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Elastic and piezoelectric fields in a substrate AIN due to a buried
guantum dot
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Using the Green’s function solution in an anisotropic and linearly piezoelectric half space developed
recently by the authors, this article studies the elastic and piezoelectric fields in substrate AIN due
to a buried quantum daQD). Two different growth orientations are considered: One is the AIN
(00031 growing along the(0001) axis, and the other is the AINLOOO growing along the polar
direction[i.e., a direction normal t¢0001) axis|. For an InN QD, modeled as a concentrated source,
with a volumev ,=4m7R33 whereR=3 nm, and the typical values of misfit strain, at a depth

=10 nm below the surface, the following features have been obsef(tgdon the surface of
substrate AIN(0001), the hydrostatic strain, piezoelectric potential, and vertical and horizontal
electric fields are rotationally symmetric with respect toztexis. However, these quantities are not
rotationally symmetric on the surface of substrate AINO0O; (2): a hydrostatic strain as large as

0.01 on the surface of the AINLO0O and as large as 0.008 on the surface of AB001) can be
reached, both of which are larger than that on the surface of the substrate GaAs due to a QD with
the same volume at the same defiB); the piezoelectric potential on the surface of substrate AIN
(0009 is much larger than that on the surface of AINDQO, i.e., 0.8 versus 0.3 V; an@): large
horizontal and vertical electric fields, in the order of MYm, can be induced on the surface of AIN,
about two orders of magnitude larger than that on the surface of the substrate GaAs due to a QD
with the same volume at the same depth.2@03 American Institute of Physics.
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I. INTRODUCTION piezoelectric potential induced by a QD in an elastically iso-
Due to their special electronic and optical featurés, tropic and infinite Ge}As. Grundmarmt al,? on the o_ther
self-assembled quantum deDD) structures have attracted hanq, solved numerically th.e plezoelgctrlc pote.ntlal and
great attention in the society of nanoscale science and tecitudied other reIat_ed eIectronlc_and optical propertles_for the
nology in recent years. QD structures have been fabricateffAS/GaAs pyramidal QDs, using the FDM. Employing a
using various semiconductors, such as group ll-V and grou|§|mllar approach, Jogai recently calculated the elastic strain
nitrides. To offer a quantitative explanation for the QD struc-in INAs/GaAs QDs’ and the strain field and piezoelectric

ture through numerical modeling, various computationalPolarization charge in the INN/AIN wurtzite QD structufe.
methods have also been proposed recently. The finite eldVe remark that the piezoelectric quantities in either InAs/
ment method and finite difference method, both of whichGaAs or INN/AIN were obtained based on a semicoupled
being domain based, have been frequently 4sedther piezoelectric model in those works. Recently, Pamoposed
methods include the two-dimensional Fourier-transforma fully coupled model and calculated the QD-induced elastic
method®’ the atomistic quantum-mechanics mo82land  and piezoelectric fields in both weakly and strongly coupled
the Green's-function methdd.We remark that among the semiconductors. The results of that article have shown
three methods, the Green's-function method is, perhapslearly that in strongly electromechanically coupled semi-
most useful due to its simple, accurate, and efficieniconductors, such as AIN, the semicoupled model could be in
features:®~ '3 Recently, the authot$ advanced the Green’s- serious error and thus the fully coupled model should be
function method to the anisotropic semiconductor substrat@sed. More recently, based on the fully coupled model, Pan
by using the point-force Green’s-function solutions in an an-also studied the elastic and piezoelectric fields on the surface
isotropic and elastic half space. of substrates GaAg001) and GaAs(111),%° illustrating
While the induced elastic field has been extensivelyclearly the importance of the piezoelectric field in the QD
studied, only a few works have been carried out on the COfmodeling.
responding piezoelectric field, which appears to be animpor-  Thjs article presents some typical elastic and piezoelec-
tant factor in determining the electronic and optical proper+ic results on the surface of substrate AIN due to a point QD,
ties of the related devices® Davies® derived the ging the Green's-function solution developed recently by
the authors®?° We consider two different growth orienta-
3E|ectronic mail: pan2@uakron.edu tions: One is AIN(000J) growing along th€0002) axis, and
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(a) X AIN crystal [Fig. 1(a)], and the other with the axis along
the (0001 axis[Fig. 1(b)]. For convenience, the former will
be named AIN(0001) and the latter AIN(1000. For the

h

substrate with orientation AINO0021), the material property
matrices in Eq(1) are reduced to

[Cyy Cp C3 0 0 0]
Cy Ci3 0 0 O
Ci3 0O 0 0
[C]= Cu 0 O (33
z (0001) 0

sym Cu

C
®) X (0001) L e
0 0 O 0 e5 O
[e]=| O 0 0 e 0 Of, (3b)
> L3 €3 €3 0 0 O
h Y _
€11 O O
[e]=]| O ewu O, (3¢
L 0 0 ez
z where the material constants are associated with the crystal-

FIG. 1. A buried point quantum dot of volume,=4mR%/3 at a deptth line coordl_nates an.c%_ (C1r-C12)/2in Eq.(38). As is well
below the surface of a half space whé&e 3 nm andh=10 nm. The misfit known, _thIS m_ate”al belongs to tzhle hexagorﬁat trans-
strains arey’,= ¥, = 0.1375,y%,=0.1267 in AIN (000D in (a), and;, ~ Versely isotropit systemCg, (6 mm).“" We further note that
=0.1267,7;,= v},=0.1375 in AIN(1000 in (b). similar expressions for the material property matrices can be
found for the substrate with orientation AlL000.

