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Abstract. Did ocation-free core-shell nanowiresareapromising material for quantum communication devices.
The synthesis of such nanowires is associated with many expensive experiments. This review is devoted to
andyticad modelsaimed at predicting the critical conditionsfor the didocation nucleationin core-shell nanowires
and could be of interest to researchers dealing with elaboration and characterization of these nanowires.

1. INTRODUCTION

In recent years, much attention has been paid to
nanowires (NWSs) as a modern functional material for
single photon devices — single photon detectors (SPDs),
single photon emitters (SPEs), etc. — that are widely used
in quantum communication technologies [1-3]. Most
SPDs are based on avalanche detectors with Geiger
mode. The avalanche breakdown process is due to the
presence of a strong electric field required for electron
and holeionization. The carriersmust travel afinitedis-
tance in the semiconductor layer under the influence of
an electricfield to gain asufficient energy for ionization.
This means that the ionization probability is negligible
for acertain distance, the dead space[4,5]. For example,
the ionization dead space in GaAs can be aslong as 70
nm for an electric field of 5 x 107 V/m, that ismorethan
twice the distance a carrier needsto achieve theioniza-
tion energy [4,6]. Reducing the size of the multiplication
region to the thickness of the dead spacein SPDs based
ontraditional planar materialsleadsto an improvement
in the determination of the avalanche process and to a
decrease the uncertainty during the avalanche multipli-
cation[5]. Fromthis prospect, semiconductor NWspave

theway for the further miniaturization of the multiplica-
tionregion. In addition, the use of NWsin SPDs allows
one to separate the absorption region and the multipli-
cation region, increase the probability of photo-
generation, and also reduces the afterpulse effect, i.e.
reduces the erroneous repeated registration of a pho-
ton after its absorption [7—10].

It should be noted that the performance of SPDs
depends not only on their design and physical proper-
tiesof the device material, but also ontheir defect struc-
ture. For instance, in [11] it is shown that the presence
of edge misfit didocations (MDs) in GaN introduces
multiple gap states that leads to a narrowing of the
bandgap. Also, it is well known that electronic, mag-
netic, and optical properties of nanostructures greater
depend on the presence of various defectsin their struc-
ture than bulk materials. The defect structure of semi-
conductor NWs typically includes perfect and partial
misfit dislocations [12], stacking faults [13], prismatic
(PDLs) and glide (GDLS) dislocation loops and half-
loops[14,15]. Modern experimental and theoretical meth-
ods have been extensively applied to the study of the
dislocation-free NWs with high crystal structure syn-
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thesis problem. Verified with experimental datatheoretical modelsallow to definethe critical parameters of the NWs
that lead to defect generation. Thus, many researchers to date have focused on the development of theoretical
models describing the defect structure of NWs.

Since the early 2000s, the first theoretical studies of misfit strains and mechanisms of their relaxation through
generation of various defects in axially- [16-22] and radially-inhomogeneous (core-shell) [ 13,14,23—63] composite
NWs have been published. A large part of these works was done within various continuum approaches [21,23,24,26—
29,31,32,34,37,44-46,48-50,53,55,58,61-63] and aimed at the calculation of critical conditions of relaxation by defect
generation. Referenced theoretical models can be divided into two groups. For both groups, the authors have used
the energetic approach, considering the energy change due to the formation of the defects. To the first group we
includethe models, considering the nucleation of afinal configuration of the defects, such asdidocations[23,27,45,49],
dislocation dipoles [32], dislocation loops [26,27,29,31,34,37,44,63]; to the second group we include the models,
considering the energy barriers for nucleation and evolution of the defect configuration, such as dislocations and
their dipoles [61], and dislocation loops [46,48,58,60—62].

2. QUASI-EQUILIBRIUM ENERGY APPROACH FOR CALCULATING THE
CRITICAL CONDITIONS OF MD GENERATION IN CORE-SHELL NWs

Let us consider in more detail the quasi-equilibrium energy approach suggested for core-shell NWsin [23] and used
inthe models of thefirst group. In applying to MDsat interfacesin flat misfitting heterostructureslike athin epilayer
on a semi-infinite substrate, this approach was invented by Frank and Van der Merwe [64] and adopted in the
simplest macroscopic form by Matthews [65]. Since that time, many different modifications of this approach were
suggested (see, for example, some papers[66-81] and books[82-84]). The authors of [23] used the approach variant
suggested earlier by Gutkin and Romanov [67,73].

2.1. Straight MDs parallel to the NW axis

Withinthe model [23], the misfit accommodation processtakes place in acomposite core-shell NW by generation of
a straight edge MD at the core-shell interface (Fig. 1). The energy approach consists in comparing the coherent
strain energy of aMD-free NW W, being equal to the misfit strain energy W relates to misfitting at the interphase
boundary only, and the total energy of a NW with aMD generated at the interphase boundary W, that includes W,
W (the strain energy of the M D), WF (theenergy of the MD core) and W™ (the energy of elastic interaction of theMD
and the misfit stressin the NW):

AW =W, -W =W' +W"* +W* +W"™ -W' =W" +W* +W"™, (1)

The expressions for WH, We and W™ are givenin [23] asfollows:
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W™ =cbr H(H - 2), (4)

where D =G/[2n(1 - v)], H=NWR,r" =r /R, and ¢" = Gf (1 + v)/(1 - v). Here G isthe shear modulus, v isthe Poisson
ratio, r_isthedislocation coreradius, b isthe magnitude of the MD Burgersvector, and f isthe misfit parameter. Note
that, in considering straight MDs, the energy terms are given per unit length of the MD line.

TheMD generationisenergetically favorable, if it leadsto adecreasein thetotal energy change: AW< 0. In order
to definethecritical conditionsof arelaxation process, one have to solvethe equation AW= 0 for the NW parameter,
for example, for the shell thickness h or for the misfit parameter f. Furthermore, misfit parameter f can be defined as
follows. f=2(a,—a)/(a +a), wherea_and a_ arethelattice parameters of the core and shell materials, correspond-

ingly.
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Inthe case of aNW with thin shell (h <<r ), the equation AW = 0 takes the form:

2hth-r)  2h-b h
1- cz +1In = 87'c(l+ V) f—, (5)
(2h-r) r b

c

which coincides with that found earlier in the case of athin flat epilayer on a semi-infinite substrate [66].

Fig. 2illustrates the dependence of the critical shell thicknessh_on the misfit parameter f for v=0.3andr_=b=
0.4nmat h<<r . Hereinthe equation AW= 0 (see Eq. (5)) was solved with respect to h, asaresult h. wasfound. The
generation of MD isenergetically favorablein 3-areaof the Fig. 2, whenthetotal energy change AWislessthan zero.
Therefore, thecritical thicknessh,_ isthe shell thickness above which the nucleation of MD isenergetically favorable.
The MD generation in the a-area is unfavorable, since the total energy change AW is positive there. Anincreasein
the misfit parameter f leadsto an increase in the level of misfit stressesin the NW and to a decrease in the critical
thickness of the shell h. Thus, using Fig. 2, it is possible to select the parameters of the NWs (materials and shell
thickness) for synthesis of MD-free NWs with coherent boundary between the core and the shell.

