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Perfect, partial, and split dislocations in quantum dots
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A mechanism for relaxation of misfit stresses in nanoisldgdantum dotsis theoretically examined which
is the formation of partial and split misfit dislocations. The parameters of nanoislands with perfect, partial, and
split misfit dislocations are estimated and compared, with emphasis on the case of Ge/Si nanoislands. Different
dislocation structures are shown to be energetically preferred in different regions of the nanoisland/substrate
interface. It is theoretically revealed that perfect misfit dislocati@eventionally considered in models of
dislocated nanoislangsire not energetically favorable in pyramidlike nanoislands in Ge/Si system. Also, it is
shown that misfit dislocation formation is capable of causing nanoisland shape transformation as an energeti-
cally favorable process.
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[. INTRODUCTION mation of perfect, split and partial dislocations in a nanois-
land becomes energetically favorable at different critical val-
Self-assembled semiconductor nanoislantuantum  ues of its geometric and material parameters, in which case it
dotg exhibit unique functional properties, being the subjectis important to identify the most favorable type of misfit
of intensive fundamental research and opening up a range @lislocations(whose formation leads to dramatic degradation
new applications; see, e.g., Refs. 1-15. Of special interestf functional characteristics of quantum dof§he aforesaid
are applications of semiconductor nanoislands in novel eleccauses high interest to a detailed theoretical description of
tronic and optoelectronic devices with reduced size andhe competition between the stand@Fig. 1(a)] and the ear-
weight. The structure and geometric shape of nanoislands alier briefly consideret? relaxation mechanisms in strained
among the most important issues for these applications. IAanoislands. The main aim of this paper is to theoretically
particular, the formation of misfit dislocations in nanoislandseéxamine in detail the competition in question, with focuses
and transformations of their shape can cause serious perfaplaced on the conditions at which the generation of split and
mance problems for semiconductor nanodevices. In this corpartial misfit dislocationgFigs. 1b) and Xc), respectively
text, identification of conditions, at which these processedn a strained nanoisland is energetically favourable. Also, we
occur in semiconductor nanoislands, is of utmost signiﬁ_Wi” theoretically examine the effect of misfit dislocation for-
cance. It is a serious problem for experimental analysis, bemation on nanoisland shape transformations.
cause of extremely high demands for precise measurements
at nanoscale. In these circumstances, theoretical models of
structural and shape transformations of semiconductor A 2
nanoislands are very important for understanding the funda- Ch
mentals of nanoscale effects in semiconductors as well as for /////[ bl i ,J////
fabrication and design of electronic nanodevices with stable
functional characteristics. (a)
Current theoretical models of dislocations in strained
nanoislands conventionally deal with perfect misfit disloca-
tions[Fig. 1(a)]; see, e.g., Refs. 1,13—15. Recently, a physi-
cal mechanism for stress relaxation in nanoislands has been A 2 LN L2,
suggested which is the formation of partial and split disloca- //// T_A_? X///
tions[Figs. 1b) and Xc)].1® Perfect misfit dislocationfFig. ;
1(a)] violate the coherency of the nanoisland/substrate )
boundary only at line dislocation cores. The formation of two
partial dislocations composing a split configuratifiig.
1(b)] or a single partial dislocatiofFig. 1(c)] is accompa-
nied by formation of a stacking fault, in which case the ideal A _cz L2
coherency of the nanoisland/substrate boundary is violated at /}////
both local dislocation cores and extended stacking fault d
plane. In addition, stress field distributions created by per- ©)
fect, partial and split dislocations are different. Therefore,
nanoislands with perfedtFig. 1(a)], split [Fig. 1(b)], and FIG. 1. Misfit dislocation configurations in pyramidlike nanois-
partial[Fig. 1(c)] misfit dislocations have different character- |and (quantum dot (a) Perfect misfit dislocation(b) two partial
istics sensitive to the nanoisland/substrate boundary structuraisfit dislocations joined by stacking fault, atel one partial misfit
and stress field distribution in the nanoisland. Also, the for-dislocation joined by stacking fault with a lateral node point.
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Il. PERFECT MISFIT DISLOCATIONS IN NANOISLANDS: )
SHAPE TRANSFORMATIONS OF DISLOCATED "ano'ia”d ob
NANOISLANDS

