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In this work, we investigate the effect of the strains induced by axially symmetric quan-
tum dots of cylindrical, hemispherical and conical shapes in a IlI-nitride semiconductor
nanowire on the band structure of the nanowire material. To study the elastic properties of
quantum dots, a model of an elastic inclusion with eigenstrain has been used. To consider
the influence of the free surface of the wire on the elastic fields of quantum dots, the cor-
responding boundary value problems have been solved analytically. The k-p perturbation
method has been applied to analyze the strain induced effect on the energy band structure
of the material. The results obtained demonstrate that the band gap width clearly depends
on the shape of the embedded quantum dot. The effect of quantum dot strains on the elec-
tropolarization of the material possessing ferroelectric properties, was investigated. It was
shown that the largest jump in electric charge density is achieved near the apex of the

conical inclusion.
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1. INTRODUCTION

The IlI-nitride materials (AIN, GaN, InN and their solid
solutions) have a unique combination of physical prop-
erties that ensure their demand in modern microelectron-
ics and optoelectronics. Among these properties are wide
band gaps, high saturation drift velocity, high breakdown
voltage, high thermal conductivity, high thermal and
chemical stability, etc. [1]. Due to these characteristics,
nitrides are currently considered the most promising
material for fabricating robust high-frequency transistor
structures capable of operating at high temperatures and
under harsh operating conditions. Additionally, in terna-
ry semiconductors, such as In Ga, N, Al Ga, N, etc., the
band gap width can be changed from the visible to the
deep ultraviolet region by varying the ratio of their com-
ponents. This allows I1I-nitride materials to be used in the
fabrication of light-emitting diodes, laser diodes, optical
sensors that operate in a wide range of the electromag-
netic spectrum [2—6]. The distinguishing properties of
[II-nitride semiconductors include their large spontaneous

polarization and large piezoelectric coefficients [7-9].
Strain-induced piezoelectric polarization charges lead to
electrostatic fields of a magnitude (MV/cm) that cannot be
neglected in nitride semiconductors.

In general, strain strongly affects the electronic prop-
erties of semiconductors; both valence and conduction
bands can be changed due to strain [10-16]. The elastic
properties of quantum dots in the material matrix have gar-
nered significant attention in recent studies due to their im-
portant role in materials science and technology [17-20].
The presence of quantum dots (QDs) in semiconductors
has a strong influence on the electronic band structure
through the strain generated by QDs in the surrounding
material matrix. In terms of continuum mechanics, QDs
are considered to be elastic inclusions with an eigenstrain
corresponding to the mismatch coefficient between the
lattice constant of the dots and the surrounding material
matrix [21].

For inclusions of different shapes, the computation of
the elastic field requires different numerical techniques.
Among these, the elastic inclusion model proposed by Es-
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helby (see Refs. [22,23]) is a powerful tool that has been
widely used to address a variety of elastic field problems
involving inhomogeneities and elastic inclusions in solids.
Furthermore, for inclusions with axial symmetry, finding
analytical solutions can be simplified if we model the in-
clusion as infinitesimally thin disks distributed along the
axis of symmetry of the inclusions [24,25]. The analytical
results obtained allow for the investigation of the impact
of the strain field of QD on the energy band structure of
the material matrix as well as within the QD itself.

The effect of the finite size of QDs on the electronic and
optoelectronic properties of semiconductors has also been
studied quite fully in the past decades [26,27]. In addition,
it was pointed out that due to the crystal lattice mismatch
between the materials of QDs and surrounding matrix, con-
siderable elastic strains can be generated inside QDs. Such
intrinsic strains contribute to the modification of semicon-
ductor band structure via the deformation potential [10].

In this study, we briefly analyze the elastic fields of
QDs in the forms of cylinder, hemisphere, and cone in na-
nowire. Then we use the k-p perturbation theory approach
to investigate the influence of strain induced by In Ga, N
and Al Ga, N QDs on the electronic band structure of the
GaN matrix. Additionally, we investigate strain-induced
polarization within nitride semiconductors.

2. ELASTIC FIELD OF THE QUANTUM DOT
IN THE WIRE

In terms of continuum mechanics, QD can be considered
as an elastic dilatational inclusion (DI) with an eigen-
strain ™', corresponding to the mismatch between the
lattice constants of the dot and the surrounding material
matrix. The problem of elastic inclusion with eigenstrain
in a homogeneous and isotropic elastic medium originates
from the classical problem proposed by Eshelby [22,23].
In this problem, we consider a DI with an eigenstrain *'¢;,
, defined by the following expression:

el =£'8(Q), (1)
LReO

0,RgQ
Ple’, i is coordinate in any orthogonal coordinate system.

In Eq. (1) parameter & (misfit parameter) is found as
ratio (see, for example [28-30])

where 6(Q2) = { . There is no summation over i in

S*Zad—am’ (2)
a

m

where a, and a,, are the lattice constants for QDs and
surrounding material matrix in the absence of strains,
respectively.

Here, we consider QDs with axial symmetry such as
cylinder, cone, truncated sphere, etc. To study the elastic

properties of QDs in the nanowire, we model QDs as an
infinite set of infinitesimally thin coaxial disks of radius c,
uniformly distributed with a constant density p along the
symmetrical axis. In this approach, the elastic field of QD
is obtained by integrating the corresponding components
of the elastic field of infinitesimal thin disks inside the
nanowire, with eigenstrain ‘¢, given by following expres-
sion [24,25,31]:

i =bH(1—lj5(z—ZO), 3)
C

where b is a coefficient with the dimension of length,

H() = {1’ 520, is the Heaviside step function, 8(z) is
0,£<0
the Dirac delta function, c is the radius of the disk, and z,
is the coordinate of disk in cylindrical coordinate sys-
tem (7, 0, z); see Fig. 1. Then the elastic field of inclusion
is equal to the sum of the corresponding components of
the elastic field of the disks. The eigenstrain of the inclu-
sion g, can be found using eigenstrain (3) [24,25,31,32]:

%
DI * _ [d.*
€, = I g, (r,z—z,)pdz,

= TbH (1 —1) 8(z -z, )pdz, = &' 3(Q), @)
C

where € = bp.