In the opposite limiting case of athin core surrounded by athick shell, h >>r , the generation of aMD becomes
energetically favorableif h <bexp[4n (1+ v)fr /b + 1/2], see Ref. [23].

Thus, the authors [23] showed for the first time, that, in the general case of comparable core radiusr, and shell
thickness h, the MD generation should be expected when the shell thickness is not either extremely small nor
extremely large: h  <h <h_,. Thisresultisclearly issued from the analyses of another critical parameter of the system,
namely, the critical misfit valuef, whichiseasily extracted fromtheinequation AW< O asfollows[23]: f>f , where
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Fig. 1. Schematic representation of a core-shell NW Fig. 2. The dependence of the critical shell thicknessh,_
crosssectionwith astraight MD; r isthe coreradius, R on themisfit parameter finthe thin-shell approximation
isthe NW outer radius, h is the shell thickness. h<<r, TheFigureis a sketch of Fig. 4 from the work
[23], @l major designations are saved.
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Fig. 3. Dependence of the critical misfit f_on (a) the shell thicknessh and (b) theratio h/Rfor thefollowing values of
the coreradiusr (fromtop to bottom): r = 1.5, 2, 3, 5, 10, 20, and 100 nm. Adapted from[85].
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The dependence of the critical misfit f_ on the char-
acteristic dimensions of theNW at v=0.3 and b=0.4
nm is shown in Fig. 3 [85]. Asis seen, at avery small
core radius r = 1.5 nm, f_is rather large, > 3%, and
monotonically increaseswith increasing the shell thick-
ness h. At a dightly larger core radius, r, = 2 nm, a
minimum appearsonthef_(h) curveat h~2nm, andthe
curve itself goes much lower. As r further increases,
this minimum deepens, smoothes and shifts to the re-

<

Fig. 4. Schematic representation of a core-shell NW
cross section with a dipole of screw MDs placed at the
+x, positionsin the shell. The Burgers vectorsand lines
of the MDs are paralld to the z-axis of the cylindrical

NW.
(a) ty  ®
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gion of higher values of h, and the curve becomes more
and moreflat. Finally, at r ,~ 30 nm, the minimum disap-
pears, and the f_(h) curve becomes monotonically de-
creasing. Thus, the highest f_ values are achieved in the
case of acombination of the thinnest core and the thick-
est shell, in which case it reads f_~ b[In(h/b) — 1/2]/
[4n(1 + v)r ]. For nanoscopic dimensions of a NW
(R < 100 nm) and a core diameter of at least 3 nm, one
obtainsf___ ~8%. Thelower limit of f_valuesis con-
veni entlyy determined using the f_(h/R) curves shownin
Fig. 3b. For example, for r,=20nm, wehavef_ . ~0.6%
ath~0.7R~47 nm.

Since the value of the misfit f is determined by the
composition of the NW and thereforeisusually rigidly
specified, there arises a problem of choosing such a
ratio betweenr and h, at which the systemwould retain
itscoherence. The straight line corresponding to agiven
f either intersectsthe f_ (WR) curvein Fig. 3b, or passes
below it. Inthefirst case, the criterion for the nucleation
of aMD, f>f (hR), is satisfied in a certain range of
values of the ratio h/R. For agivenr,, this also deter-
mines the aforementioned interval of shell thicknesses
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Fig. 5. Sketch of possible mechanisms of screw misfit dislocation dipoleformation at the NW/matrix interface when
the NW isunder antiplane eigenstrain. (a) Generation of arectangular glide dislocation loop with Burgers vector b,
which expendsinalongitudinal section of the NW from astress concentrator (black point) in such away that thetwo
screw segments gradually transform into the two straight screw dislocations while the edge segments glide to the
ends of the NW. (b) Extension of apre-existing prismatic disl ocation loop with Burgersvector b, which al so produces
adipoleof elongated screw dislocation segments, while the prismatic semi-loops glide to the ends of the NW. (c) The
calculation model of acylindrical nanowirewith adipole of screw misfit dislocationswith Burgers vectors=b, placed

at the NW/matrix interface. In (a) and (b), the numbers 1,
formation. Adapted from[86].

2, and 3 indicate the subsequent stages of the dipole
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h,<h<h_. Forexample, for f=1.5%andr,= 10 nm, theplotinFig3b givesh  ~0.26R~ 3.5nmand h ,~ 0.97R~ 323
nm, i.e., the coherent state turns out to be energetically favorable at either a very thin or very thick shell. In the
second case, for example, for the samef and r =5 nm, thereisno intersection with thef_(h/R) curve, which meansthe
energetic preference of the coherent state at any shell thickness.

It isworth noting that similar approaches were used to investigate the critical conditions for the onset of misfit
stress relaxation in core-shell NWs through generation of straight wedge disclinations, wedge disclination dipoles
and walls of equidistant edge dislocations [24].

Besides edge MDs and wedge disclinations, screw MDs were also analyzed in detail. For example, Wang et al.
[32] considered the misfit-stress relaxation process in a core-shell NW through the generation of a dipole of screw
MDs (seeFig. 4). Inthismodel, the core and the shell weretreated as elagtically different materials, and I was chosen
asaconvenient parameter that determinesthe differencein their elastic properties: I = 2G/(G, + G_), where G, and
G, are the shear moduli of the core and the shell materials, correspondingly.

Shodja et a. [86] suggested two possible mechanisms for the formation of such a dipole of screw MDs at the
NW/matrix interface in the case when the NW isembedded to an infinite matrix and subjected to anti-plane eigenstrain
(Fig. 5). Similar mechanisms could be responsible for the generation of the screw MD dipolein core-shell NWs as
well.

The authors of thework [32] define an equilibrium position of the M Ds dipole fromthe condition F = 0, where F
is the Peach-Koehler force acting on the positive MD (at x = X):
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where X =x/r, R= RIr,. Innumerical calculations, the seriesweretruncated at n = 30 for arelativeerror below 1%.

Based on the dependences of the Peach-Koehler force on the position of MDs, the authors showed that, when
the shell thickness hisabovethecritical value h_there exists equilibrium positions for the M Dsdipole (x,=1.3r ;and
2.25r,, h=4r ), but the stable position is when the MDs are close to the core-shell interface (x, = 1.3r ). When the
shell thicknesshisequal toitscritical value h,, the two equilibrium positions of the M Dsdipole convergeto asingle
equilibrium position (x, =1.5r, h=h_= 3r ). There is no equilibrium position for the MDs dipole when the shell
thickness h is |ess than the critical value h..

Fig. 6 shows the dependence of the critical shell thickness h_ on the parameter I'. As is seen, h. monotonically
decreaseswith I. In the a-area, there is always no equilibrium position for the MDs dipole, but in the B-area, there
are two equilibrium positions for the MDs.

