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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: 

– a method 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-

vice is 0,01 %, beam diameter ranges from 5 10-9 to 
1 10-6) [12]; 

– optical methods of researches with the usage of 
metallographic microscope “ÌÌÐ — 2Ð”; 

– 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 “ÌÌÐ — 2Ð” 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

3
 

+100 ml of H
2
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 
  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]: 
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with %  — Vegard constant; 

 12 11- /S S# $  — Poisson constant (tab. 1);  (2) 
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 441/ S' $  — shear modulus (tab. 1);  (3) 

  — impurity concentration; 

mnS  — elastic compliance coefficient [14]. 

Fig. 1. Typical dependence of ) *f $ !  for covalent crys-
tals: UFL , LFL , UFL! , LFL!  — shear stresses   and the defor-
mations  , corresponding upper fluidity limit (UFL) and lower 
fluidity limit (LFL). 

In the given work the area of plastic flows (from 
) *,UFL UFL !  to ) *,LFL LFL ! ) 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 0 , Aa   [18] 5,431

Vegard constant for boron boron%  [17] 32,8 10(&

Vegard constant for oxygen oxygen%  [17] 41 10(&

Elastic compliance 

coefficient, 

2m

N
 [14]

11S
122,14 10(&

11S
127,68 10(&

44S
1212,6 10(&

Shear modulus 
2

!,
N

m  
(3)

137,94 10&

Poisson constant "  (2) 0,28

Atom concentration 
-3, cm  [18]

225 10&

Critical stress value 
2

,UFL

N

m
  [14] 810

Critical deformation value UFL!  (8) 31,3 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 ¹ 1 (fig. 2) with big 
period of dislocational grid, consisting of 60 0 disloca-
tions. A typical representative of the second group of 
plates is the plate ¹ 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 n  from 
the pictures of plates’ surface (tab. 2), we calculated 
surface density of dislocations, using formula 

 .surf

n image increase
N

image square

&
$ . (4) 

 

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   (tab. 2) and with 
silicon lattice constant 

0
a  by a well-known ratio 

[11]: 

 2

0 .surfa N! $ & . (5) 

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

  ! $ %& ,  (6) 

with %  — Vegard constant,   — 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: 

 i

i

! $ !+ . (7) 

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

 UFL

UFL

 
! $

'
, (8) 

with '– 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 

 . .eff inn $  "  , (9) 

with .eff  — external stresses, effecting a crystal, 

.inn  — internal stresses. 
Long-range (internal) mechanical stress of uni-

formly distributed dislocations can be calculated, con-

sidering additive character of internal stresses of each 
dislocation, according to expression 

 1/ 2

. .inn surfN $ , & &' &b , (10) 

Here 

 1 /(2 ), $ (# - , (11) 

with "  — Poisson constant (2), .surfN  — 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 
¹ 1

Plates 
¹ 2

Surface orientation plane (111) (111)

Amount n  of dislocations on figure, 
averaged for all plates of one type

17 260

Value of relative deformations in the 
area of dislocational grids   (5)

61 10(& 62 10(&

Surface density of dislocations 
-2

. ,surfN cm  (4)
357 1320

Stress value in the area of dislocational 

grids 
2

,
N

m
  (13)

69,3 10& 71,8 10&

Concentration of boron impurity 
,%boron  (6) 0,04 0,04

Concentration of boron impurity 
-3,boron cm  [18]

192 10& 192 10&

Concentration of oxygen impurity 
,%oxygen  (6) 0,01

Concentration of oxygen impurity, 
-3,oxygen cm  [18]

185 10&

As it is seen from fig. 2 and fig. 3, observable dislo-
cational grids consist of 600 dislocations. The Burgers’ 
vector magnitude of 600 dislocations equals to the lat-
tice constant 0a$b . Introducing the expressions of 
  and # , given by Eqs. (5) and (11) in Eq. (10) one 
gets: 

 .

1

2
inn

( #
 $ &! &'

-
. (12) 

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

 .inn $   (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. 

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. 
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Table 3 
Values of residual stresses and deformations for plates ¹1 and 

plates ¹ 2, and also threshold values of stresses and deformations 
for clear from defects silicon. 

!
2

,
N

m
 

Plates ¹ 1 61 10(& 69,3 10&
Plates ¹ 2 62 10(& 71,8 10&
Threshold values for clear 
from defects silicon 

31,3 10(& 810

As it follows from table 3, residual stresses and de-
formations for a case of boron-doped silicon (plates 
¹ 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 ¹ 1. Thus, the received values of residual 
stresses and deformations for a plate ¹ 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 ¹ 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 ¹ 1. 