Therefore, the elastic field of DI can be found by inte-
gration as well. For example, total displacements 'u, are
calculated by the following formula:

Py, = [ u,(r, 2 z,)pdz,. (5)

2

V\<

e

Fig. 1. The circular disk in a long cylindrical nanowire. The co-
ordinates r, ¢, z in the cylindrical coordinate system are shown.
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2.1. Dilatational disk in the wire

We consider a dilatational infinitesimally thin disk (DD)
(see Fig. 1) with eigenstrain ‘¢, (see Eq. (3)), embedded
in the circular wire:

The fields of total displacements “u,, elastic strains ‘g
and stresses * o, of the DD in the cylinder are represented
by the sums of the corresponding DD fields in an infinite

elastic medium (“‘u,, *'e;, “'o,) and some additional

ij’

(image) fields ("u,, ™¢;, " o,) [32]:

u, = "y, + i"‘ul, (6)
‘e, =g, + Mg, (7)
‘s, = "o, + "oy, (®)

where i, j =r,¢,z. The detailed expressions of “u,, ‘¢
‘s, of the disk in the wire [32]:

i

wa_ (1+V)b )

u, = 20-v) J(1,1;0), (9a)
=0, (9)
wa 1+ V)b 3 .

u, = 20— sgn(z—z,)J(1,0;0), (9¢)
where

J(m,n; p) = _[:Jm(K)Jn (kr/c)exp(—k|z—z,|/c)x"dx
are the Lipschitz-Hankel integrals [33], J, and J, are the
Bessel functions of the first kind with the corresponding
argument, and v is the Poisson’s ratio.

The additional DD displacement components due to
the free surface contribution of the wire [32]:

im _(l+v)b Br
”f‘(l—v)nj[ BI[ )

+(4C(1-v)-DP)I, (&Hﬂ; cosB—ZdB, (10a)
a a
"u,= 0, (10b)
m _ (1+V)b 7T pr pr B_
uz_—(l_v)nﬂca [ j +DI ( ﬂﬁtl sin—dp,
(10c)
where
C:l’D:2—(B2—2v+2)11K1—BZIOK0—2V’ (11a.b)
n Bn

with n=p*1; = (B> —2v+2)I}, I,=1,(B) and I, =I,(B)
are the modified Bessel functions of the first kind,
I; =1, (tB), t =c/a, a is radius of the wire, K, = K, (B)
and K, = K, (B) are the modified Bessel functions of the
second kind (the Macdonald functions).

2.2. Cylindrical quantum dot in the wire

Consider QD in the form of a finite cylinder (Cyl—cylin-
drical inclusion) with radius ¢ and height # embedded in a
circular nanowire with radius a (see Fig. 2).

/1 \E DD
-

/

A\

Fig. 2. A finite cylindrical quantum dot (Cyl) in the circular
nanowire. The coordinates 7, ¢, z in the cylindrical coordinate
system are shown.

By substituting Egs. (6), (9), and (10) into Eq. (5) we
get the displacements of Cyl in the circular nanowire. The
solutions for the displacements, strains, and stresses of
Cyl in the circular nanowire have been found in our pre-
vious study [32,34]:

ey, oo, +2(1+v)8*aT[_C& 0(&)

" T (I-vm oy a a

(4C(1 v)— DB) (B”ﬂ B sm%cosﬁa—zdﬁ, (12a)
“u, =0, (12b)
Cyluz _ wcyluz N 21+ v)a*a

(1-v)r
I[C —1 (ﬁrj +D] (B ﬂtl smB—sm Bzd[?) (12¢)
0 a 2a

where £ is the height of Cyl (Fig. 2). Here other designations
are the same as in Egs. (11a,b).

The elastic strains <" g, and stresses o G, can be de-
termined from displacements “'u, (12) according to the
following relations:

« for elastic strains

Cyl
org, = 5 ) (13a)
7
Cyl CYIur *
€pp = r -£3(Q), (13b)
Cyl
org, =L 50, (13¢)
oz
{0, 0%
CyIS — r + z 13d
o G B 130)
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1 aCyIu aCyI l Cyl u(
CYISHP —_ ? + u, _ p , (136)
21 or op r r
Cyl aCyl
cylszzl 0 ”zl+ ) : (139)
® 20 69 r Oz
» for elastic dilatational strain:
CyIA _O1 €, +CyI SW +Cy1 £.; (14)
« for stresses:
Cyl cyl V oy
y()'i/. =2G( yS{./. +E yASiij’ (15)

1) ) = .’ . .
where 6, :{ =/ is Kronecker symbol, G is shear

0,i=j
modulus, v is Poisson’s ratio.

The total displacements “'u, of the CyI in an infinite
medium were found earlier in Refs. [24,25] in the follow-
ing form:

« inside the Cyl (| z|< £, r <)

ooCyluin :M‘:L—J(l)(l,l;—1)—J(2)(1,1;—1):|’
2(1-v) Lc

(16a)
(16b)

Cyl i
=ty =0,

0Cyl in _ (I+v)e cSgn(Z)[J(l)(l,O;—1)—.](2)(1,0;—1):';

T 2(1-v)
(16¢)
* outside the Cyl (|z|>2£ or |z |< 4, r>¢)
(2) &IAx10?
15F ‘ ‘
0 0
0.039
10}
5F 0.117 1
0.156
0.15
\ /’/‘
R \0. 95 o
g ofjazt 3.52{ odosl 1
N . \
0.117
-5
10\@/
0 0
-15 L ) ) ) 1
-10 -5 0 5 10
y(nm)

ooCyluout — (1 + V)S*C
" 2(1-v)
J(S)(lal;_1)_'](2)(1:1;_1)5

|z]> 4,

X C ) 2 s (178')
——JYL-1)-JP(1,1;-1), |z|<L, r>c
B
wcy‘uq‘;“‘ =0, (17b)
wCyIu:ut — (1+V)8 cs n(Z)
2(1-v)
JY1,0;-1)-J?(1,0;-1), |z|>%,
700D =200, |z]> 4 (170
JO1,0;-1)-J?1,0;-1), |z|<L,r>c
Here the Lipschitz-Hankel integrals

JOmmp)= [, ()], (s c)e S ’di with 1=1,2, 3,

are used with & =(&-|z[)/c, & =(E+]z])/c, and
&=(z|-D/e.