In the aforementioned theoretical models of MDsin core-shell NWSs, the authors considered the misfit and MD
stresses within the classical theory of elasticity. However, in core-shell NWs with thinnest cores and/or shells, the
effects of the surface/interface energies, strains and stresses may occur rather strong. One of the continuum ap-
proaches, which address the surface/interface effects on elastic behavior of solids, isthe so-called surface/interface
elagticity which is based on the concepts of surface free energy and surface stress in solids, first introduced by
Gibbs[87] and devel oped gradually over thetime [88-95] (seea so Ref. [95] for morereferences). In particular, Gurtin
and Murdoch [89,90] formulated the framework for solving problemsin the surface/interface elagticity. Inthe frame-
work of this approach, the surface/interface is considered as an atomically thin layer with elastic characteristics
differing fromthose of the bulk material [96-98].
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Fig. 6. The dependence of the critical shell thicknessh,_
onthe parameter I'. The Figureisasketch of Fig. 5from
thework [32], all major designations are saved.

Zhao et al. [45] and Enzevaee et a. [49] analyzed the
critical conditions for the onset of either an individual
edge MD (model 1) [45,49] or a dipole of such MDs
(modé 2) [49] at theinterface of an elastically isotropic
and inhomogeneous core-shell NW within both the clas-
sical and surfacef/interface elasticity approaches with
special attention to the non-classical surfacef/interface
effect. In particular, Enzevaee et al. [49] showed that this
effect can be significant for very fine cores of radius
smaller than roughly 20 interatomic distances (~5-7 nm).
The positive (negative) surface/interface Lamé con-
stants mostly make the generation of MDs easier
(harder). Onthecontrary, the positive (negative) residual
surfacefinterface tensions mostly maketheir generation
harder (easier). It was al so showed that the formation of
an individual MD is energetically more preferential in
finer two-phase NWs, while the formation of aMD di-
poleismore expectablein the coarser ones. Fig. 7 illus-
trates the non-classical surface/interface effect on the
critical misfit valuef_withinmodels 1 and 2.

Shodjaet al. [86] investigated similar effect for the
generation of a dipole of screw MDs at the interface
between a NW with uniform shear misfit strain (Fig. 5)
and its surrounding unbounded matrix. The analysis
was carried out within the surface/interface elasticity
theory with using the complex potential variable method.
It was shown that the critical radius of the NW corre-
sponding to the onset of the MD dipole generation de-
creaseswith theincreasein the uniform shear eigenstrain
inside the NW as well as when the stiffness of the NW
increaseswith respect to the matrix. Moreover, the criti-
cal radius strongly depends on the non-classical inter-
face parameter y = (u, — t)/G,, where p_ is the shear
modulus of the NW/matrix interface, t_is the residual
interface tension, and G_ is the shear modulus of the
matrix. Thenon-classical interface effect isthat positive
(negative) values of the interface parameter y signifi-
cantly increase (decrease) the NW critical radius with

respect to the classical result. This effect becomes
stronger with increase of matrix stiffness.

2.2. Circular prismatic loops of MDsin
core-shell NWs

Thecritical conditionsfor theformation of circular pris-
matic dislocation loops (PDLS) in core-shell NWswere
analyzed in a number of works[26,27,29,31,34,37,44,
50,63]. Some authors operated with their own original
[26,28,29,31,63] or already known [34,50] strict solutions
for circular PDLs in elastic cylinders, while the others
dealt with approximate formulas for strain energies of
PDLs[27,37,44].

The first strict solution was done by Ovid’ko and
Sheinerman [26] with using the classical methods of
solving the boundary-value problems in the theory of
elasticity [99]. It waslater reproduced inreview [28] and
some books[84,85,100], so wedo not consider it herein
detail. Theauthors cal culated the energy difference AW
(given by Eq. 1) caused by the generation of a closed
circular PDL in an elastically homogeneous core-shell
NW (Fig. 8) and extracted asolution for the critical mis-
fit valuef, fromthe equation AW=0.

Fig. 9 illustrates the dependence of f_on the shell
thickness h and core radius r . Asis seen, f_decreases
monotonically withincreasinghandr,.. Thismeansthat,
for a given misfit f, the nucleation of a PDL becomes
energetically favorable if h and r, reach some critical
values. For comparison, in Fig. 9a, the f_(h/b) dashed
curvesfor straight MDsconsidered in[23] (seethe pre-
vious section), are shown. In the case of small h, these
curves pass below the solid curves plotted for PDLS,
which means the energetic preference of straight MDs
at theinitial stagesof shell growth. Theintersections of
the dashed curves with the solid ones correspond to an
equal gain in energy from the formation of a straight
MD or aPDL. For example, for acoreradiusr,=10b~ 4
nm, this balance is achieved at a shell thickness
h~ 30b~ 12 nm. For larger shell thicknesses, theforma-
tion of PDLsbecomes more profitable. Itisimportant to
note that, if the shell thickness is more than 3—4 times
greater than the core radius, then the appearance of
PDLs can be favorable even for those values of fandr ,
at which the formation of straight MDsis not [26].

Aifantiset a. [29] proposed asimilar model (seeFig.
8), however, by using their own solutions for the misfit
stresses and the stress fields of the circular PDL in an
elagtically inhomogeneous core-shell NW. The latters
were found by the method of virtual surface defects
(see, for example, reviews[101,102] for more references
and details). Inthelimit of elastically homogeneous core-
shell NW, the authors [29] obtained the following en-
ergy termsfiguringin Eq. (2):
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Fig. 7. Dependence of the critical misfit strain f_on the normalized shell thickness h/b at different values of the
normalized core radiusr /b and shear moduli ratio G/G_=1.5 for different normalized surface/interface Lamé con-
stants p’ = 1. =+0.1 nm and zero normalized residual surface/interface tensions 1, within (a) the classical and (b)
the classical and non-classical solutions. (c¢) Comparison of the classical and non-classical solutions for different
signs of the surfacefinterface residual tensionsat r = 30b, G/G_= 1.5, and u.= A, = 0. Here G_and G_are the shell
and coreshear moduli; u), = n /G, 1. = 1/G_, 1, =1,/G_, wherei =T, Q; p, and A, are the surface/interface Lamé
constants, 1, is the residual surface/interface tension, I and Q designate the core/shell interface and the shell
surface, respectively. Adapted from[49].
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Fig. 8. Schematic representation of a core-shell NW

cross section with acircular PDL.
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where the parameter o accountsfor the dislocation core energy (for metalso = 1), t=r /R, and theintegrand Q(p) is
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Fig. 9. Dependence of the critical misfit f_on the shell thicknessh and coreradiusr  for the Poissonratio v =0.3 and
the dislocation core radius r_=b. (a) Dependence of f_on hat r /b=10 (curves 1, 1'), 20 (2, 2') and 30 (3, 3).
(b) Dependence of f onr at h/b=5 (curve 1), 10 (2) and « (3). The solid curves correspond to the generation of a
PDL, the dashed curvesto that of astraight MD. Adapted from [26].

_fl(pl A +1LA)B + p’(tI,A +1.A)B,]
T

Q(p) (14

with
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Herel , and K, are the modified Bessel functions of
argument p, '3,1 are the modified Bessel functions of
argument tp, and |, are the modified Bessel functions
of argument tp; £ =(r,—r)/R, andr = bla.