Let us consider a model heteroepitaxial system consisting
of a nanoisland and a semi-infinite substréfég. 1). The
nanoisland has the form of a regular pyramid with the rect-
angular base edge lengttand the slope angle formed by
the island lateral facets and the substrate plane. The nanois-
land and the substrate are assumed to be elastically isotropic
materials with the same values of the shear stre@#nd
the same values of the Poisson ratioMisfit stresses occur
in the nanoisland due to the misfigeometric mismatch
between the crystal lattice parametaerandag of the island
and the substrate, respectively. For simplicity, here and in the
following we confine our consideration to the two-
dimensional model systernfFig. 1) with one-dimensional
misfit f =2 (ag—a;)/ (a+a;). -172 T X0 iz x

Now let us consider the generation of a perfect misfit
dislocation at the lateral node point(&here the lateral facet FIG. 2. Perfect misfit dislocation in two-phase cylinder. Misfit
of the nanoisland connects the substrate free surfae its between crystal lattice parameters of the nanoisland and the sub-
consequent motion along the nanoisland/substrate interfatférate is que!ed as _that associa_ued with a continuous distribution of
towards the island base cent®ig. 1). The generation of the virtual misfit dislocations at the interphase boundary.
misfit dislocation is energetically favourable, if the energy
differenceAW=W—W’<0, whereW’ andW are the ener- €lasticity theory; see, e.g., Refs. 13-21. Such models com-
gies of the nanoisland in the coherédislocation-fregstate ~ Monly do not describe in a strict manner the behavior of a
and the dislocated statEig. 1), respectively. The exact ana- dislocation near a free surface point of its entering into a film
lytical calculation of the energy of the dislocated nanoisland®r nanoisland, because it needs a detailed description of such
on the substrate needs exact analytical formulas for the stresBidden” factors as the atomic arrangements at the disloca-
field and elastic energy of an edge dislocation located nedfon core and the free surface. At the same time, details of the
the curved free surface formed by the free surfaces of thgehaVior of a dislocation near the free surface pOint of its
nanoisland and the substragg. 1). Up to now, however, as entering into a film or nanoisland are not essential for under-
to the authors know|edge, such formulas have not been dé.ta.nding the conditions at which the dislocation formation in
rived. In these Circumstances] in calculations of this papert,he film or nanoisland is energetica”y favorable. The fact is
instead of unknown formulas for stress fields of dislocationghat a dislocation is able to overcome a barrier in the region
near curved free surface, we will use in the first approxima£onsidered due to thermal fluctuations that facilitate motion
tion the analytical formuld$ for stress fields of a straight of double kinks of dislocation line. In these circumstances,
dislocation near a cylindrical solid. To do so, we will model the knowledge of energetic characteristics of a dislocation
the nanois'and/substrate System as a Cy”ndrica' Composi@Stant from the nanOiS|and free Surface a”OWS one to Under'
solid of radiusR and infinite length(Fig. 2. The interphase Stand, if the dislocation generatidirucially affecting the
nanoisland/substrate boundary represents a strip which fsnctional properties of quantum dotm the nanoisland is
parallel with the cylinder center axis and makes an angle favorable. The suggested modglig. 2) is effective in a
with the cylinder free surfacéFig. 2). In the coordinate sys- descrlpno_n of c_i|slocat|ons d|st_ant from thg nanoisland fre_e
tem shown in Fig. 2, the interphase boundary occupies th&urface, in which case we think conclusions based on its
region (x|<!/2=Rsina,y=y,=Rcosa), and the misfit dis- results(see next sectiongo be reasonaple enough. _
location is located atX=x,,y=Y,) and has the Burgers In the framewprk of the m_odel con5|dered,.th'e e_Iastlc en-
vector 2= 2be, . ergy of the nanoisland containing a perfect misfit dislocation