From the expressions obtained for the displace-
ments (13), (16), and (17) of Cyl we can easily determine
the strains as well as the hydrostatic strain. The total hy-
drostatic strain is determined by the following expression:

0%, N M, N oMu,  (1+v)e’
or r oz 1-v

Cyl A

P2yap .
a
(18)

Contour plots of the total hydrostatic strains induced
by Cyl in the nanowire are shown in Fig. 3.

X {5(9) + iT (1-2v)C1, (&) t sin(@) cos(
Ty a 2a

(b) CylelOZ
Bl ~0.005
S oo
o IR
0022
St e 20033 e
So-0044 T ~0.044 -
<20.055 720055~
7 —0.966 < g 40.’0/6,6
% 0=0/077 /\ ) ~<=0.9748 ‘\ _\0_97
S ~0.033 el
I IERRREEEEe
N -0.022
Slop el —0on T
00057
-15¢, ‘ ‘ ‘ ‘
~10 s 0 5 10
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Fig. 3. The total hydrostatic strain maps of the Cyl in a circular nanowire: (a) In,,Ga, (N dot in GaN matrix and (b) Al;,Ga (N dot in
GaN matrix. The parameters used for calculations are as follows: nanowire radius @ = 10 nm; the base radius and height of Cyl are
c¢=5nmand 2 =10/3 nm, respectively; the Poisson’s ratio of GaN v = 0.234; misfit parameters of In,,Ga, ;N and Al, ,Ga, ;N dots are

€ =0.021 and —0.0058, respectively.
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Fig. 4. The truncated spherical quantum dot (SI) with radius R,
embedded in the circular nanowire with radius a. The cylindrical
coordinates r, ¢, z are shown.

2.3. Truncated spherical quantum dot in the
nanowire

QDs in truncated spherical form also frequently appear in
the fabrication of nanomaterials. We consider a truncated
spherical quantum dot (SI) with a radius R, (6, <6,<9,)
coaxially buried in the circular nanowire with radius ¢ and
infinite length (Fig. 4). The eigenstrain ™'¢,, of SI defined
according to Eq. (1).

Then it can be considered that QDs are formed from
infinitesimal dilatational thin disks with the radius varying
according to a specific rule ¢ = R;sin6, [25] and distrib-
uted along the symmetrical axis of the disk with constant
density p. The displacements *'u, of SI obtained by sub-
stituting Egs. (6), (9), and (10) into Eq. (5). The displace-
ment components of SI in infinite space can be found in
Ref. [25]. The additional parts of the displacements of SI
are calculated according to the following expressions:

S[ur ooSIur+ (1+v)e’
(1-v)n

><T|:—Cl?;r (Br) (4C(1-v)+DB)I, (Brﬂ dp

0

x]z‘tll(Bt)cos@dzo, (19a)

2

51%: 0,
SI _ ooSI (1+V)8* T r Br Br
u,= uz+—(1_v)n ﬂcal[a}ml( HBdB

XT o1, (B)sinPE=2) gz
a

2

(19b)

(19¢)

Coefficients C and D are determined according to
Egs. (11), (12) and ¢=c/a. To calculate the integrals:

rz t1, (Bt)cosmdz ndJ.Z2 t1, (Bt)sin———= LCRENPS
; a ;

let us express the modified Bessel functions of the first
kind 7,(x) [35], sin(x) and cos(x) in the form of a series

J;tI] (Bt)cosmalzO Acos[3 + Asin— B (20a)
) a a a

[ 1, (Be)sinPE=20) 12— AsinP2_AcosPZ, (20b)
: a a a

with

0 B1+2k

Z RO 2k+2
Sk + 1)\ a

> B 2m py
Z 2m)! [aj I“ozm(l o)y, (21a)
m=0

* B1+2k ROV

o

kzzuzkkl(k.,_l)y( )

n” 2m+1 2m+1 p, N )
Z((zr)nfl)v( ] [uem -y dy, ,  @1b)

Hy

where p, =cos6,, pn=cosb,
z=Ru, z, = Ryu,,

p, =cosB,, H, =cosb,,

—B (m+ k+2)+B 2(m+i,k+2), O<p, <p, <1,

juoz'"(l po)k”dpo—% B, (m+ J+2)=B_ . (m+4,k+2),
Bulz(m+3,k+2)+Buzz(m+3,k+2),

My

Hy
[t A=) dy,
Hy

-l<p, <p, <0,
—l<p, <0 and O<p, <1,

1
:E[—BMZ (m+1k+2)+B,. (m+1,k+2)} ,
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and B, (m,k) = _": x"'(1-x)""dx is the incomplete Beta
function [36].

The displacements of the SI in an infinite medium “*'u
can be written in the following form [25]:

» inside sphere (R < R,))

1 k
®SI ) (1+V)8 Ry < Z P, (W) Rk L. (22a2)
R<Ry 2(1-v) T k(k+D R,
0 SI _
oleen, = 0, (22b)
wSI _ (I+ V)S*Ro
“IR<R, 2(1-v)
23 2>z

R, ° 2

ZA7%5
X R ,Z<Zl

2z-2-2,

T S LTy
2“2 My k—kRokkM k|

,2,<z<2,

(22¢)
* outside sphere (R > R,)
wSI I+ v)g Ry < kﬂ P
= L 23
" R>R, 2(1—\/) ;k(k-i—l) Rk+1 k (“) k> ( a)
°°Sluq> o, = 0, (23b)
wsi (1+V)8 R, R, kel
= L 23
leer, =T 2y kZ‘kHR"“ AL, (23
where
k(k+1) () =B (w)— B, (1) + B (1)
2k +1 1-2k
¥ Bf(l’l])_Ec+2(“‘1)_Ec(“2)+Pk+2(u2) .
2k+3 ’
@ ‘ STAx107

z(nm)

-10 -5 0 5 10
y(nm)

z, = R,cos0,, z, = R, cos0,; F, () are Legendre polyno-
mials; associated Legendre polynomials are defined as
B =D(1-w7) " dB, )/ du.