Finally, with taking into account Egs. (1) and (12)—
(14), the solution of the equation AW = 0 was given as

follows[29]:

_ bin(L08ar, / b)
dn(l+v) fr

(15)

Fig. 10illustratesthe dependence of the critical shell
thickness h_on the misfit strain f. In these calculations,
the radius of the PDL was equal to the core radiusr,,
r,=40nm. The asymptote showsthecritical misfit strain
for the mismatched cylindrical inclusion in an infinite
medium (R — ). PDL generation is energetically
favorable in the B-area and unfavorable in the a-area.

Colin[31] extended thetheoretical consideration of
the circular PDL formation in a core-shell NW to the
case when the elastically isotropic core and shell have
different elastic moduli. Although this work contains a
description of some principal stages of the solution pro-
cedure, but not its final result in any transparent form
suitable for checking, one can understand that the au-
thor used a classical way similar to that utilized in Ref.
26. In the framework of a thermodynamic equilibrium
approach, he calculated the energy variation from the
dislocation-free NW and determined the equilibrium
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Fig. 10. The dependence of the critical shell thickness
h.onthemisfit strainf. Thecoreradiusisr =40nm, the
radius of the PDL equals to the core radiusr,. The as-
ymptote shows the critical misfit strains for the mis-
matched cylindrical inclusions in an infinite medium
(R— ). TheFigureisasketch of Fig. 4 fromthework
[29].
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Fig. 11. Mechanisms of misfit stress relaxation in a NW of radius R containing a coaxial finite cylindrical core of
radius r and length h. (a) Defect-free NW. (b) A PDL with Burgers vector b forms around the core in the NW.
(c) Penny-shape mode | crack of radius c nucleatesin the middle cross section of the core. Adapted from [34].
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Fig. 12. Dependence of the critical misfit f_on the normalized NW radius R/b for variousvalues of h/r jandr /b= 10

(@) and 50 (b). Adapted from [34].

position of the PDL asafunction of the misfit stress, the
nanowire radii, and the ratio of the shear moduli be-
tween the two phases. The main conclusion was that,
depending on misfit strain and radii, for a sufficiently
soft corewith respect to the shell, PDLsmay formwithin
the core with equilibrium positions located at a few
interatomic distances fromthe core/shell interface. Ear-
lier, this effect of the so-called ‘stand-off” positions of
MDs was extensively discussed for planar interfaces
(see some original papers [103—105] and book [84]).

Itisworth noting that the solutions[26] for the stress
fields and strain energy of aPDL in an elastic cylinder
waslater used by Gutkin et a. [34] and Colin[50] intheir
further extensions to the cases of PDL generation in
NWswith cores of finite length [34] and in three-layer
NWs[50]. In both the cases, the composite NWs were
supposed elastically homogeneous.

Let usbriefly consider the resultsreported by Gutkin
et al. [34]. In this case, the stress fields [26] of a PDL
were utilized to find the misfit stressfields of thefinite-
length core which was modeled as an inclusion with
one-dimensional (1D) dilatation eigenstrain. The stress
fields of the inclusion was calculated by integration of

the stressfields of axial virtual PDLswith infinitesimal
Burgers vectors continuously distributed over the side
surface of the core. Two different mechanisms of misfit
stress relaxation in such a NW with acylindrical inclu-
sonwere proposed and analyzed in [34]. Thefirst mecha
nisminvolved theformation of aPDL around theinclu-
sion while the second mechanism suggested the forma-
tion of a penny-shaped crack in the inclusion cross sec-
tion (Fig. 11). It was shown that both the mechanisms
can berealized inwideranges of the structural and geo-
metric parameters of the NW and inclusion.

For example, Fig. 12 shows the dependence of the
critical (1D) misfitf ontheNW radiusRforr_=b,v=0.3,
and various values of the core sizesh and r . The plots
areshownfor thecaseZ =h/2, wherethe PDL islocated
in the middle cross section of the core. In this cross
section, themisfit stress (5; iscommonly maximum, and
so the PDL provides the strongest relaxation of misfit
stresses. Asisseenin Fig. 12, for given inclusion sizes
handr , thecritical misfitf_first rapidly decreaseswith
an increase in the NW radius R and then (when R be-
comes several times as large as the core radius r ) ap-
proaches a constant value. This constant value of f_
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Fig. 13. Dependence of the critical misfit f_for the for-
mation of PDL (solid curve) and crack (dashed curves)
on the normalized core length h/r , for r =15b, R=30b
and different values of k. Adapted from[34].

correspondsto thelimiting case of afinite-length cylindrical inclusioninaninfinite matrix. Similarly, for specified NW
and coreradii Randr , f_decreaseswith anincreasein theinclusion length h. At large values of the core aspect ratio
h/r, (h/r, > 10), the dependence of f_on h approaches a constant level, which depends on the valuesof Rand r . This
level correspondsto thelimiting case of aPDL inacore-shell NW [26,29].

Thecritical conditionsof crack initiation insidethe core (see Fig. 11c) wereinvestigated using theforce criterion
K, > K, where K, isthe crack stress intensity factor and K _ is the critical value of this coefficient for a brittle
material. The authors[34] showed that at a sufficiently large misfit strain f, this mechanism becomes effectiveif the
radius of the opened crack cfallsintotheinterval c, < c < c,, thewidth of which depends on the geometric dimensions
of the coreand on their relation to the radius of the NW. At the sametime, in most cases, theinitiation of such acrack
turnsout to be less preferablethan the formation of aPDL, sinceit requiresahigher critical mismatch f_(Fig. 13). An
exception isthe situation when the length of the coreis small (lessthan its diameter), and the specific energy of the
free surface of the core material y ~ kGb/8 isan order of magnitude lower than the usual values of the surface energy
(x ~ 1). Under these conditions, the crack becomes more preferable than the PDL.

Recently, Chernakov et al. [63] revisited the problem which was earlier consideredin[26,29]. First, they solved the
boundary-value problemin the classical theory of elasticity for acircular PDL in an elastically isotropic cylinder by
the Lurie method [106] different from those[26,29] used beforefor solving thisproblem. Based onthissolution, both
the self energy (W'+ WF) of the PDL and theinteraction energy (V\/in"[d ) for apair of such PDLswerefound asfollows
[63]:

W AW Gbr, (lnl'ogar"—ZtI@(B t)dﬁj
T 2(1-v) b ) ' (16)
we = & nIJZ(K) 1+ e:KdK—ZtTG)(B,t)COS(Bﬁ)dB , 17
" 1-v o ' ro 0 ( )

where

O.1) = B°I. +wl.” =28t 1, (Wl K, +B°1,K,)
' Bz —wi’ '

I ;,1 =1,,(tB), 15, =15,(B), Ky, = K, ,(B) and 1, (B) and K, ,(B) arethemodified Bessel functions of thefirst kind and the
M acdonald functions, correspondingly; J,(x) is the Bessel function of the first kind, w = >~ 2v + 2, t = r /R,
h =h/R, and histhe distance betweenthe PDLs. Itisseenthat Eq. (16) withtheintegrand ©(j3,t) ismuch simpler than
earlier formulasfor the PDL energy in[26,29] (see, for example, Egs. (12) and (14) with corresponding designations
from[29]).

