impurity defects, their distribution
in initial semiconductor plates at technological pro-
cessing, can make decisive influence on the process of
new defects’ generation that influences on degrada-
tion properties and on percentage yield of devices. In
spite of the fact that it has been studied many years,
the problem of defects in silicon remains actual till
now. First of all, it is connected with the increase of
electronic microcircuits integration, and with transi-
tion from micro technologies to nano technologies.
Many works are devoted to studying recombination
active defects arising in the course of silicon crystals
cultivation [1]; defects in silicon nanowires [2]; prob-
lems of iron gettering in silicon by means of oxygen
precipitates [3, 4]; optical attenuation on silicon di-
vacancies [5]; controllable cultivation of dislocations
[6]; redistributions of dislocations in silicon [7] and
other defect properties.

It is informed [8] that silicon crystals, containing
appreciable quantity of oxygen atoms, are the best ba-
sis for integrated microcircuits creation, than clearer
crystals. Despite of considerable amount of works on
this problem [9, 10], a number of questions connected
with impurity influence on the stress of the beginning
of a plastic flow remain unsolved.

The purpose of given work is the establishment of
laws of stresses and relative deformations changes un-
der the influence of structural and impurity variations
of silicon plates.

2. OBJECTS AND METHODS OF RESEARCH

We studied epitaxial boron-doped silicon plates of
grade BDS 10 (111) with the diameter of 60 mm and
thickness of 405 microns.

Following methods and equipment were used for
studying defects on a silicon surface:

— amethod of selective chemical etching by Sirtle
[11];

— scanning electronic microscopy of a surface
(SEMS), by means of scanning electronic micro-
scope-analyzer “Cam Scan” — 4D with a system of
the energetic dispersive analyzer “Link — 860” (with
the usage of “Zaf” program, mass sensitivity of the de-

52

vice is 0,01 %, beam diameter ranges from 5-107 to
1-10%) [12];

— optical methods of researches with the usage of
metallographic microscope “MMP — 2P”;

— Ozhe electronic spectroscopy (OES), by means
of spectrometer LAS-3000, manufactured by “Riber”
(with spatial resolution of 3 microns and energetic
permission of analyzer of 0,3 %).

Selective chemical etching was applied to samples
before studying of their defects with the usage of metal-
lographic microscope “MMP — 2P” and of electronic
microscope “Cam Scan”. For etching of plates with
(111) -oriented surface plane Sirtle etchant was used.
Its chemical compound is as following: 50 g of CrO,
+100 ml of H,O + 100 ml of HF (46 %). Etching time
was from 2 till 15 minutes, etching speed was about
2 — 3 microns/minute. Preliminary processing of
plates in Caro and hydrogen-ammonia compositions
[13] was made before selective etching. It allowed us to
raise revealing properties of selective etchant. The re-
vealed defects looked like dislocational etching poles,
lines of dislocations or dislocational grids.

3. RESEARCH AND CALCULATION
PECULIARITIES

It is established, that deformations of a rigid body
arise under the influence of mechanical stresses. Stress
t dependence on deformation ¢ is presented on the
graph of (fig. 1) [14].

Crystal deformation occurs not only under the in-
fluence of external mechanical stresses. Crystal dop-
ing, presence of uncontrollable oxygen, carbon, hy-
drogen impurities and impurities of other elements in
the course of cultivation always leads to the change of
lattice constant, and, hence, to existence of areas with
changed mechanical potential [15]. Elastic stresses in
silicon lattice, caused by implantation of atoms of an-
other size, are described by Poisson formula [11]:

I+v
T=02u-—:0C, 1
T (1
with @ — Vegard constant;
v=-§,,/8,, — Poisson constant (tab. 1);  (2)
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u=1/S,, — shear modulus (tab. 1); (3)
C — impurity concentration;
S, — elastic compliance coefficient [14].
B
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Fig. 1. Typical dependence of T= f (8) for covalent crys-
tals: Ty 5 Typ s Eypps €, — shear stresses T and the defor-
mations €, corresponding upper fluidity limit (UFL) and lower
fluidity limit (LFL).

In the given work the area of plastic flows (from
(T € ) 10 (T.€,4 ) on the curve of fig. 1 was
investigated. Namely, we studied the value of residual
stresses and deformations, arising in a crystal after
cancellation of deformation and formation of struc-
tural defects. We were not interested in mechanical
deformation of a crystal (stretching, compression,
blow, bend, cave-in and other), but in initial (internal)
deformation which possesses the crystal before expo-
sure to external deformation. This initial deformation
of a crystal is formed in the course of growth and sub-
sequent doping. Stresses and deformations brought
into a crystal by defects, formed in the course of its
growth, were investigated in this work. Useful (dop-
ing) impurity as, for example, boron in p-silicon and
phosphorus in n-silicon, as well as any other impurity,
refers to the category of point defects.
Table 1

Results of required calculations of critical stresses and
deformations, and also intermediate values for clear silicon.