The model(Fig. 2) in question is effective in the case of Consists of the four terms
low anglesa, where the form of the nanoisland/substrate
composite is close to that of the cylinder. In particular, it is W=W"+W(xy,2b)+ W~ F(xq,2b) + WE(2b). (1)
the case of Ge/Si100) nanoislandgwith «=11°) that have
a great technological potential. However, even for small Here W' denotes the misfit strain energwd(x’,b’) the
the suggested model is weakly effective in a description of groper elastic energy of the perfect misfit dislocati@rith
misfit dislocation located in the vicinity of the lateral point Burgers vectorb’e,) located atx=x’, W¢ f(x’,b’) the
A, where the straight free surface of the substrate and alastic energy associated with the elastic interaction between
straight nanoisland facet that make a contact anglare the dislocation and the misfit stresses, aft(2b) the en-
modeled as the continuously curved free surface of cylinderergy of the dislocation core. The generation of the perfect
It is the general weak point of models of dislocation generadislocation is energetically favorable, if it leads to a decrease
tion in nanoislands and solid films, using methods of theof the total energy, that is, §W=W—W’<0. With formula

substrate
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(1) taken into account, we come to the following criterion for with continuously distributed virtual dislocatiorisiodeling
the generation of the perfect misfit dislocation to be energetimisfit) at the interphase boundaflig. 2):

cally favorable:

AW=W(xy,2b) + W9 f(xo,2b) + WE(2b)<0. (2)

—d/yr ’
V\/dff(x’,b’)zrlz de_ )

Let us calculate the terms appearing on the right hand sidglere dW*=%(x’,x,b’) is the energy of the interaction be-

of formula (2). The dislocation core energy
conventionally? written as W°(b’)~Db’?/2, where D

is tween the perfect misfit dislocatidiocated at X’,yg)] with

Burgers vectorb’ and a virtual dislocation[located at

=G/[2m(1—v)]. Following Ref. 22, the proper elastic en- (X,yo)] with infinitesimal Burgers vectodb= —fdxe,. The

ergy of the dislocation is given by the formula

Db/2
2

ax

ay

dax
ay

Wi(x',b") =

©)

S,

core

Scyl

Here S, denotes the model cylinder free surfa&g, the
surface of cylinderlike dislocation core of radiosandy the
stress function for the dislocation in cylindérwhich may
be presented in the forth

!

Db
X(X,y)= 7( (Y=Yyo)In

yo(rz_Rz)(X,2+yé_R2) yR2P2
i R2C? i r2c?
where P?=(x"—x)2+(yo—Y)? C2=(x'—xR%/r?)%+(y,
—yR%/r?)2, andr?=x?+y?.
It should be noted that formul€B) is approximate. De-

. (4

rivative dx/dy appearing in this formula is constant on the

energydW? ¢ is calculated using the formi#fa

ax
aay

d\/vd‘d(x’,x,b’)=—Db’fdx(a—x(x,yo)— )
07y S(:yl
€)
With Egs. (4) and (9) substituted into Eq.8), we find
WA= f(x’,b")=—DIb’fH(a,X’), where
sirfa—Xx'?2

Hex')= sina(cofa—x'2)3

{ —2 sina(cofa+x'?)

X (sinfa—(x'?+3)sifa+2)— (2a
— m)cosa(sinta—(2X'2+ 3)sirfa+x'4—x'?2

+2)+ X' (sinfa—(2X'2+5)sirfa+x'*+x'?