With these resultson hand, Chernakov et al. [63] calculated the critical conditionsfor nucleation of acircular PDL
inacore-shell NW and found results similar to thosein [26,29]. Moreover, they al so cal cul ated the changeinthetotal
energy of the core-shell NW beingin apartly relaxed state, with aninfiniterow of PDLsperiodically distributed at the
core-shell interface along the NW axis, per unit length of the NW. Minimizing this energy change by the row period,
they found the equilibrium distance between the PDLs, compared it with results of direct experimental observations
of MDs in InAs-GaAs core-shell NWs [36], and showed that their theoretical results (8.35-9.05 nm) well corre-
sponded to the experimental data (7.0-8.5 nm).

Thus, the models of the first group considered in this section allowed to calculate the critical conditions for the
formation of either straight MDs or closed circular misfit PDLsin core-shell NWs. The comparison of these condi-
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Fig. 14. Schematic representation of a core-shell NW
cross sectionwith arectangular PDL 2ax2c¢ and aplanar
model of the NW in the special case of athin shell.

tionsfor the appearance of misfit PDLswith experimen-
tal observations was done within simpler approximate
modelsfor InNAs-Al In_ As(withx=0.20 (f=1.3%), 0.33
(2.5%), and 0.53 (32.6%)) [37] and some other (GaAs-
GaP, GaSb-1nSh, InAs-GaAs, InAs-InP, and InP-GaAs)
[44] core-shell NWs. In general, the theoretical results
occurred consistent with experimental data, although
one should take into account that this approach gives
only necessary but not sufficient conditionsfor the onset
of misfit stressrelaxation. Indeed, the general lack of the
first group modelsis that they do not describe in detail
neither the mechanism of misfit defect generation nor
the energy barrierswhich must be overcome by the sys-
tem to pass to a new partly relaxed state. This lack is
deleted by using the second-group models that natu-
rally include both these factors. Also, the height of the
energy barrier seemsto bemorereliablecriterion for the
onset of misfit strain relaxation than the critical param-
eters calculated within the first-group models.

3. ENERGY-BARRIER APPROACH
FOR PREDICTING MD
GENERATION IN CORE-SHELL
NWs

3.1. Generation of small rectangular
PDLs on ether the interface or free
surface of NWs

To the best of our knowledge, one of the first known
studies of the relaxation process in core-shell NWs re-
lated to the second group isworks[46,48]. Therein, NWs
were assumed to be elastically isotropic and homoge-
neous and the shell thickness h was assumed to be
much smaller than the NW outer radius R. Under these
conditions, the authors suggested some models when
the misfit strain relaxation process starts by the mecha-
nisms of generation of small rectangular PDLs at either
the core-shell interface or shell free surface with subse-
guent extension of the PDLs into the core or the shell.
Thelimitation that h << R allowed the authorsto usethe
approximation of aPDL near aflat free surface (seeFig.

14) incalculation of the PDL strain energy. Asaresult, it
was showed that the PDL s of the shape elongated along
theinterface arethe most preferable and the free surface
is the most favorable place for their generation. A de-
tailed description of these modelsisgiveninwork [48].
Herewe just trace some principl e stages of their exami-
nation.

Taking into account the foregoing assumptions, the
authors of [46,48] used the well-known solution for the
strain energy W of arectangular PDL that liesinaplane
perpendicular to the flat free surface of an elastic me-
dium[107]:

W = , (18)

whereb isthe Burgersvector magnitude of the PDL and
L is the effective length which reads

L=S+2S +S,+[3-4v(3-2V)]S,
1-2v(6—-11v +8v%) s
1-2v)* ’
_129— 2v{234 — v[245- 4v(5+16V)]} s
3(1-2v)° >

+2

with the following denotationsin the case of PDL gen-
eration from the NW free surface:
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2a
K/ =c’ K;=c"+2a° K =c"+a’°,
aand c arethe dimensions of the PDL (see Fig. 14).
The core energy W of the PDL was estimated with
usual approximationasfollows:
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(19)

The interaction energy W™ was calculated as the
work spent to nucleate the PDL in the misfit stressfield
inthe shell of NW:

(20)

Fig. 15 shows the energy maps in the space of the
loop normalized sizesfor aPDL that generated fromthe
freesurfacein Si-Ge (Fig. 15a) and InAs-ZnS(Fig. 15b)
core-shell NWs. Asis seen, the generation of the PDL
on the free surface of the Ge shell in the Si-Ge NWsis
energetically unfavorable (Fig. 158), whereas the gen-
eration of the PDL in the ZnS shell of the InAs-ZnS
NWsisenergetically favorable only for the PDLselon-
gated along the free surface (when 2c > 6b, Fig. 15b).
PDLs of other configurations must overcome large en-
ergy barriersthat prevent their nucleation.

Thus, following [26,46,48] and Egs. (18)—(20), one
can assume that initial strained state can relax through
generation of PDLsasshowninFig. 16. The PDLsfirst
nucleate on the free shell surface and further extend
into the shell. Nucleating PDL shave arectangular shape
which further transformsin such away that PDLscould
extend along the interface and form a growing arc of
MD at the interface. As a result, closed circular misfit
PDLsform around the coresin the cross section of NWs
at thefinal stage of the relaxation process [48].

Itisworth noting that similar theoretical modelswere
suggested to describethecritical conditionsfor the gen-
eration of either closed circular [47,85,108-111] or initial

2alb

®) AW, Gb’

core

2¢/b

Fig. 15. The maps of the energy change AW in the space of normalized sizes of the PDL (2a/b, 2¢/b) for (a) Si-Geand
(b) InNAs-ZnS core-shell NWsat R= 100 nmand h=5nm. The PDL isgenerated from the NW free surface, seeinset
in (b). The energy values are given in units of Gb?.

small rectangular [46-48,54,112] PDLsin sphericaly sym-
metric core-shell nanoparticles. In doing so, Gutkin et
al. [47] noticed that the formation of rectangular PDLs
does not necessarily leads to the formation of circular
PDLs and, at the same time, the formation of circular
PDL s does not necessarily occurs by the mechanism of
initially rectangular PDL expansion and closure. There-
fore, the formation of both can be considered to afirst
approximation as two independent stress relaxation
ways. At the sametime, if both ways could be applied to
identical nanoparticles, it is reasonable to assume that
they areinterrelated according to the schematics shown
inFig. 16. Based onthese assumptions, Gutkinet al. [47]
compared the critical conditions of nucleation of such
PDLs. They showed that either a coherent (dislocation-
free) state of the nanoparticle or itsrelaxed state with a
circular PDL at theinterfaceisfavorableinthe caseof a
relatively small lattice misfit between the core and shell
materials. For large misfits, the coherent state is
unfavorable. In this case, as the shell thickness in-