At the surfacez=0, the traction-free insulating condi-
the other is AIN(1000 growing along the polar direction tjon, as given below, is assumed
[i.e., a direction normal t¢000J) axis]. In Sec. Il, the theory
is briefly summarized. While benchmark results for the elas-  9xz= 07 0y;=0; 05,=0; D,=0 )

tic and piezoelectric fields are presented in Sec. lll, conclu-  Let us assume that there is an inclusion with eigenstrain

<V

sions are drawn in Sec. V. (or misfit strain, y; and Ef", of volumev, at x in the
substrate. Our goal is to find the elastic and piezoelectric
II. THEORY fields induced by this source. Using the point-force/point-

) ) _ charge Green’s-functions and Betti reciprocity theorem, the
For a fully coupled piezoelectric semiconductor, the con-j,qyced elastic displacement/electric potentialand ¢, and

stitutive relations can be expressed’a$' the elastic strain/electric fieldy; andE;, aty can be found,
1= Cijim Yim— € Ex respectively, as'%
DI:eI]k71k+8IJEJ , (l) Uk(y):[o'lr;l(xyy)')’rm_D:r(n(X,Y)E:n]Uaa (Sa)
where oj; and D; are the stress and electric displacement,  ¢(y)= [oh (Y)Y — DY EXJva, (5b)

respectively;y;; is the strain and; the electric fieldCij, ,
€ijx » ande;; are the elastic moduli, piezoelectric coefficients,
i i i - k . .
and dlelectglc constants, respectlyely. It has been shown & (V)= 3Vl ol (V) + T (XiY) Toa
cently that'® for semiconductors with strong electromechani- Y y

cal coupling, such as AIN, Eq1) needs to be solved simul- — 3EX[DK,, (Y)+ DB (x;Y)]va, (6a)
taneously. y y
For an infinitesimal deformation,_the_ elastic strain and Ep(Y)Z[E:;Dfn,p (X}y) — YI*mO-IL'lnI,p (X:Y)]va, (6b)
electric field are related to the elastic displacemenand y Y
electric potentiakp, respectively, as where the superscripts in Eq$) and (6) indicate the direc-
tion of the point force K,p=1,2,3) and the negative point
yij=3(Uij+tu;); E=—d¢;. 2 P kD ) d P

charge(for superscript #1°?° The quantities with these su-

We now consider a half-space AIN with tlkeandy axes  perscripts are the point-force and point-charge Green'’s func-
lying in the traction-free and insulating surface andteis  tions described in Palt:1*2°With the elastic strain and elec-
pointing towards the interior of AINFigs. Xa) and Xb)].  tric fields being solved from Eq$5) and (6), the stress and
Two crystallographic orientations for the substrate will beelectric displacement fields;; andD; , then can be obtained
considered: One with the axis along thg0001) axis of the  using Eq.(1).
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FIG. 2. (a) Contours of the hydrostatic straiz(x 10~%) on the surface of
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FIG. 3. (a) Contours of the electric potentigl (X 10”2 V) on the surface of

AIN (0001 due to a point quantum dotb) Contours of the hydrostatic ~ AIN (0001) due to a point quantum da) Contours of the electric potential

strain yy, (X10°3) on the surface of AIN1000 due to a point quantum
dot.

¢ (X102 V) on the surface of AIN1000 due to a point quantum dot.

sponding contours on the surface of A(N000 are in ellip-

Ill. RESULTS

The Green’s-function solution&) and (6) are now ap-
plied to the case of a buried INN QD with a volunog

tic shape. In other words, the hydrostatic strain on the surface
of AIN (1000 has a rotational symmetry of ordeZ,.
Namely, the hydrostatic strain remains the same after a rota-

=47R%3 in substrate AIN. The QD is located at a depth tion of 27/2 around thez axis, a feature completely different
below the surfacéFig. 1) and the misfit strains are given by from that observed previously on the surface of the substrate

Yxx=Yyy=0.1375 andy;,=0.1267 in substrate AINOO0J)
[Fig. 1@], and y},=0.1267, y,=y5,=0.1375 in AN
(1000 [Fig. 1(b)].*®*’ Also in the calculationR is fixed at 3

GaAs?® Furthermore, the maximum hydrostatic strains

TABLE I. Material properties for AINL®7 Elastic constants are in GPa,

nm andh at 10 nm. The material properties for AIN are piezoelectric constants in Cfnand the dielectric constants are relative to

given in Table 17 £o.

Shown in Figs. £a) and 2b) are contours of the hydro- c
static strainy,,, respectively, on the surface of substrates !