+4)In

sina+Xx’
—] ) (10

sina—Xx’

cylinder free surface,, (due to zero-traction conditions at From formulas(2), (6), (7), (10), with We(b") = Db'?/2, we

the surfacg but is different in different points of the dislo- have the following expression for the energy differeddd/
cation core surfac&,,.. In order to decrease a calculation "elated to the formation of the perfect misfit dislocation in a

error related to the difference between valuesdgfdy in
different points of the dislocation coféhis difference is es-

sential, if the distance between the dislocation core and thg = Db

cylinder free surface is of the same ordertd$, we repre-
sent @x/ay)| Suore &S the mean value aofy/dy taken in the
two opposite points of the dislocation core
ax 1/dx
Iy

2 _(

ay

! ! (7X ! !
-b ,yo)"‘w(x +b"yo)|. (5

Score

With Egs. (4) and (5) substituted into formuld3), we get
Wi(x',b")=(Db'?/4)G(X’,Yo.r o), Where

G(X'.Yo,To)=(M, ~D)[1-2y5(M . +1)]+(M_~1)
X[1=2Y§(M_+1)]-InN(M M_),  (6)
6

TV (X2 (X 1% 2)¥R+ (X 2T X — 1)

@)

X' =2 sinax'/l, yo=2 sinay,/l, andr ,=2 sinab’/l.
Now let us turn to analysis of ter®~(x’,b’) appear-

nanoisland Fig. 1(a)]:

12

41f ~
G(x',Yg,rg)— ?H(a,x’)+2)

4

b’ =2b,x"=xq

11)

Dependence oA W on the coordinate, of a perfect mis-
fit dislocation is shown in Fig. 3, for various values of misfit
parameteff. As it follows from Fig. 3, there is an energetic
barrier AW>0) for generation of the perfect misfit disloca-
tion near lateral facets of the nanoisland. At the same time,
the presence of the perfect misfit dislocation in a central area
of the interphaseéisland/substrajeboundary is energetically
favorable AW<0). It is similar to the conventional
situatiorf® with thermal-fluctuation-assisted generation of a
misfit dislocation at the continuous film free surfa@éhere
the dislocation is not energetically preferyeahd its motion
to the film/substrate boundafyhere the dislocation is pre-
ferred.

Let us reveal the ranges of parameters at which the exis-
tence of the perfect misfit dislocation at the nanoisland base
center k,=0) is energetically favorable compared to the
coherent state of the interphase boundary. The necessary cri-
terion (AW<0) for the dislocation existence to be favorable

ing in formula(2). It is calculated as the energy that charac-can be rewritten, with Eq11), in the formf>f., where the
terizes the elastic interaction of the perfect misfit dislocatiorcritical misfit parameter is given as
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It should be noted thatr=38° is not a low angle. It
] /\/\ causes a question about validity of the model representation
/\ /\ of a nanoisland/substrate system as a composite cylinder
0 '\ f (with small upper part and large bottom part of cylinder rep-
resenting the nanoisland and the substrate, respectively, see
Aaw -1 \ Fig. 2. In our previous analysis of energetic characteristics
of a misfit dislocation located in arbitrary position at the
2 nanoisland/substrate interface, the model is effective at only
low values of slope angle. However, if the misfit disloca-
3 3 tion is located at the nanoisland base center, the model can
be effectively applied to the case of intermediate values of
-30 -20 -10 0 10 20 30 «a, too. More presicely, with the key role of free surfaces as
%/a that causing the screening effect on dislocation stress fields,
our model(Fig. 2) is effective when it correctly takes into
account the screening effect. Following the analysis of dis-
location stress fields near free surfaéeshe screening
length of the stress fields induced by a dislocation is the
double distance between the dislocation and the nearest free

surface. This allows us to think that our mode€lg. 2) is
effective in description of a misfit dislocation at the nanois-

FIG. 3. Dependences of the energy differeddd (in units of
Da?/2), related to the dislocation formation in Ge/&0) nanois-
land, on dislocation configuration coordinatg/a (see tex, for
a=11°,1=60b, andf=0.04, 0.06, and 0.0&ee curves 1, 2, and
3, respectively.

b'[G(X',Yo.lo)+2] land base center when the distance between the dislocation
fe= 41H . 12 and the model nanoisland free surface is lower by at least a
x'=0pb"=2b factor of 2, compared to the distance between the dislocation