Ty

NN

el 2

Fig. 16. Initial and intermediate stages of the generation
of a PDL from the free surface of the shell to its bulk.
The arrows show the directions of the loop expansion.
The Figureisasketch of Fig. 2b fromthe work [48], all
major designations are saved.
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Fig. 17. Dependences of the critical shell thickness h_
on the misfit parameter f at r, = 48 nm in the cases of
nucleation of circular (solid curve) and rectangular
(dashed curve) PDLs. Theradiusof acircular PDL equas
tothecoreradiusr , thesizes of therectangular PDL are
a/lc=0.2andc/b=10,b=0.3nm.

creases, it can be expected that, first, rectangular PDLs
will appear, then circular PDLswill beformed whilere-
taining rectangular PDLs, and then rectangular PDLs
will gradually grow and transformto circular PDLs.
Following Gutkin et al. [47], similar comparison of
rel axation processes (nucleation of circular or rectangu-
lar PDLSs) can be done for core-shell NWs as well, by
using the dependences of the critical shell thickness h,
on the misfit parameter f. Fig. 17 shows these
dependencesfor circular (solid curves) and rectangular
(dashed curves) PDLsin NWswith the core radiusr,, =
48 nm. The circular PDL nucleation is energetically
favorableif f and h fall within the range over the corre-
sponding solid curve h™ ( f ), whiletherectangular PDL
nucleation is favorable, if these parameters fall within
the range under the corresponding dashed curve
h™ (f). It should be noted that, in the case of rectangu-
lar PDLs, the described dependence shows the maxi-
mum shell thickness for the presence of PDLs. Thus, in
thiscase, thecritical thicknessh_hasthe opposite mean-
ing in comparison with the traditional definition that
showsthe value of thefilm (shell in our case) thickness
above which the nucleation of MDs becomes energeti-
cally favorable, whichisalso true for circular loops.
Fig. 17 contains five areas corresponding to differ-
ent states of defect structure in the core-shell NW. The
o-area isthe area of the coherent (MD free) NW state
which is implemented at relatively small misfit values
(f <0.026). Circular PDLs can appear in the region of
[-area, where neverthel essrectangular PDLscannot nu-
cleate. This means that the formation of circular PDLs
frominitial rectangular PDLs (Fig. 16) isinapplicable
there. Inthey-areg, itispossiblefor rectangular PDLsto
nucleate, nevertheless, circular PDLs cannot be formed.

In the 8-area, both rectangular and circular PDLs can
appear. This means that the action of the mechanism of
rectangular PDL growth and their transformation to cir-
cular PDLs (Fig. 16) can be expected in this area. The
nucleation of new rectangular PDLs terminates at the
upper bound of the 8-area drawn by the curve h™(f).
However, rectangular PDLs which are formed for that
moment, can continue to expand and transformto circu-
lar PDLs. Finally, in the g-area, the transformation of
rectangular PDLsto circular PDLsshould gradually ter-
minate, and new rectangular PDLs should not appear,
while circular PDLs can continue to nucleate as in the
neighboring 3-area.

It should be noted that to date there is a number of
works considering theinitial process of relaxation as a
result of the nucleation of rectangular PDLs in other
various nanostructures, such as bi- and tri-nanolayers,
hollow cylindrical core-shell NWs and solid core-shell
NWswith hexagonal, squared and triangular cross sec-
tionsof cores[46,48,54,58,60]. In thisrespect, one can
compare the stability of such nanostructures to the ge-
neration of small rectangular PDL sfromthe free surface
(smilar tothe PDL showninFig. 14). Notethat the core
and strain energies (W and W¥) of the PDLsweretaken
equal for al nanostructures, see Egs. (18) and (19), re-
spectively. Thus, it was necessary to calculate only the
interaction energies between the PDLs and the misfit
stresses in the corresponding nanostructure. For exam-
ple, some of themreadin

(i) bi-nanolayer

int 1+V
W™ = -8abcG— f[Q, + k(h-a)],
1-v
Q,=—f(H-h)/H+k(H-2h)/2, (21)

k=6fh(H-h)/H?

where H isthetotal thickness of abi-nanolayer and his
the film thicknessin the bi-nanolayer;
(ii) tri-nanolayer

ot 1+v 2h
W™ = —8abcG fll——|, (22)
1-v H

where H* isthe total thickness of atri-nanolayer;
(iii) core-shell nanoparticle

w__4BA+v)b
31-v)
dac N +R A’ +(R-2a) (23)
x - + ,
R’ cR c(R-2a)
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wherer  isthe core radius and R is the nanoparticle radius,
(iv) nanowirewith hexagonal core

W™ = —bi d yj o dx,

-a -C

hex o | gy qke—V3r3e=R, | v =VaRr2 oy gy XkeV3I3 R,
S, _ZC([ \Pzz+ \Pﬂ]k:\/g/&c:f& 110 +[ \PZZ+ \Pu]k:ﬂ/g/&c:*&)’
o e
2 x-ky-c
* hx 2 4 : 2,2
¥ =—cosy [q cos(29+\u)+—2(sm(2(p+\u)ln\/p g —2pgcos(p—0)+1 (24)
p
in(p—0
+cos(2p + ) '[al”lfl—pqsm((P ) j:|,
1- pgcos(¢ - 6)

wherep=1/R, q = p/R, p=4/X +Y., 0 = tan(y/x), y = tan’k, (x,y,) and (p,0) are the Cartesian and polar
coordinates, respectively, of ahexagonal corner, r and ¢ are the dimensions of global polar coordinate system of the
NW;

(v) nanowire with squared core

w" = —bj d yj ol dx,

ol =2C["WI+ P
z z z )(U—X1

Yo=Y,
Yo=Y,

- T Y-
oo Zggnl o
=TT X— X, (25)

1 pgsin(e - 0) }
1- pqcos(¢ - 0)

* 2 . 4 : 2 2 -
¥ =—q sm29+—2{sm2<pln\/p g —2pqcos(p —0) +1—cos2¢ tan
p
(vi) nanowirewith triangular core

W™ = —bi d yj o. dx,

k:7\/5/3, c:\/gRD/3

o o\ tr VA %=
G,= 2C [ ‘Ijzz + \PZZ] k:«/§/3,c:f\/§Rﬂ/3
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4
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P

+c0S(2p + ) tan Mﬂ .
1- pq cos(¢ - 6)

In the cases of NWs with faceted cores, the interaction energies W™ were calculated numerically within the
Wolfram Mathematica software.

In order to compare the critical relaxation conditions in composite nanostructures, it is more convenient to use
the dependences of the critical shell (filmfor flat heterostructures) thicknessh_onthe misfit parameter f (seeFig. 18).
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Fig. 18. Dependences of the critical shell (film) thickness h_on the misfit parameter f for various nanostructuresin
which PDLs are generated from the free surface. The outer radius of NWs and nanoparticle is R = 75 nm, the full
thickness of bi-nanolayer isH = R=75nm, thefull thicknessof tri-nanolayer isH" = 2H = 2R= 150 nm, the PDL sizes
area/c = 0.2 and ¢/b = 10, b = 0.3. In the case of NW with polyhedral cores, the shell thickness was taken as the
distance between the core corner and the free cylindrical surface.