It is experimentally proved, that value of $UFL  and, 
hence, of  UFL  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 ¹ 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 ¹ 1. As residual stresses and de-
formations for plates ¹ 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 ¹ 1 justi-
fies to primary placement of boron in silicon lattice 
sites. Position of residual stresses and deformations for 
plates ¹ 2 to the right of residual stresses and defor-
mations for plates ¹ 1 (increase of deformation value) 
is caused by oxygen presence in plates ¹ 2. Concen-
tration of oxygen atoms equal to 0,01 % in plates ¹ 
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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ÂËÈßÍÈÅ ÏÐÈÌÅÑÅÉ È ÄÈÑËÎÊÀÖÈÉ ÍÀ ÂÅËÈ×ÈÍÓ ÏÎÐÎÃÎÂÛÕ ÍÀÏÐßÆÅÍÈÉ È ÏËÀÑÒÈ×ÅÑÊÈÕ 
ÄÅÔÎÐÌÀÖÈÉ Â ÊÐÅÌÍÈÈ 

Ðåçþìå 
Èññëåäîâàíà çàâèñèìîñòü âåëè÷èíû íàïðÿæåíèé è äåôîðìàöèé íà÷àëà ïëàñòè÷åñêîãî òå÷åíèÿ îò ïðèñóòñòâèÿ ÷èñòûõ 

è ïðåöèïèòèðîâàííûõ ïðèìåñÿìè èñõîäíûõ ñòðóêòóðíûõ äåôåêòîâ â ýïèòàêñèàëüíîì p- êðåìíèè áåç ñòîðîííèõ ïðèìåñåé 
è â ýïèòàêñèàëüíîì p- êðåìíèè ñ ïðèìåñüþ êèñëîðîäà. Óñòàíîâëåíî, ÷òî, ëåãèðîâàíèå êðåìíèÿ áîðîì ÿâëÿåòñÿ ïðè÷èíîé 
óìåíüøåíèÿ ïîðîãîâûõ íàïðÿæåíèé ïî ñðàâíåíèþ ñ ïîðîãîâûìè íàïðÿæåíèÿìè äëÿ ÷èñòîãî îò äåôåêòîâ êðåìíèÿ è ïðèâî-
äèò ê óìåíüøåíèþ åãî ïðî÷íîñòè. Ïðèñóòñòâèå â ïëàñòèíàõ êèñëîðîäà, ïðåöèïèòèðóþùåãî äèñëîêàöèè, ñòèìóëèðóåò âîç-
ðàñòàíèå ïîðîãîâûõ íàïðÿæåíèé. 

Êëþ÷åâûå ñëîâà: äèñëîêàöèè, ïîðîãîâîå íàïðÿæåíèå, ïëàñòè÷åñêèå äåôîðìàöèè. 
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ÂÏËÈÂ ÄÎÌ²ØÎÊ ² ÄÈÑËÎÊÀÖ²É ÍÀ ÂÅËÈ×ÈÍÓ ÏÎÐÎÃÎÂÎ¯ ÍÀÏÐÓÃÈ ² ÏËÀÑÒ×ÍÎ¯ ÄÅÔÎÐÌÀÖ²¯ 
Â ÊÐÅÌÍ²¯ 

Ðåçþìå 
Äîñë³äæåíî çàëåæí³ñòü âåëè÷èíè íàïðóãè ³ äåôîðìàö³¿ ïî÷àòêó ïëàñòè÷íî¿ òå÷³¿ â³ä íàÿâíîñò³ ÷èñòèõ ³ ïðåöèï³òîâà-

íèõ äîì³øêàìè ïî÷àòêîâèõ ñòðóêòóðíèõ äåôåêò³â â åï³òàêñ³àëüíîìó p- êðåìí³¿ áåç ñòîðîíí³õ äîì³øîê ³ â åï³òàêñ³àëüíîìó 
p- êðåìí³¿ ç äîì³øêîþ êèñíþ. Âñòàíîâëåíî, ùî, ëåãóâàííÿ êðåìí³þ áîðîì º ïðè÷èíîþ çìåíøåííÿ ïîðîãîâî¿ íàïðóãè â 
ïîð³âíÿíí³ ³ç ïîðîãîâîþ íàïðóãîþ äëÿ ÷èñòîãî â³ä äîì³øîê êðåìí³þ ³ ïðèçâîäèòü äî çíèæåííÿ éîãî ì³öíîñò³. Ïðèñóòí³ñòü â 
ïëàñòèíàõ êèñíþ, ïðåöèï³òóþ÷îãî äèñëîêàö³¿, ñòèìóëþº çðîñòàííÿ ïîðîãîâî¿ íàïðóãè. 

Êëþ÷îâ³ ñëîâà: äèñëîêàö³¿, ïîðîãîâà íàïðóãà, ïëàñòè÷í³ äåôîðìàö³¿. 