Lattice constant a,, A [18] 5,431
Vegard constant for boron @, [17] 2,8-107°
Vegard constant for oxygen ®, ., [17] 1-107*
12

Elastic compliance Siy 2,14-10
. m2 S]] 7, 68'10712
coefficient, — [14] =)

N Sy 12,6-10
N 13

Shear modulus M, —- (3) 7,94-10
m
Poisson constant X (2) 0,28
Atom concentration C, cm™ [18] 5-10%
Critical stress value Tyz ,— [14] 108
m

Critical deformation value €, (8) L3-10°

For silicon plates, containing dislocations with
residual stresses around dislocation cores, the top of
fluidity limit achievement comes at smaller stresses,
than for crystals without dislocations. Studying a de-
fect picture on a surface of silicon plates, it is possible
to define value of these residual stresses and deforma-
tions, and, also, concentration of point defects.

After selective chemical etching, two types of
defect distribution picture in boron-doped epitaxi-
al silicon plates were found out by means of SEMS.
Thereupon the investigated plates were divided into 2
groups. By methods of x-ray and OES analyses it was
established, that plates of the second group contain
oxygen impurity, and plates of the first group do not
contain oxygen atoms. A typical representative of the
first group of plates is the plate Ne 1 (fig. 2) with big
period of dislocational grid, consisting of 60 ° disloca-
tions. A typical representative of the second group of
plates is the plate Ne 2 (fig. 3) with small period of dis-
locational grid, highly precipitated by oxygen atoms.
SEMS analysis with a system of the energetic disper-
sive analyzer “Link — 860” showed that oxygen atoms
are placed not only lengthways of dislocational grid,
but also in its lattice sites (spheres on fig. 3).

Dislocational grids considered to be repeating
linear defects, density of which is expressed through
a number of dislocational lines, crossing a surface of
unit area, perpendicular to dislocational lines [16].

After definition of dislocations’ amount » from
the pictures of plates’ surface (tab. 2), we calculated
surface density of dislocations, using formula

n-image increase

4)

Nvurf .=

image square

Fig. 2. Image of boron precipitated dislocational grid in p-
silicon, received after selective chemical etching by Sirtle (depth
of analysis x = 5 mkm, image increase is 2300 times, (111) — ori-
entated surface plane).

Value of surface density of dislocations is repre-
sented in table 2.
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The surface density of dislocations is connected
with value of relative deformation e (tab. 2) and with
silicon lattice constant a by a well-known ratio
[11]:

g=,Ja,’ "N ®)]

Relative deformation, described by Vegard law,
arises at the process of impurity diffusion [17]:

e=w-C,

(6)

with @ — Vegard constant, C' — impurity concentra-
tion in relative dimensionless units (tab. 2).

In the case of several kinds of impurity resultant
relative deformation is defined as the sum of contribu-

tions:
€= Zsi . (7)

Shear stress t,,, and deformation e, in the iso-
tropic structure are connected by ratio [14]

T
_ ‘urL
EurL = ’
n

®)

with [l — shear modulus (tab. 1).

Fig. 3. Image of oxygen precipitated dislocational grid in p-
silicon, received after selective chemical etching by Sirtle (depth
of analysis x = 5 mkm, image increase is 2300 times, (111) — ori-
entated surface plane).

In the process of dislocation multiplication inter-
nal stresses become comparable with external and the
real stresses effecting dislocation, will differ from the
external. It is considered [14], that the real stresses ef-
fecting dislocation are equal to

T:Teﬂ’.-i_’[inm’ (9)
with 7, — external stresses, effecting a crystal,
T,,, — internal stresses.

inn.

‘Long-range (internal) mechanical stress of uni-
formly distributed dislocations can be calculated, con-
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sidering additive character of internal stresses of each
dislocation, according to expression

Tian =a-|b|.l”l‘.Nswfl/2! (10)
Here
a=1-v/(2n), (11)
with x — Poisson constant (2), N, — dislocation
density, b| — Burgers’ vector magnitude.
Table 2

Results of stresses and relative deformations calculations, and also
intermediate values for the investigated silicon plates