The generation of PDLs in a nanostructure is ener-
getically favorable when the values of h and f fall into
the area under the curve (Fig. 18). Therefore, the most
stable nanostructure in this sense is either NW with
triangular core cross section, intherange of f <0.075, or
bi-nanolayer, intherange of f >0.075, asit is character-
ized by the smallest areaunder the corresponding curve.
On the other hand, the tri-nanolayer is the least resist-
ant to the PDL formation. The symmetry of the tri-
nanolayer structure excludes its bending and, as a re-
sult, thefilms covering the substrate suffer larger misfit
stresses than in the case of bi-nanolayer with the film of
the same thickness. The stability of nanoparticles is
closeto the stability of aNW with hexagonal core cross
section. NWs with circular core cross section are the
least stable among core-shell NWs against nucleation
of PDLsfromthefree surface.

3.2. Generation of straight MDs near the
edges of prismatic cores

Besides generation of PDLs, various mechanisms of
nucleation of straight edge dislocations, leading to the
formation of straight MDs at the core-shell interface,
were considered within the energy-barrier approach as
well. In doing so, Smirnov et a. [61] recently analyzed
the energy barriersfor generation of partial and perfect
straight edge dislocations and their dipoles at the inter-
facein core-shell NWswith faceted cores(Fig. 19). The
core had the shape of along parallelepiped of asquare
cross-section and was placed symmetrically with respect
to thecylindrical shell surface. For the sake of definite-
ness, the authors did their calculations for model metal

gold/palladium NWs, however, similar calculations
could be performed for semiconductor NWswith using
the appropriate parameters of the material.

Asdiscussed earlier, generation of MDs leading to
the misfit stress relaxation is energetically favorable if
the corresponding change in the total energy of the
system AW is negative. According to the type of the
defect structure, the energy change AW is given by one
of the following four equations.

For apartial MD:

AW =W*(b_)+W (b )+W"(b_)

AW (b )+ W' (b). (27

For aperfect MD:

Fig. 19. Schematic representation of a core-shell NW
crosssection with faceted core. (a) Glide (ontheleft) or
climb (ontheright) of partial (top |eft) and perfect (bot-
tom left and top right) MDs from the shell free surface.
(b) Nucleation of dipoles of partial (top) and perfect
(bottom) MDs at the edges of the core. The core cross
sectionisasquare with the side 2I. Figure isa sketch of
Fig. 1 fromthework [61], all major designationsare saved.
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AW =W"* (bp@)+W°(bpa)+Wint (bpa)+WS(bpa). (28)
For adipoleof partial MDs(DMDs):

AW =W, (b )+2W (b ) +W.oo (b ) +W,,. (b)) (29)

DMDs DMDs DMDs

For adipole of perfect MDs:

AW =W (b)) + 2N (b ) + W (b.). (30)

DMDs DMDs per

Here W= isthe energy of step formation during the generation of the MD by glide from the free surface, W isthe
stacking fault energy, bpar (bpa) isthe Burgers vector magnitude of a partial (perfect) dislocation.
The strain energy WX of anindividual edge dislocation (Fig. 19a) inaNW reads[113]:

o DO? .
W (b") = G,
G =M -D@-29:(M, +1) +(M_-D(A-27(M_+1)-In(M M),
f’z br (31)
M+: 4 2 20 2 2 z’)zozi’ Sqlozﬁ'f‘oz_’
(R (X EN) -2+ (X TR -1 R R R

where X, and Y, arethe Cartesian coordinates of the dislocation, b’ = b, for the partial MD and b’ = b for the
perfect MD.

Using the approach suggested in [113], Smirnov et a. [61] calculated the strain energy of an edge dislocation
dipole (Fig. 19b) asfollows:

p 1 . ..
WDMDS =—G Db",
4

G :(Ml—l)(l—Zij;—:l)—(Mz —1)(1—2ij;—2+1)

M, +1 M, +1 M,M
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_ R2b72
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v R'(% -x +b)° |

’ R“—2R2(x2(xl+b’)+yj)+((xl+b’)2+y§)(x§+y§)
M RZbIZ

TR 2R (x, (6 -0) v )+ (6 —b) + ) (X )

where x,, X, and y, are Cartesian coordinates of the MDs.

The MD core energy W* was estimated by standard Eqg. (3).

Theinteraction energy W™ for agliding MD (Fig. 19a) was cal culated as the work spent to generate an individual
MD inthe NW misfit stresso,, that is given by the sum o= c:“y + c;y (the details on calculating the stressfield in
aNW with parallelepipedal corearegivenin[61]), as:
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X,

% o
Wrp)=-b" [ o, | dx-b [ o | dx

o = [(X—|) +(y=D1(x+1)" +(y+1)°]
” [(X—|) Y+ I+ + (y=1)°]
G;y=(6:r—(530) atd +0 alind )
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where C = Gf(1 + v)/[2n(1 — V)], p = \/EI IR, (%, Y,) are the Cartesian coordinates of the MD, 6 = tan™(y/x),
r =~/ X +y*, (xy) and (r,0) are the Cartesian and polar coordinate systems respectively.

Inthe caseof individual MD generation by climbing (Fig. 19a), theinteraction energy W™was determined by the
following expression:

o R
Wit (o) = _bper .[ (o, —0" 13 ‘x:O dy- bper J. ((5;x —c 13 ‘x:o dy,
Yo Yo

0 0 0 0 * * * *
G =0,+0,+0,, 0 =0, +0C, +0,,

__oc| tant X | tan 2= | tan’l—XJrI than’l—XJrI ,
y—I y+| y—I y+I
-1 -1 +1 +1
o =_zc(tan—ly__tan—ly__tan—ly_+tan—ly_j,
X—I X+ X—I X+
o” =—nC| sgn X—I _son X—I _son X+ rsgn X+
i y—I y+l y—I y+l (34)
2 2
* * X * y * Xy
Ou = Oy X2+y2 + 0y X2+y2 _ZGre X2+y2 ’
2 2
* _ * y * * Xy
G, =0 NI + Gy 21y +20,, x2+y2'

int

Theinteraction energy W, .. wascal culated asthe work spent to generate adipole of MDs (Fig. 19b) inthe misfit

stressfield o, = cx'y + ny in the glide plane along the core/shell interface in the NW:

Woos = —b'I o, (X y=y)dx (35)

X

The stacking fault energy W for apartial MD was given by [113]:
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Fig. 20. The preference diagrams for varicus relexation processes in core-shell NWs at R= 2/. The left scale shows
the energy barrier value. The Figureisa sketch of Fig. 10afrom the work [61], all major designations are saved.

W' =
yl(\/ryj+xo), —\/ryj<xo<—l
vl(m%)wz(lw), <% <0 -
In the case of apartial MDsdipole, it was:
Wi =7, 06 +1) =7, (X +1). (37)

Herey, isthe specific energy of the stacking faultinthe
shell, and v, isthat in either the shell or core along the
core-shell interface.