From the Egs. (19), (22), and (23) of displacements
we can determine the strain, stresses, and total hydrostatic
strain of the dot by using the Egs. (14), (15). The total
hydrostatic strain of SI is determined by the following ex-
pression:

SI SI SI *
S‘A—a u+i+6 uZ:(1+v)8
or r oz 1-v
8(§2)+2(l ZV)ICI( j(Acos[3 +As1nB deB}
a a

24

where A and A are functions of B determined by
Egs. (21a,b). The total hydrostatic strain contour maps of
the hemispherical dot are shown in Fig. 5.

2.4. Conical quantum dot in the circular nanowire

Consider a conical quantum dot (Cl—conical inclusion)
embedded in the circular nanowire, as shown in Fig. 6,
with eigenstrain ™'¢, defined according to Eq. (1). To de-
termine the displacements, strains, and stresses of the dot,
we use the same approach as for Cyl and SI in nanowire
(see Sections 2.2 and 2.3). In this method, the quantum dot
is modeled by thin circular disks with eigenstrain, defined
by Eq. (3) with a radius of ¢ = R;sinf,, with 6, = const,
and radius R, varying according to the position z, of the

b) ‘ S1Ax10°

w
T
/

z(nm)
o

y(nm)

Fig. 5. The total hydrostatic strain maps of hemispherical QD in the circular nanowire: (a) In,,Ga, (N dot in GaN nanowire, (b) Al,,Ga, N
dot in GaN nanowire. The parameters used for the calculations: nanowire radius @ = 10 nm, radius of the sphere R, = 5 nm, Poisson’s ratio
of GaN v = 0.234; misfit parameters of In,,Ga, N and Al,,Ga, (N dots are & = 0.021 and —0.0058, respectively.
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Fig. 6. The conical QD with height 4 and base radius r, is embed-
ded in the circular nanowire with radius a. The coordinates in the
cylindrical coordinate system 7, o.

disks (see Fig. 6). The total displacements of CI are de-
termined from disks by substituting Egs. (6), (9), and (10)
into Eq. (5).

The displacement components corresponding to CI in
infinite space have been previously studied in our earlier
research [37]. The additional displacement components
due to the contribution of the nanowire's free surface con-
dition are determined by the following expressions:

Cly = =Cly 4 (1+v)e’
’ " (1-v)m
XT{ Py (Brj (4C(1-v)+DB)I, (Brﬂdﬁ
0 a a
XI t1, (Bt)cosmdz0 , (25a)
2 a
U= 0, (25b)
Cl, _ oCl (1+V)8* T Br Br
u= u2+—(1—v)nﬂca ( j+D1 ( ﬂﬁdﬁ
x[ 11, (Bt)sinmdzo. (25¢)
c, a
To calculate the integrals J‘_Oh t Il(ﬁt)COS@dzo

and | 11, (Brysin PE=%)
_h a

dz,, let us express the modi-

fied Bessel functions /, (x) [35], sin (x), cos (x) in the form
of a series. We have

0

Jt[l(ﬁt)cosmdzo —ZcosP_@sin P,
—h a a a
0

j”l(Bt)SinB(Z Zo)d usmB +®cos&,
—h a a a

tanzeo (ﬁjbﬂz
= 2n)! 2(2n+3) a

5 1B ) o
><1Fz(n+ :2, +5;2a2 JBz L (26a)
i n tan 6 h 2n+3
0(2}1-&-1)'4 n+2)
. ’,})B 2n+2
XIFVZ n+2,2,n+3,4—2 B , (26b)
a

c,:d,,d,,

2 m> n’

where | F (c,c,,.. ;x) is the generalized
hypergeometric function [38] Wthh can be written via
series:

F (c,¢y,...0,5d,

()¢, x
i) = Z(d)k (), k'
Here (¢), and (d), are Pochhammer symbols
I'(c+k)
I(e) ’
I'(d+k)
rd) °

with I'(z) = J:O t*"'e”'dt is Gamma function.

(o), =cc+D)...(c+k-1)=

(d), =d(d+1)...d+k-1)=

The displacements ““'u, of the CI in an infinite medi-

um were found in Ref. [37] in the following form:
s for R<R,

ooCI

s [ R RGWR W)
"lr<r, 2(1-v) R Z T k(k+1)(k+2)

a

1-p’

+_u0\/_z B (WE (Ho

< (k - 1)k(k+1)

1R
—ER—Ho(l—Mg

(RT/R —l)}, (272)

“Cy, =0, (27b)
Cl (1 + V)S R, [ Pk (A
ler, =71 Z {(k+1)(k+2)
2z-R u, —Ruo,za <z <Ry,
——1 R + Ry, z, <Ry, <z
* Ry —Ruy,2 <z, <Ry,
R
~uo(1-R/R, )+R—uou(1—u§
P (M) B (W) | pics k-1
Hoy/1— R/RST-1 | (27¢
D 270
s for R>R,
wa | _ (1 + v)s LA ey A LA (_J
e, Z ek + 1)k +2) ’
(28a)
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@ Y0

0 0.003

-10 -5 0 5 10
y(nm)

CIA>‘<102

-0001

y(nm)

Fig. 7. The total hydrostatic strain maps of CI in the nanowire, (a) In,,Ga, (N dot in GaN matrix; (b) Al,,Ga, (N dot in GaN nanowire.
The parameters used for the calculations: the radius of the nanowire a = 10 nm, the base radius and height of CI are , = 5 nm and
=10 nm, respectively; the Poisson’s ratio of GaN v = 0.234; misfit parameters of In,,Ga, N and Al ,Ga, N dots are & = 0.021 and

—0.0058, respectively.

My, =0, (28b)
_(1+v)e'R, +v)e G el JEACHLAD) h
elron, 2(k+1)(k+2)( j '
(28¢)

where R, =7, /sin(a./2), with a is the opening angle of
the cone.

Then we can calculate strains and stresses of QD by
substituting Egs. (25), (27), and (28) into Eqgs. (14), (15).
The total hydrostatic strain of conical QD in nanowire is
determined by the following expression

_ (1+v)e" [2(2v—1
N (1-v) 1+v

+LTC10 (ﬁj(ECOSB+®SinB—ZJBdB:|. (29)
na; a a a

where E, O are functions of B determined by Egs. (26a,b).
The total hydrostatic strains of CI corresponding to
In,,Ga, (N and Al,,Ga (N dots are shown in Fig. 7.