Plates Plates
Ne 1 Ne 2
Surface orientation plane (111) (111)
Amount 7 of dislocations on figure, 17 260
averaged for all plates of one type
Value of relative deformations in the 6 -
area of dislocational grids € (5) 1-10 2:10
Surface density of dislocations
2 357 1320
Nvurf 2 cm (4)
Stress value in the area of dislocational
N 6 7
grids T, — (13) 9,310 1,810
m
%c:)ncen(t)z)atigil of boron impurity 0.04 0,04
Concentration of boron impurit
Cbaron’cm-3 [18] b ! 2.1019 2'1019
Concentration of oxygen impurity 0.01
chygen > % (6) ’
Concentration of oxygen impurity, 8
C,uenrCm” (18] 5-10

Asi it is seen from fig. 2 and fig. 3, observable dislo-
cational grids consist of 60° dislocations. The Burgers’
vector magnitude of 60° dislocations equals to the lat-
tice constant || =a, . Introducing the expressions of
e and 0, given by Eqgs. (5) and (11) in Eq. (10) one
gets:

o =179
inn. 21_[ “’ .

As the surface picture was taken without any exter-
nal stresses, for 1, one gives: 7, =0. Real stresses,
effecting dislocation are equal to internal stress (tab.
2) of uniformly distributed dislocations:

(12)

T=1 (13)

On the other hand, apparently from Eq. (10), the
stress, effecting dislocation for lack of external stress-
es, applied to a crystal, is in direct ratio to a square
root from dislocation density.

inn.

4. RESULTS AND DISCUSSION

Data, used in presented work and received from
the analysis of pictures of a surface and as a result of
calculations, averaged for each type of plates, are given
in tables 1 and 2. Steams of stress values, received as a
result of calculations, and deformations are tabulated
for the analysis in table 3.



Table 3
Values of residual stresses and deformations for plates Nel and
plates Ne 2, and also threshold values of stresses and deformations
for clear from defects silicon.

€ T N
b m2
Plates Ne 1-10°° 9,3-10°
Plates Ne 2 2.10°° 1,8-107
Threshold values for clear 3 8
from defects silicon 1,3-10 10

As it follows from table 3, residual stresses and de-
formations for a case of boron-doped silicon (plates
Ne 1) on the curve of fig. 1 are placed more to the left
of threshold stresses and deformations for clear from
defects silicon that is they correspond to areas of elas-
tic stresses and deformations. It means that in a result
of boron precipitation of dislocations the new phase of
Si-B was formed. Its threshold of plasticity is more to
the left of a threshold of plasticity of clear silicon and,
taking into account the formation of dislocations,
more to the left of residual stresses and deformations
for a plate Ne 1. Thus, the received values of residual
stresses and deformations for a plate Ne 1 correspond
not to silicon, but to Si-B. As the threshold of a plastic
flow for this phase is less, than for silicon it is possible
to draw a conclusion that in a result of boron doping
hardness of silicon plates reduces.

In a case of oxygen presence in boron-doped sili-
con plates, (plates Ne 2) residual stresses and defor-
mations are more to the left of threshold stresses and
deformations for clear from defects silicon, but more
to the right of residual stresses and deformations for a
case of plates Ne 1.

It is experimentally proved, that value of ¢),, and,
hence, of e, for germanium monotonously increas-
es with the increase of oxygen concentration [14]. It
is informed; that similar results were found out for
silicon, only the mechanism of strengthening of these
crystals in the presence of oxygen is not investigated
up to the end [9].

5. CONCLUSION

The accessory of residual stresses and deforma-
tions’ values of plates No 1 to areas of elastic stress-
es and deformations for clear from defects silicon is
caused by the fact, that boron atoms have smaller co-
valent radius (0,08 nanometers) [19] in comparison
with covalent radius of silicon atoms (0,1175 nanome-
ters) [19]. As a result the period of silicon crystal lat-
tice increases when boron is placed in lattice sites. It is
connected with the fact, that placing of boron atoms
in silicon crystal lattice sites leads to lattice compres-
sion in the doped area, and, hence, to corresponding
stretching of silicon crystal lattice [20]. As a result me-
chanical stresses leading to existence of stretching area
appear in silicon crystal [21]. Therefore at the appli-
cation of mechanical stresses, smaller, than threshold
stresses for clear from defects silicon, the plastic flow
is observed in plates Ne 1. As residual stresses and de-
formations for plates Ne 1 are less than threshold val-
ues for clear from defects silicon, it is obvious (fig. 1),

that threshold values of stresses and deformations for
p — silicon are placed in the area, more to the left of
residual stresses and deformations.