- . ~_and the model substrate free surface. It corresponds to range
Dependence of the critical misfit, on the characteristic o ,<53°.
anglea, given by formula(12), is shown in Fig. 4, for the Now let us consider potential changes of the shape of a
various values of the nanoisland base lerigffrom Fig. 4 it anoisiand, associated with the formation of a perfect misfit
follows that f. decreases with rising the base lendtlat  gisjocation. In doing so, we will find the angte character-
given anglea. Also, fc has minimum in the range ok  jzing the nanoisland shape at given value of the nanoisland
=38.1°+0.5°, for| having a constant value in the range yolume, that minimizes the energy differenddV. In the
from 30Ca to 30Q. This allows us to conclude that a nanois- framework of our model, a nanoisland represents a fragment
land with a given base lengthhas the critical anglex; at  of infinite cylinder, having a constant ar&of the section
which the formation of the perfect misfit dislocation is most perpendicular to the interphase boundéfig. 2). This area
favorable. Dependences afW|,_, on anglea [which are s in the following relationship with the nanoisland base
calculated using formulél2) and, for simplicity, are not pre- length | and slope anglea, S=12(2a—sin2a)/[4(1
sented in this papégrfor various values of, also have mini- —cos Z)], which can be rewritten as
mums ata=~38° in wide ranges off andf. Thus, the perfect
misfit dislocation formation is most favourable in nanois-

lands with the same base length, if their characteristic angle | =/4S(1~cos 2)/2a —sin 2a. (13
a~38°.
With Eq. (13) substituted into Eq(11), we represenAW as
016F a function of parameter§ «, andS

Dependences 03W|x0:o on a are shown in Fig. 5, for

0.14¢ various values o6 andf. As follows from Fig. 5, minimums

0121 of AW (at given constant value d§) correspond to angle
a=ay,~19°. [More precisely, forf=0.04-0.1 andl(«,)

¢ O1f =(40—-180)a, minimums of AW correspond toa=«,,

¢ =19°+2°.] Theaforesaid, in the framework of our model,

0.08 indicates that the misfit dislocation formation in a nanoisland
0.06 is capable of causing its shape transformation driven by a
> 1 release of the nanoisland energy. This conclusion is sup-
004 3 ported by data of pap&reporting experimental observation
of nanoisland shape transformations that accompany the mis-
0 20 40 . 60 80 fit dislocation formation.
[ 1

In Fig. 5, the anglex, giving minimumAW is almost the
FIG. 4. Dependences of critical misfit parameter(that char- ~ Same (ry,~19°) regar_dless of various V?'”?S of parameters
acterizes energetically favorable generation of a perfect misfit disS andf. It can be attributed to the crucial influence of the
location at nanoisland base centen nanoisland slope angie for ~ angular,d dependence of the dislocation stress field on trans-
I/a=40, 60, and 8dcurves 1, 2, and 3, respectivily formations of nanoisland shape, whetés the angle coordi-
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FIG. 5. Dependences of the energy differedd® (in units of FIG. 6. Dependences of the energy differedddp (in units of

Da2/2), related to the misfit dislocation formation at nanoisland Da’/2), related to the formation of two partial misfit dislocations,
base center, on nanoisland slope angldor the following combi- 0N \/a, for xo/a=45, 39 and 28curves 1, 2, and 3, respectiviely
nations of parameters: f£0.04, S=200a%), (f=0.04, S

?8?0)512), (f=0.08, S=2008%) (see curves 1, 2, and 3, respec- AW,p=W9(X;,b) +Wa(x,,b) + W~ f(x;,b) + Wi (x,,b)
vely).