To conveniently investigate the influence of strains on
the electronic band structure and piezoelectric polariza-
tion of semiconductors, we need to represent strains in the
Cartesian coordinate system according to the following
relations [39]:

6Clu, Clu. 6Clu
— + 7 z

or r oz

)5

2 2
_X'g, —2xyg, +yE,

(30a)
x*+y°

2 2
_ Ve, +2xyg,, +X7¢g,, (30b)

» x2 + yZ

E‘;zz = Szz’ (3OC)
1 2 2

€y = x2 +y2 ()C €0~V E, +xy(8”’ _SW))’ (3Od)
YE,, + XE,

g =l (30e)

Y ,x2 +y2

xSrz _ys(z

g = ’ (301)

p.v4 .
VX' +y?

3. EFFECT OF THE STRAIN ON CONDUCTION
AND VALENCE BAND

In this study, the dilatational In Ga, N and Al Ga, N QDs
are buried in the GaN nanowire. Due to the difference be-
tween the lattice constants of QDs and the matrix, QDs
will deform the lattice of the GaN matrix. This lattice de-
viation changes the lattice parameters and crystal symme-
try, thereby changing the electronic band structure of the
matrix and QDs itself [40-42]. In general, the effect of
strain on the electronic band structure of semiconductors
is described using the approach proposed by Bir and Pik-
us [10], which uses k-p perturbation theory to study the
change in electronic band structure compared to un-
strained crystals. The k-p perturbation theory formalism is
based on the Bloch solution of the Schrodinger equation
of y ,(r)=u,(r)exp(ik-r), where n and k are the band
index and wave vector of the electron, respectively. Sub-
stituting the Bloch functions into the Schrodinger equation,
the Hamiltonian operator for the unit cell wave function can
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be written as a sum of the Hamiltonian for the case k = 0

and the term is proportional to k-p with p = ?V. Further-
more, the set of functions u,,(r) forms a complete set of
eigenfunctions, so all eigenfunctions u,, (r) can be written
as linear combination of all u,,(r), also called the Lutting-
er-Kohn representation [43,44]. Therefore, it is possible to
apply first-order perturbation theory, with perturbations k-p
and basis u, (r). Bir and Pikus [10] demonstrated that the
strain-dependent form of the Hamiltonian is essentially the
same as the k-dependent form of the Hamiltonian.

In unstrained wurtzite GaN, there are three closely
spaced top valence bands (VB) at the center of the Brillou-
in zone, commonly referred to as heavy-hole (HH), light-
hole (LH), and crystal-field split-off hole (CH) [44—46].
These VB states have atomic p-orbital character, in contrast
to the bottom conduction band (CB), which has atomic
s-orbital character. Since the large band gap of GaN reduc-
es the interaction of CB and VB states, the Hamiltonian for
the strain dependence of the VB can be separately given by
the 6x6 matrix [10,46]:

*

F 0 -H 0 K 0
0 A -H 0 K
-H A A o I 0
H' (k,e)= . (1)
0 -H 0 .
K 0 I A G 0
0 K 0 1 0 F
Here:

A=2A; F=A+A, +1+0; G=A, —A, +1+6;
K = Ak’ +Dge,; H=i(Ak k, + Ak, +De.,);

I =i(Ak k, — Ak, +Dge.,);

A= Ak:+ Ak} + D +D, (e, +€,,);

0= Ak2 + Ak} +Die + D, (s, +¢,),

k, =k, *ik,, ki =k} +k, k, =k *ik,

e, =¢, *ie e, =¢ —¢, t2e & =g +¢,,

where parameters D, (j = 1,2,...,6) denote the deforma-
tion potentials VB, and A/. (G = 1,2,...,7) are equivalent
to the Luttinger parameters [44], parameter A, is the
crystal-field parameter, while A, and A, are the spin-orbit
energy parameters. The values of D, A, A,, A, for GaN
with wirtzite structure are listed in Table 1. The basis for
conventional H" is chosen as [45]:

u]:—%|X+l'Y,OL>, u, iY,OL>, u3=|Z,OL>,

1
=——| X -
7

(32a—)
i, =%|X—iY,B>, ug =—%|X+iY,ﬁ), ug =|Z.8),
(32d-)

here, | X), |Y), and | Z) have the symmetry properties of
the atomic p,, p,, and p, orbital functions. |a> and |B> de-

Table 1. Band structure parameters for wurtzite GaN [47].

Parameters Values (eV)
3.479
0.010
o 0.015
0.022
0.005
—44.5
—44.5
-41.4
-333
8.2
—4.1
-4.7
7.5

>

>

1%

> >
Il
=

I
e
Il

Ay /3

B

=

o

N

o

SIS

=N

note the spin wave functions corresponding to spin up and
spin down, respectively. The diagonalization of the ma-
trix (31) yields the three distinct VB maxima E, .

The Hamiltonian for the strain dependence of CB min-
imum is given by a 2x2 matrix with basis |S, oc> and [S.B).
Its single distinct eigenvalue E, (due to strain) can be ex-
pressed as [44,47]

hzkf K (kf +ky2)
E = 2mﬂ L toye, +o (e, +8yy), (33)

e

where k,, k, k. are x, y, z-components of wave vector; o, ,
o, and m,, m,, denote the CB deformation potentials and
electron effective mass, respectively. Here we only con-
sider the ground energy state (k = 0), so Eq. (33) is re-
duced to the following expression

E, o =€ O (e, +8yy). (34)

The values of o, and o, for GaN with wurtzite structure
are listed in Table 1.

4. POLARIZATION EFFECTS IN NITRIDE
SEMICONDUCTORS

For the wurtzite structure the arrangement is ABABAB
along the [0001] direction, while for the zincblende struc-
ture the arrangement is ABCABC along the [001] direc-
tion, where A, B, and C refer to allowed sites of the III-N
pairs of the closed-packed layers [48].