AIN (0001 and AIN (1000 due to the buried point QD 396
described above. It is observed that while the distribution ofs:
the hydrostatic strain on the surface of substrate AIB0Y)

is completely rotationally symmetric about theaxis (i.e., it o

Ciz Cis Css Cua
137 108 373 116
€33 €15
1.55 —0.48

€11 €33
11

is independent of the polar angle on the surfatiee corre-

Downloaded 09 Mar 2003 to 130.101.16.64. Redistribution subject to AIP license or copyright, see http://ojps.aip.org/japo/japcr.jsp



2438 J. Appl. Phys., Vol. 93, No. 5, 1 March 2003 E. Pan and B. Yang

X (nm)
x (nm)

y (nm)

FIG. 4. Contours of the vertical electric fiele, (X 10’ V/m) on the surface
of AIN (000)) due to a point quantum dot.

reached on the surfaces of Alf{®001) and AIN (1000 are
also different, 0.008 versus 0.01. That is, a high-hydrostatic
strain is expected if the growth direction in AIN is along the
polar direction[i.e., any direction in the plane whose normal
is parallel to the(0001) axis].

Plotted in Figs. 8) and 3b) are, respectively, contours
of the piezoelectric potential on the surface of substrate AIN
(0001 and AIN (1000 due to the same point QD. We remark
that while the contours of the piezoelectric potential on the
surface of substrate AINOOOD are again completely rota-
tionally symmetric about the axis, those on the surface of
substrate AIN1000 show a completely different and special
feature. The distribution of the piezoelectric potential on the - g
surface of AIN(1000 is symmetric about the axis[i.e., the y (om)

(000D axis] and antisymmetric about th axis. Another FIG. 5. (a) Contours of the horizontal electric fiel, (x 10" V/m) on the
interesting feature is that the magnitude of the piezoelectrig ¢ - ¢ AIN (0001 due to a point quantum dofb) Contours of the

potential on the surface of substrate AR00D is much  horizontal electric fieldE, (x10° V/m) on the surface of AINO0OY) due to

larger than that on the surface of the corresponding substratepoint quantum dot.

AIN (1000, i.e., 0.81 versus 0.27 V. While the maximum

value in AIN (0001 is reached at the center of the surface

(i.e., exactly above the point QDthe minimum and maxi- around thez axis gives the result for the otheMWe also

mum valuegboth with equal magnituden AIN (1000 are  notice that the horizontal electric-fiell,, defined askj,

reached at two points on thxeaxis, symmetrically located on = \/EX2+ Eyz, is rotationally symmetric with its maximum

each side of theg axis. Again, this feature is different from value being reached in an annular zone. The maximum value

that on the surface of the substrate G&As. of Ey, is equal to that in the electric-field, or E, with a
Figure 4 shows contours of the vertical electric-fiéld  value of 15<10’ V/m, which is about 50% larger than that

on the surface of substrate AIND00Y). The distribution is in E,. We further remark that both the horizontal and verti-

completely rotationally symmetric about tlzeaxis, with a  cal electric fields on the surfaces of AI{000)) are in the

maximum value of 1X 10’ V/m at the center of the surface. order of 16 V/m, a feature might be useful in the study of

Notice that on the surface of substrate AIN000, E, is  the Stark shif£>

identically zero. Finally, Figs. &a) and 6b) show, respectively, contours
Figures %a) and §b) depict, respectively, contours of for the electric-fieldsE, andE, on the surface of substrate

the horizontal electric componeri andE, on the surface  AIN (1000. It is noted that whileE, is symmetric with re-

of substrate AINO00J). We observe that the electric compo- spect to both thex andy axes,E, is antisymmetric with

nentsk, andE, are antisymmetric with respect to tgeand  respect to them. Fdg,, a minimum of—11.7x 10’ Vimis

X axes, respectively, and show similar features, a result of theeached at the center, and two equal maxima of 4.1

material symmetry(That is, by rotating one of them/2 x 10" V/m on each side of thex axis; For Ey, the two

X (nm)
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ferent growth orientations are the Af®001) growing along
the (0001 axis, and the AIN(1000 growing along the polar
direction[i.e., a direction normal t¢0001) axis]. For an InN
QD, modeled as a point source, with a volumg
=47R3/3 whereR=3 nm and the typical misfit strains, at a
depthh=10 nm below the surface, certain interesting fea-
tures have been observed: First, while on the surface of sub-
strate AIN(0002), the hydrostatic strain, piezoelectric poten-
tial, vertical electric field and horizontal electric-fieldy)
components are completely rotationally symmetric with re-
spect to thez axis, those on the surface of substrate AIN
(1000 are not. Second, a hydrostatic strain as large as 0.01
and 0.008 can be reached, respectively, on the surface of AIN
(1000 and the surface of AINO0OJ). Third, the piezoelec-
tric potential on the surface of substrate AIBD0Y) is much
(a) larger than that on the surface of A4000 (0.8 versus 0.3
V). Finally, large horizontal and vertical electric fields, in the
order of 1 V/m, can be induced on the surface of AIN. We
expect that these typical results will be useful in the future
study of QD structures, both experimentally and numerically.

X (nm)
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