g +2WS(b) + WL 2+ W?, (14)
nate in the cylindrical coordinate system associated with the 1-2 . .
dislocation line. Actually, this dependence is insensitive to 1€r€ W~ “ denotes the energy that characterizes the elastic
misfit parametef and nanoisland base lengthAt the same |nterqct|on between the partial misfit d|slocat|.om§{ is the
time, a dislocation creates stresses whose spatial distributiciiacking fault energyx; andx, are the coordinates of the
is different in nanoislands with different shapes due to thdirSt and second dislocations, respectively, which are in the
namely angular dependence in question. In the context diJQ"OW'n_g relationships V_Vlth the interspacing betwc_een the
cussed, shape transformations of dislocated nanoislands afilocations andk, playing the role of the stacking fault
expected to be strongly affected by such characteristics gfENter: X1=Xo=A/2, X;=Xo+A/2. The energiesV’ and
misfit dislocation as its Burgers vector orientation and spatiafV" ' appearing on the right hand side of formuls) are
position at the interface, which determine the angular deper@iven by formulas(6), (7), and (10), respectively.W*(b’)
dence of the dislocation stress field within a nanoisland. = Db’?/2.2 The energyw*~? is calculated using formula
W 2=dWA—9(x,,X,,b)/dX|¢~ _p, with dW9~ 9 given by
formulas (4) and (9). The energyW?” is conventionally as
follows: W”= y(x,—X;), wherey denotes the specific en-
ergy (per unit areaof the stacking fault.

In the previous section, we have theoretically considered Dependences oAW,p on \/a, given by formula(14),
perfect misfit dislocations formed in nanoislands. In generalgre shown in Fig. 6 in the case of Ge/Si nanoislands charac-
as with continuous film&?7 partial and split misfit disloca- terized by the following values of parametér§=0.042, a
tions can be generated in nanoislands. In Ref. 16 in the first 0.566 nm,y=6.9x10 2 J/n?, G=40 GPa,»=0.26, and
approximation it has been demonstrated that split misfit disxo/a=45, 39, and 25see curves 1, 2, and 3, respectively
locations can be more energetically favorable than perfecthe left end point of each curve in Fig. 6 corresponds to the
dislocations in nanoislands. In this section, in the frameworKimiting situation where the partial dislocatiofifig. 1(b)]
of our approachsee Sec. )lwhich is more detailed than the are distant from each other by minimum interspacnghe
first approximation modef® we will examine in detail con- right end point of each curve in Fig. 6 corresponds to enter of
ditions at which the split and partial misfit dislocations arethe second partial dislocation into the nanoisland.
preferred in nanoislands. When the first partial dislocation is close to a lateral node

Let us consider a nanoisland containit@ two partial ~ point (see curve 1 that corresponds to latggl), the char-
misfit dislocations with a stacking fault between thgfig.  acteristic energy differenc&aW,p()\) is always positive.
1(b)] or (b) one partial misfit dislocation with a stacking fault That is, the generation of the second partial dislocation is
between it and lateral node point[#&ig. 1(c)], the starting energetically unfavorable.
point of the dislocation motion. To characterize these dislo- When the first partial dislocation moves towards the
cation configurations, we will calculate the energy differencenanoisland base centéixf| decreases character of depen-
AW, p andAW,p related to the formation of ond=ig. 1(c)]  denceAW,p(\) changes; see curve 2 in Fig. 6. More pre-
and two[Fig. 1(b)] partial misfit dislocations in the nanois- cisely,AW,p(\) is negative in some range &f and there is
land with initially coherent interphase boundary. Then, ina pointA =X\, whereAW,p(\) takes a minimum. As a cor-
order to distinguish the most favourable dislocation configu-ollary, the existence of the two partial misfit dislocations
ration from those shown in Fig. 1, we will compare their [Fig. 1(b)] joined by the stacking fault is energetically favor-
energetic characteristicsW, AW;p, andAW,p . able in the nanoisland. It is most favorable, if stacking fault

The energy differencAW,p can be written as follows:  size is\y. However,AW,p increases whei changes from