In the case of oxygen atoms in lattice sites of sili-
con crystal, because of larger covalent radius of oxygen
atoms in comparison with covalent radius of silicon
atoms, compression areas (caused by lattice stretch-
ing in the field of oxygen atom placement [22]) will be
formed in silicon crystal. Interstitials (both boron and
oxygen) in silicon crystal lattice form areas of com-
pression [22]. Strength reduction of plates Ne 1 justi-
fies to primary placement of boron in silicon lattice
sites. Position of residual stresses and deformations for
plates Ne 2 to the right of residual stresses and defor-
mations for plates Ne 1 (increase of deformation value)
is caused by oxygen presence in plates Ne 2. Concen-
tration of oxygen atoms equal to 0,01 % in plates Ne
2, is enough for compensation of hardness reduction
effect, called by boron presence in the plates [23]. The
presented results justify that controllable introduction
of oxygen impurity can be used for increase of me-
chanical hardness of silicon crystals.
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INFLUENCE OF IMPURITIES AND DISLOCATIONS ON THE VALUE OF THRESHOLD STRESSES AND PLASTIC
DEFORMATIONS IN SILICON

Abstract

The dependence of a plastic flow stress and deformation values on the presence of clear and precipitated by impurity initial struc-
tural defects in epitaxial p — silicon without foreign impurity and in epitaxial p — silicon with oxygen impurity is investigated. It is
established, that, boron doping of silicon is the reason of threshold stress reduction in comparison with threshold stress for clear from
defects silicon and leads to reduction of its hardness. Presence of oxygen, precipitating dislocations in plates, stimulates the increase of
threshold stress.
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BJIIMAHUE HPI('IMECEI?‘I W TNCJIOKAIIAY HA BETUYAHY ITOPOTOBBIX HAITPSKEHUM U IIJTACTUYECKHX
JE®OPMALIU B KPEMHUU

Pesiome

HccnenoBaHa 3aBUCMMOCTD BEJIMYMHBI HAMIPSDKEHUI U feopMalvii Hayala MIacTUYECKOrO TEYEHUS OT MPUCYTCTBUS YUCTHIX
M MPEUUTUTUPOBAHHBIX IIPUMECSIMU UCXOIHBIX CTPYKTYPHBIX A€(PEKTOB B SIMMMTAKCHAILHOM p- KPEMHUU O€3 CTOPOHHUX TMpUMecei
M B 3MUTAKCUAILHOM p- KPEMHUU C TIPUMECHIO KMCIOPOIa. YCTaHOBIEHO, YTO, JIETMPOBAHUE KPEMHUS OOPOM SIBIISIETCS TIPUYMHOIM
YMEHbILIEHHST TTOPOTOBBIX HATIPSIKEHUI TI0 CPABHEHUIO C ITOPOTOBBIMU HATIPSIKEHUSIMU TSI YMCTOTO OT 1e(DEKTOB KPEMHHUSI U TIPUBO-
JIUT K YMEHBLIEHUIO €ro MpoYyHocTu. [IpucyTcTBre B IUlacTMHAX KUCIOPOAa, MPELUITUTUPYIOLIETO JUCIOKALMN, CTUMYJIUPYET BO3-
pacTaHue TIOPOTOBBIX HATIPSIKEHMIA.

KimoueBble cj10Ba: 1UCIOKAILIMK, IOPOTOBOE HAIIPSLKEHKE, IUIACTUYECKUE TeopMaliiu.

VIK 537.311.33:622.382.33
B. A. Cmunmuna, O. B. Csipidosa

BIL/IMB JOMIIIOK I JACITOKAIIA HA BEJTUYIUHY IIOPOTOBOI HAITPYTH I ILTACTYHOI JEDOPMAIIIT
B KPEMHII

Pe3iome

JlocmimKkeHo 3aJIeXKHICTh BEJIMYMHU HAIPYyTru i Aedopmalii moyaTKy IuIacTUYHOI Tedil Bil HasIBHOCTI YMCTUX i MpELIMITITOBA-
HUX IOMilIKAaMU MOYATKOBUX CTPYKTYPHUX NeEKTIB B €IiTaKCialbHOMY p- KpEMHil 0e3 CTOPOHHIX JOMIIIIOK i B emiTakcialbHOMY
P- KpPEeMHii 3 JOMIIlIKOIO KUCHIO. BcTaHOBNIEHO, 1110, JIETYBaHHSI KPEMHIiI0 OOPOM € MPUYMHOI0 3MEHILIEHHS MOPOTOBOi HAMPYTH B
MOPiBHSIHHI i3 MOPOTOBOIO HATIPYTOIO [UISI YACTOTO Bifl IOMIILIOK KPEMHIIO i MPU3BOAUTH A0 3HUXKEHHSI i1oro MiltHocTi. [IpucyTHicTb B
TUTACTUHAX KUCHIO, MPELUTTITYIOUOT0 JUCIOKallii, CTUMYJIIOE 3pOCTaHHS TOPOTOBOI HAMIPYTH.

KumouoBi ciioBa: nuciokailii, moporosa Hampyra, IiacTUuHi fedopMaltii.
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