The energy of the surface step W, which occurs
due to the MD generation from the free surface of the
shell, was approximated by the well-known formula:

W= (b') ~ Gb’> /8~ Db / 2. (38)

With Egs. (27)—(38), Smirnov et al. [61] calculated
energy barriers for each relaxation process in NWs
shown in Fig. 19. In doing so, they used the following
parameters in their calculations: a, = 0.408 nm and
A auzsoso = 0-398 nm; the Burgers vector magnitudes
b, =a/\/6 andb_=a/+/2 ; themisfitvaluet=0.046;
the Poisson ratiosv, = 0.4and v, . . =0.395; the
shear moduli G, =27 GPaand G,,,, ..., = 35.5GPa; the
stacking fault energiesy, = 31 mJ/n?, .., .0 =120
MNP, Younsm =108 MIM?, v =v, . ~v, G, ~
Giyau® G- Note that the authors took various values of
the stacking fault energy, depending on the positions
of those partial MDs which are generated in the shell

Only' i |7 /R27|2<XD<7| = Y raau-s00 and T, |7|<x0<0: ¥ o Au=s050 1

and those partial MDs which are generated in the shell
and core: vy, |7 Jer and v, |

-1 <x, <~
The comparison of these calculations is visualized

through the preference diagrams shownin Fig. 20. Asis
seen, the energy barriers for generation of MD dipoles
are alwayslower than those for generation of individual
MDs of the sametype (either partial or perfect). There-
fore, theformation of MD dipolesfromthe core edgeis
more expectabl e than the generation of individual MDs
fromthefree surface of the shell. Dipolesof partial MDs
are more expectablein relatively thin NWsthan dipoles
of perfect MDs; however, inrelatively thick nanowires,
one should expect that the most energetically favorable
defects are the dipoles of perfect MDs. It should be
noted that thisfact isalso valid for individual MDs. At
R=2l, the generation of perfect MDs by climb fromthe
free surface isthe least favorable mechanism of relaxa-
tion.

= de:Au:GO:4O —|<><0<0: YAu :

4. CONCLUSIONS

In conclusion, we have reviewed some analytical mod-
els aimed at predicting the critical conditions for the
generation of MDs and related dislocation structuresin
core-shell NWs. We have shown that most of analytical
models describe the misfit relaxation process in core-
shell NWs through the generation of various defectsin
their final configurations within the quasi-equilibrium
energy approach. These modelsallow to definethe criti-
cal parameters (mostly the critical sizes of NWs and
critical value of the mifit parameter) at which theforma-
tion of the misfit defects becomesenergetically favorable.
Themain results, achieved by thisgroup of models, can
be summarized asfollows:
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- The most common final MD configurations in core-
shell NWs, being under discussion, are straight MDs
and closed misfit PDLs.

- The most universal critical parameter is the critical
misfit value f, which iseasily extracted from the energy
balance due to linear contribution of the misfit param-
eter f in the balance.

- For any values of the NW radius R and the ratio
t=r/Rof theinner and outer radii of the NW, one can
findtheminimumvaluef_ . of thecritical misfit suchas
forf<f_ ., MD generationisnot energetically favorable;
whenf>f . thereisaninterval of tvalues t <t<t,
wheret, =t  (f,R), i = 1,2, in which MD generation is
energetically favorable; whenf —f .t —t,.

- ThelargeristheNW radius R, the smaller isthe mini-
mumcritical misfitf_ . .

- For afixed valueof f, onecanfind theminimum critical
radius of theNW, R=R_ .. suchasforR<R .. MD
generation is not energetical ly favorable for ahy value
of t.

- Thelarger isthe misfit valuef, the smaller isthe mini-
mum critical radiusof theNWR_ ..
- In the case of thin shell on massive core (the shell
thicknessh << R), when f>f_ .. the critical condition
canbetakenintheformof h>h , wherethecritical shell
thickness hasthe same meaning asfor flat film-substrate
heterostructures; in this case, the larger are the NW
radius R and the misfit valuef, the smaller isthe critical
shell thickness h.

- Inthe case of thick shell on thin core (the shell thick-
nessh>>r ), whenf>f . thecritical conditioncanbe
takenintheformof r >r_ , wherer  isthecritical radius
of the core; inthis case, the larger arethe NW radiusR
and the mifit valuef, thesmaller isr .

- The difference in elastic constants of the core and
shell materials, as well as the elastic constants of the
shell free surface and the core-shell interface, and the
surface and interface tensions can strongly influence
the critical conditions of MD generation in core-shell
NWs. In particular, the positive (negative) surface/in-
terface elastic constants mostly make the generation of
MDseasier (harder). Onthe contrary, the positive (nega-
tive) residual surface/interface tensions mostly make
their generation harder (easier).

- Inthecase, whenf>f_ _ andt, <t<t, theequilib-
rium density of misfit PDLs can be calculated; the re-
sultsof corresponding calculationsfor INAs-GaAs core-
shell NWsarein a good accordance with experimental
data.

Another group of relaxation models for core-shell
NWs considered the energy barriers for nucleation and
evolution of the defect configuration that allowed to
choose between different ways of misfit relaxation and
to predict the final misfit defect structurein NWs. The
following results on this direction were obtained:

- The analysis was done for the models dealing with
nucleation of small rectangular PDLs and straight edge
MDs on free surfaces of the shells and at core-shell
interfaces of various shapes.

- Nucleation of small rectangular PDLswasinvestigated
in the case of thin shell on massive core for different
shapes of the core cross section: circular, triangular,
sguare and hexagonal.

- The most probable scenario for PDL appearance in
the core-shell NWs is the formation on the shell free
surface of small rectangular PDLs extended along this
surface in the cross sections of the NWs.

- Thecritical conditionsfor nucleation of small rectan-
gular PDLs of fixed sizes can be formulated either as
f>f_ (for given values of Rand h) or h< h (for given
values of Rand f ), where h; has the different meaning
tothat traditionally used in the case of flat film-substrate
heterostructures: it isthe maximal thickness of the shell
at which the misfit strain/stress is sufficient for genera-
tionof PDLs.

- Thelarger arethe NW radius R and the misfit valuef,
thelarger isthe critical thickness h .

- Nucleation of straight edge MDs was considered in
the case of core-shell NWswith prismatic core of square
Cross section.

- Among some different mechanisms of misfit strain
relaxation in such NWs, the nucleation of glide MD di-
poles at the core edges was shown to be the most prob-
able; in the exemplary case of Au-Pd core-shell NWs,
thedipolesof partial MDsarethe most expectableinthe
thinnest NWs of radius 5—10 nm, while dipoles of per-
fect MDs are the most expectablein the coarser NWs of
radius 50 nm.

- Thegeneration of perfect MDsby climb fromthe free
surfaceistheleast favorable mechanismof relaxationin
the core-shell NWs.

Finally, by analogy with the Matthews-Blakedee
critical film thickness approach for flat film/substrate
heterostructures, most of the considered models sug-
gest the dependences of the critical shell thickness on
the parameters of the NW materials. Such dependences
are convenient fromthe practical perspective, sincethey
are ableto reduce the number of expensive experiments
aimed at the synthesizing of did ocation-free NWswhich
have a great impact on quantum communicationsin fu-
ture networks. The predicted defect structure in core-
shell NWs could be of interest to researchers dealing
with elaboration and characterization of the NWs.
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