Ill. PARTIAL AND SPLIT DISLOCATION STRUCTURES
IN QUANTUM DOTS (NANOISLANDS)
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22a (it corresponds to enter of the second dislocation into the 15 (//A/_—*\ 15
nanoislangl to 18a; see curve 2 in Fig. 6. Therefore, the - ~Z
generation and consequent movement of the second parti 10 10 i/a
dislocation towards its equilibrium positidwhere the two- A“:v"zP Uo) g 5
dislocation configurationFig. 1(b)] is characterized by the iw“" ,\/\ /\
minimum energy need an energetic barrier to be overcome. 0 ; 0
[Generally speaking, the second minimumd#/,p(\) at 5 \y
A =21a may be distingiushed at curve 2 in Fig. 6. However, 1
it corresponds to the situation where the second dislocation i o . . .
distant bya from the lateral node point. At the same time, Xala 20 0 20 20
guantitative predictions of our model are not exact in this (a) X/a

situation; see discussion in Sec. Il. Therefore, in our analysis
we do not take into consideration the minimum Xt

=216..] Ayla

When the first partial dislocation is close to the nanois- 0
land base centdsee curve 3 in Fig. 6 the energetic barrier
for the formation of the two-dislocation configuratipRig.
1(b)] disappears. Actually, with decreasiingfrom 25 (it
corresponds to enter of the second dislocation into the
nanoislangito 13a [whereAW,p(\) takes its minimur the
characteristic energy differenc®W,p gradually decreases.
That is, the generation and consequent movement of the sec (b) %2
ond misfit dislocation to its equilibrium position where 15 15
AW,p is minimum occur in a nonbarrier way. 125

Now let us consider the energy differena&V,, charac- ' L/A}—-——' ——
terizing the formation of one partial misfit dislocatiphig. AW, (4,), 10 10
1(c)] in a nanoisland with initially coherent interphase aw,,, 78 2,/
boundary. According to the calculation scheme used in this AW 5 /\ 5
paper, the energy difference in question can be written as 25 8
follows: o \ 2 o

%% o 10 1 0 1020 30
AW, p=W(xg,b) + Wi~ (xg,b) + We(b) + W7 (15) o Xl a

Here W= y(112+x%,) is the stacking fault energy, and, FIG. 7. Dependences of the energetic characterigticsnits of

Da?/2), AW,p (curve 1, AW;p (curve 2, andAW, _ (curve 3,
of Ge/Si nanoisland on dislocation configuration coordinajéa

Comparison of the characteristic energled/,p, AW;p, .
and AWpaIIows one to reveal the most energZZticaIIyl?’avor— (see text Numerically calculated dependendeg(z) are shown as
dashed curves. Their analytical interpolations are shown as solid

a_\ble structure_of the interphase boundary an(_j its transforma&rves 4.(a), (b), and (c) correspond to cases with=1008, @
tions, depending on parameters of the nanoisland. We have,qs.|—10m a=25° andl=60a. a=11° respectively
calculated with the help of the above formulas the depen- =~ ' ' ' ' '

dences ofAW,p|\—),, AW;p, and AW on x,, where X,

plays the role of the coordinate of respectively the perfectl(
MD and the partial MD in the cases shown in Fig&)land
1(c), respectively; and, is the coordinate of the stacking

denotes the coordinate of the partial misfit dislocation.

As follows from Fig. 7, a single partial dislocatidi¥ig.
c)] is the most favorable dislocation configuration in vicin-
ity of a lateral node point of the nanoisland, since the energy
; . : AW;p (curve 2 in this region is lowest among the energies
]::Zlf(l:turaetinc:ﬁrc;? dtgge%ads:nggstwmarltlal Mgf')?' ]\(A?e)].hg\?e characterizing the dislocated states of a nanoisland. How-
) _ 2PIA=hg ¥10 200 ever,AW,; is negative in the vicinity of a lateral node point
used as an input the analytical functidieshibited as curves only the situation shown in Fig.(B), indicating that the
4 in Fig. 7) being interpolations of numerically calculated gjgjocation generation occurs in a nonbarrier wa, p that
dependencelq(Xo) (dashed curves in Fig.)7In doing SO,  characterizes a single partial dislocation near the lateral node
No(Xo) is the interspacing between the two partial misfit dis‘point is positive in the situations shown in Figsa7and
locations[Fig. 1(b)], that corresponds to minimum value of 7(¢)_ |t means that the coherefrtondefect state is preferred,
AW,p .) The calculated dependences are presented in Fig. fyhile the dislocation generation needs an energetic barrier to
for various values of characteristic parameterand @ of  gyercome. In general, when the single partial dislocation is
nanoislands. For given value af, the lowest dependence generated, its movement towards the nanoisland base center
from the set AWop|\-),, AW;p, AW) of dependences s driven by a release of the nanoisland energy. It is indicated
shown in Fig. 7 specifies the most energetically favorableas a decrease a@W,p with decreasingx,| that character-
misfit dislocation configuration at this value x§. izes spatial position of the single partial dislocation. Fqf
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exceeding some critical valyg.,| dependent on parameters corollary, stress-assisted processdifusion, island shape