The presence of electric polarization is directly relat-
ed to the symmetry of the crystals, for the wurtzite struc-
ture each group-III is tetrahedral coordinated to four ni-
trogen atoms. In the absence of an external electric field,
macroscopic polarization is the sum of the spontaneous
polarization of the equilibrium structure P¥ and the
strain-induced polarization P™. Nitride semiconductors
with wurtzite structure exhibit a single polar axis, name-
ly the [0001] axis. Therefore, the wurtzite phase has a
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spontaneous electrical polarization along the [0001] di-
rection even when in equilibrium, which is different from
the mixed semiconductors with a zinc mixed structure.
Because of the appearance of strain around QDs due to
lattice deflection such deformation of the unit cell leads
to additional piezoelectric polarization. By consider-
ing the symmetry of the P6,mc space group of wurtzite
[I-nitrides, the piezoelectric polarization is related to
the deformation, which is expressed by the following ex-
pression [48]:

Sxx
€
pAg
0.0 0 0 ¢ 0)
zz
Pr=l0 0 0 ¢ 0 0,
yz
e € & 0 0 0
xz
xy
elSSXZ
- o8, , (35)
eSl(Sxx + 8yy)+ 633822

with the elements e, of the piezoelectric tensor in Voigt
notation; see Ref. [49]. For example, values of elements of
the piezoelectric tensor of III-nitride are shown in Table 2.
We note that the relations of Eq. (35) are given in the natu-
ral N-coordinate system relative to the ¢ axis. Any spatial
variation in total polarization P leads to a fixed volume
charge density:

b=—V.P, (36)

.0 .0 o .

where V =i—+ j—+K— is divergence operator.

ox "oy Oz

For the step change in polarization at the interface,

Eq. (36) is modified to give the fixed surface charge
density [41]

g=-n-AP, (37)

where n is the normal vector to the free surface or inter-
face, and AP is the total polarization change.

Table 2. Piezoelectric coefficients (given in C-m?) of GaN with the
wurtzite structure [29].

Piezoelectric coefficients GaN
I 0.73
ey —-0.49
e —0.40

Table 3. Crystal lattice parameters (given in A) of Ill-nitrides
with wurtzite structure (at 300 K) [52].

Lattice parameters AIN GaN InN
a 3.112 3.189 3.533
c 4.982 5.186 5.693

5. DESCRIPTION OF THE MODEL

In this study, we consider In Ga, N or Al Ga, N QDs in
the form of finite cylinder, truncated sphere, and cone in
the circular nanowire, as shown in Fig. 8.

In our model, In Ga, N, Al Ga, N QDs, with x and y
varying in the range of 0.2 to 0.5, are embedded in a circu-
lar GaN nanowire with a radius of @ = 10 nm. The selected
QDs have a volume of 2501 / 3 nm”® and radius of base of
the dots , = 5 nm.

The effective misfit parameter f for wurtzite semicon-
ductors can be estimated by considering the difference
in crystal lattice translations in the basal plane and in the
z-axis direction. The lattice parameters of III-nitrides are
given in Table 3. For such materials, one can introduce a
pair of misfit parameters f, and f,, given by

a,—a c,—cC

f.= ; ~, 1= =,

(38a,b)
where a,, a, and c,, c, are the a and ¢ wurtzite lattice pa-

rameters of the matrix and QD, respectively. The effective
dots/matrix mismatch can then be defined as

(39)

(a) Az (b) (c) z
@\J GaN GaN T
C C c
[0001]T [0001]T [0001]
InxGal-xN ; IleGal _XN 7 InxGal —xN }7

\_/\/

\_/\/

W

Fig. 8. Schematic depiction of InGa, N QDs or Al Ga, N QDs in shape of cylinder (a), truncated sphere (b), and cone (c) in GaN

X

nanowire. Nanowire’s axis is oriented along [0001] crystallographic direction (c-axis).
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Table 4. Effective lattice misfit parameter f for wurtzite [1I-nitrides.

Material .
- Misfit parameter f
Quantum dots Matrix ’
GaN AIN 0.029
In,,Ga, N GaN 0.021
In, Ga N GaN 0.050
Al ,Gay N GaN —-0.006
Al Ga, N GaN -0.015

Table 5. Crystal lattice parameters (given in A) of In Ga, N and
Al Ga, N with wurtzite structure (at 300 K).

Lattice

parameters Ing,GaggN In,;Ga, N Al,Ga, N Al ;Ga, ;N
a 3.258 3.361 3.174 3.151

c 5.287 5.440 5.145 5.084

The values of effective lattice misfit parameter fof In Ga, N
and AlyGalny dots in GaN matrix are shown in Table 4.

For the crystal lattice parameters a and ¢ of wurtz-
ite structures In Ga, N, Al Ga, N, Vegard’s law is ap-
plied [53,54]:

iy Ga, N = X iy + (1= X) dgen, (40a)
Cin o N = Xy T (1= X) €0 (40b)
Aa1,Go, = Vs F(1=1) g (40c)
Ca o N = Y Can F(1=2) - Coune (40d)

With the support of Egs. (40), we can calculate the lat-
tice constants of In Ga, N and Al Ga, N. The results are
shown in the Table 5.

The expressions of the elastic field of QDs in the
nanowire (as mentioned in Section 2) are applied to an
isotropic elastic medium. However, wurtzite GaN is elas-
tically anisotropic. Therefore, we use the effective Pois-
son’s ratio according to the expression, which was derived
by averaging Poisson’s ratios along the three mutually
perpendicular axes chosen in characteristic crystallo-
graphic directions, as in Ref. [29]:

V:_l(sl_ﬁ_m} (41)

3\ sy Siy

where s, are the elastic compliances for GaN. Using the
elastic constants from Ref. [55] we obtain v =0.234.

6. THE INFLUENCE OF SURFACE EFFECTS
ON THE BAND STRUCTURE

The change of the VB structure is nonlinear with strain
as these energies represent the cigenvalues of a 6x6
Hamiltonian in the k-p calculations (see Section 3 for
details). We will examine the shifts of the CB and VB

edges due to QD strain field by utilizing the k-p per-
turbation approach developed by Bir and Pikus [10] and
employing the corresponding deformation potentials for
GaN [47].

Under the influence of strain, both CB and VB are
strongly shifted. The positions of heavy-hole (HH), light-
hole (LH), and crystal-field split-off hole (CH) change
compared to their equilibrium positions and can even
cross each other. Therefore, to simplify we label the in-
dividual VBs as top, middle, and bottom VB according
to their energy, with the top VB being closest to the CB
bottom.

The dependence of CB on strain is determined by
Eq. (33). We see that CB bottom depends linearly on hy-
drostatic strain. This means that it depends on the free sur-
face conditions and the interaction of the free surface with
the quantum dots buried under it. The dependence of the
VBs on strains (see Egs. (31)) is more complex than that
of CB.

Fig. 9 shows edge of CB shift due to strain for In, ,Ga, ;N
and Al ,Ga (N dots. The results clearly reveal two oppo-
site trends. For In;,Ga (N dots in GaN matrix, outside
the dot, CB edge decreases by hundreds of meV. Calcu-
lations indicate that the most significant reduction in the
band gap occurs at the nanowire surface, specifically at
the intersection of the plane perpendicular to the nanowire
axis that divides the dot into two equal-volume parts (see
Figs. 9a—c). Similarly, for Al ,Ga ;N dots in GaN matrix,
the edge of CB outside the dot increases by tens of meV.
This increase is also most pronounced at the nanowire sur-
face, at the intersection of the plane perpendicular to the
nanowire axis that divides the dot into two equal-volume
regions (see Figs. 9d—f).

For points outside the dots, near the nanowire axis,
the band gap tends to decrease for both In,,Ga, N
and Al ,Ga (N dots. However, along the wire surface,
the band gap decreases for the In,,Ga, N dot. For the
Al ,Gay (N dot, the behavior is more complex, with a
slight increase in band gap. The change of the band gap
depends on the shape of QDs; see Fig. 10.

7. STRESSOR-INDUCED POLARIZATION
CHARGES

The fixed polarized charge density in the system is relat-
ed to the variation of total polarization P with position.
Total polarization P includes spontaneous polarization
P and piezoelectric polarization P™. The piezoelectric
polarization vector P™ at an arbitrary point is determined
according to Eq. (34). The fixed polarized charge den-
sity is determined by the expression: p(x,y,z)=-VP.
The fixed polarized charge density approaches the range
10" | e|/cm® when approaching the surface of QDs; see
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Fig. 9. The contour maps for GaN CB edge changes AE*' (given in meV) due to strain fields of Cyl in the nanowire: (a) In,,Ga, ;N dot
in GaN wire, and (d) Al,,Ga, (N dot in GaN wire; hemispherical quantum dots in the nanowire: (b) In,,Ga, ;N dot in GaN wire and (e)
Al ,Gay N dot in GaN wire; CI in the nanowire: (c) In;,Ga, N dot in GaN wire and (f) Al,,Ga, (N dot in GaN wire. Parameters for cal-

0.8

culation: radius of nanowire a = 10 nm; the volume of dots is 2507 / 3 nm’; the base radius of the dots is ¢ = 5 nm; average Poisson’s ra-
tio of GaN wurtzite v = 0.234; the misfit parameter of In,,Ga, (N and Al,,Ga, (N dots in GaN are £ = 0.021 and —0.0058, respectively.

Fig. 10. This value is quite small compared to the electron
density of GaN which is approximately 2.3-10" cm™ (at
300 K); see Ref. [52]. This value is also much smaller than
the case of ellipsoidal inclusion and point stressor in half-
space; see Ref. [29].

The contour plot of the induced charge caused by the
strain of QD in the form of a finite cylinder, hemisphere,
and cone in the nanowire is shown in Fig. 11.

8. DISCUSSION

Figs. 4-6, and 12 demonstrate that the influence of the sur-
face on the hydrostatic strain just beneath it depends on the
shape of QD. This effect is strongest for Cyl, followed by

the SI, and weakest for CI (see Fig. 12). Indeed, for Cyl,
the disk radius remains constant, and the ratio between the
dot radius ¢ and the nanowire radius «a, denoted as ¢ = c/a,
is constant. In contrast, for SI dot and CI dot, the radius
¢ varies along the symmetry axis, so the ratio ¢ = c/a also
changes along this direction and is always smaller than in
the cylindrical case. As a result, the surface effect on the
hydrostatic strain inside the nanowire is strongly depen-
dent on the shape of the embedded dot. Consequently, the
edge of CB is also shape-dependent, as shown in Figs. 9
and 13.

The presence of strain induced by the embedded dot
simultaneously affects both CB (see Eq. (33)) and VB (see
Eq. (31)) of the material. As a result, the band gap of the
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Fig. 10. The change of the band gap AE;,1cf of GaN along free surface of the wire due to the presence of the In,,Ga, N (a—c) and
Al ,Ga (N (d—f) QDs. Parameters for calculation: radius of nanowire ¢ = 10 nm; the selected quantum dots have a volume of

2507 /3 nm’; the radius of the base ¢ = 5 nm; average Poisson’s ratio of GaN wurtzite V =0.234; the misfit parameter of In,,Ga, ;N
and Al,,Ga, (N dots in GaN are £ =0.021 and —0.0058, respectively.
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Fig. 11. Contour maps for the fixed polarization charge density are given in unit of 10'|e//cm’ for In,,Ga, N QDs in GaN nanowire:
(a) cylinder, (b) hemisphere, (c) cone with the same volume and base radius. The parameters for calculation: volume and radius of base
of QDs are 2507 /3 nm’ and 5 nm, respectively; radius of the wire is 10 nm; Poisson’s ratio v = 0.234; misfit parameter of In,,Ga, ;N
dot in GaN matrix is & = 0.021; the piezoelectric coefficients for GaN are given in Table 1.
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Fig. 12. The distribution of hydrostatic strain along the surface of the wire caused by In,,Ga, N dots embedded in the GaN nanowire:
(a) cylindrical QD, (b) hemispherical QD, (c) conical QD. The parameters for calculations: the volume and the radius of base of QD

are 2507 /3 nm’and 5 nm, respectively; the radius of the nanowire is 10 nm; average Poisson’s ratio v = 0.234 for GaN; the misfit
parameter of In,,Ga, N dot in matrix GaN is ¢" = 0.021.
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Fig. 13. The change of CB edge along the surface of the wire caused by In,,Ga, N dots embedded in the GaN nanowire: (a) cylindrical
QD, (b) hemispherical QD, (c) conical QD. The parameters for calculations: volume and radius of base of QD are 250w /3 nm’ and
5 nm, respectively; radius of the nanowire is 10 nm; average Poisson’s ratio is v = 0.234 for GaN; misfit parameter of In,Ga, N dot

in GaN matrix is ¢ = 0.021.
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Fig. 14. The distribution of induced fixed polarization charge density along the symmetry axis (» = 0) of the conical QD is given in units
of 10" |e[/cm’ for In,,Ga, N dot (a) and Al,,Ga, N dot (b) in GaN nanowire. The parameters for calculations: radius and height of the
cone are ¢ = 5 nm and 4 = 10 nm, respectively; Poisson’s ratio v = 0.234; misfit parameters are £ = 0.021, —0.0058 for In,,Ga, (N and
Al,,Ga (N dots in GaN matrix, respectively; the piezoelectric coefficient for GaN are given in Table 1.