of the nanoisland, curve @Which depicts the energy change transformations, formation of trenches near the islands, re-
AW, due to the formation of two partial dislocatiofisig.  arrangements of nanoisland ensembles) etbich influence
1(b)]), becomes the lowest one among curves characterizingne functional properties of nanoislands occur in different
the dislocated states of the nanoisland. More than that, it igzays in the case with partial misfit dislocations and the con-
negative at almost anjxy|. In the parameter region dis- ventionally modeled case with a perfect misfit dislocation.
cussed, a pair of partial dislocatiofBig. 1(b)] is most fa-

v_orablg. As it fpllows from Fig. 7@), perfect misfit disloca- IV. CONCLUDING REMARKS
tion [Fig. 1(@)] is not favorable at anyx,| (see curve B
Thus, a single partial dislocatidrFig. 1(c)] is the most Thus, in this paper, we have theoretically examined in

energetically favorable dislocation configuration in vicinity detail the earlier briefly discuss¥delaxation mechanism in
of a lateral node point of the nanoisland. During movemenstrained nanoislands, namely, the generation of split and par-
of the partial dislocation towards the nanoisland base centetial misfit dislocation configurationgFigs. 1b) and 1c)].
which is driven by a release of the nanoisland energy, théccording to our theoretical analysis, the generation of par-
generation of the second partial dislocatidtig. 1(b)] be- tial and split misfit dislocations are energetically favorable
comes energetically favorable. The transformation of thecompared to conventional perfect misfit dislocations in wide
state with one partial dislocatiofFig. 1(c)] into the state ranges of structural and geometric characteristics of pyra-
with two partial dislocationgFig. 1(b)] occurs as an ener- midlike nanoislands in the Ge/Si system. In this context, deg-
getically favorable process when the coordinateof the  radation of functional properties of quantum dots, associated
first partial dislocation reaches its critical valug sensitive  with dislocation generation, should be experimentally exam-
to parameters of the nanoisland. ined and theoretically described in the future, with the be-
Notice that the model used in this paper is too approxi-havioral features of the partial and split dislocations taken
mate to make strict conclusions on the dislocation type if it isinto account. Of special importance will be experimental
located near an island free surfasee discussion in Sec)ll  identification of the misfit dislocation typéerfect, partial,
In any event, however, results of our analysis indicate thaor split) in strained nanoislands with various compositions
partial [Fig. 1(c)] and split misfit dislocationFig. 1(b)]  and geometric parameters. This potentially allows one to use
structures are energetically favorable in nanoislands in widéechnologically controlled parameterémisfit parameter,
ranges of their parameters. crystallography of interphase boundary, etf. nanoislands
Our conclusions on the dislocated structure of nanoisin fabrication and design of such islands with desired struc-
lands, based on the analysis of their equilibrium energetiture and properties. The results of the approximate analysis
characteristics, describe the nanoislands at quasiequilibriuf this paper can be used also in studies of the influence of
conditions. However, nanoislands are commonly formed afree surfaces on partial dislocation structures that often exist
highly nonequilibrium conditions, in which case kinetic fac- in  quasicrystal$?®  bulk  semiconductor$}®** and
tors come into play. This can cause some disagreement beuperconductors 3
tween our theoretical estimates and experimental data. In any
case, h_owe_vgr, t.he stress rela?<ation_ via .format.ion of par.tial ACKNOWLEDGMENTS
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