material is altered in the presence of the dot. Figs. 10a—c
show the influence of the surface on the band gap just
beneath the nanowire surface. Here, the variation in the
band gap directly beneath the surface clearly depends on
the shape of the dot, namely: AES” ~—46.0, -42.8, and
—-36.0 meV for Cyl, SI, and CI, respectively; correspond-
ing to a reduction in band gap width of 1.32%, 1.23%, and
1.03% compared to unstrained GaN. The variation in band
gap is directly related to the energy of strain of the dots.
Furthermore, the study shows that the elastic energy of the
dot embedded in the wire depends on the ratio ¢ = c¢/a (see
Ref. [32]). Here, it is evident that for cylindrical dots,
t = c¢/a remains constant, while for SI and CI, the value
of ratio ¢ varies along the symmetry axis z. As previously
mentioned, the band gap beneath the wire surface decreas-
es most significantly for Cyl.

The presence of QDs in the wire gives rise to fixed
polarized charges in the dots and in the wire. Howev-
er, the density of fixed polarized charges is quite small
(about 10" |e|/cm’); see Figs. 11 and 14. This charge den-
sity can be easily screened by free electrons, considering
the usually reported unintentional n-type doping level of
10'°+10" |e|/cm® in GaN. For points near the top of the
conical QD, the fixed polarization charge density increas-
es abruptly: for In;,Ga, (N conical QD in GaN matrix, see

0.8

Fig. 14a and for Al;,Ga (N conical QD in GaN matrix,
see Fig. 14b.

9. CONCLUSIONS

In this study we investigated the influence of strain
of QDs in nanowire on electronic band structures of
[II-nitride. QDs chosen are ternary semiconductor
compounds of Ill-nitride InGa, N, AlGa, N with
x,y = 0.2 in wurtzite structure. We assume that the ma-
trix is isotopically homogeneous with an average Pois-
son’s ratio v =10.234.

The influence of the nanowire surface on the band
gap clearly depends on the shape of the dots. This ef-
fect is related to the ratio between the dot’s and nanow-
ire’s radii. For In,,Ga, N QDs with identical volumes
and a base radius of 5 nm embedded in a GaN nanowire
of 10 nm radius, the band gap just beneath the surface
shows the most significant reduction for the cylindrical
dot—up to 1.32% lower compared to the band gap of
unstrained GaN (at 300 K). The reduction in band gap
is related to the elastic energy of QDs embedded in the
nanowire.

In addition, the presence of strain generated by QDs
in the nanowire also causes the fixed polarized charge of
the IlI-nitride structure around the dots to appear. How-
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ever, fixed polarized charge density is small compared to
the free electron density in n-GaN. This fixed polarized
charge density can be easily screened by free electrons in
n-GaN.
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VJK 538.915:539.374.1

Bausinue ynpyroro moJisi KBAHTOBBIX TOUEK HA JJIEKTPOHHYIO 30HHYIO
cTpYKTYpY III-HUTPUAHBIX POBOJIOYHBIX MOJTYIIPOBOJHUKOB

Nguyen Van Tuyen '*, A.JI. Kosiecnukopa '*, A.E. Pomanos '

"' Vuupepcurer UTMO, Kponseprkckuii 49, Canxt-Tletep6ypr, 197101, Poccus
?Sao Do University, No 24, Thai Hoc 2, Sao Do Ward, Chi Linh City, Hai Duong, Vietham
3 HuctutyT npobnem mammHoBeneHus PAH, Bonbiioii nip. 61, B.O., Cankt-IletepOypr, 199178, Poccus

Annoranus. B nanHo# pabore Mbl MccienyeMm BimsiHHE JedopManuii, HaBeJEHHBIX aKCHAIbHO-CHMMETPUYHBIMHU KBAaHTOBBIMHU
TOYKAMH LMJIMHAPUYECKOH, moirycheprdeckoil 1 KOHHMYECKOH (opM B HOIyHnpoBoAHMKOBOW III-HUTpHaHON HaHOIPOBOIOKE, HA
30HHYIO CTPYKTYpy MaTepHajia HAaHOIPOBOJIOKH. I U3y4eHUs! YIIPYTriX CBOMCTB KBAHTOBBIX TOUCK HCIIOIb30BAIACh MOJIEIb YIIPYIOro
BKJIFOUEHHsI ¢ coOCTBeHHOI nedopmanmeid. st ydera BIUSHUS CBOOOJHOMN MOBEPXHOCTH MPOBOJIOKU HA YIPYTHE IOJIsI KBAHTOBBIX
TOYEK ObUIM IMOTYyYEHbl aHAJIUTUYECKUE PELICHUS COOTBETCTBYIOLIMX I'paHMYHBIX 3ajad. Meron Bo3MmylueHuN k-p mpumensics
JUISL OLIEHKH POJIM HaBeAEHHBIX JedopMalMii B U3MEHEHHH 30HHOW CTPYKTYphl Marepuasa. [loka3aHo, YTO M3MEHEHHE LIMPUHBI
3ampenieHHON 30HBI SIBHO 3aBHCUT OT (JOPMBI BHEAPESHHOM KBAaHTOBOI TOUKH. BbIIO HCCIIe0BaHO BIMSHIE HaBEJEHHBIX KBAHTOBBIMHU
TOuKaMu JieopMalMil Ha EKTPOHOIIIPU3ALUIO MaTepralia, 00JIa1atoero nbe30MEeKTpUYeCKUMH cBoiicTBaMu. OOHAPYKEHO, YTO
HaMOOIBIINH CKAYOK IUIOTHOCTHU ISKTPUIECKOTO 3apsijia JOCTUraeTCs BOJIU3M BEPIIMHBI KOHUUECKOTO BKIIIOUCHUSL.
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