PHYSICAL REVIEW B 74, 075305 (2006)

Resonant Raman scattering in self-assembled GaN/AIN quantum dots
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Self-assembled GaN/AIN quantum dots have been investigated by means of Raman scattering. A resonant
enhancement of the Raman peaks has been observed when the excitation is tuned above the GaN band-gap
energy. The polar mode nature, either quasiconfined or interfacial, has been assigned after comparing with the
polar optical modes of spheroidal dots calculated within the framework of the anisotropic dielectric continuum
model. The built-in strain of the GaN dots induced a substantial blueshift of the nonpolar E,; Raman mode
frequency. A theoretical model that analyzes the three-dimensional strain distribution in the quantum dots has
been employed for estimating the strain contribution to the frequency shifts of both nonpolar and polar optical

modes.
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I. INTRODUCTION

The demonstration of the Stranski-Krastanow growth
mode when GaN is deposited on AIN by molecular beam
epitaxy' pointed out a promising new generation of optoelec-
tronic devices based on GaN quantum dots (QD’s). In par-
ticular, these systems could be a good material support for
solid-state quantum computation by exploiting the existence
of a strong built-in electric field to generate entangled few-
exciton states.Z Such an electric field, which can reach values
as high as 7 MV/cm,? mainly originates in the difference in
the electrostatic polarization between the dot and the barrier
materials. In addition to the spontaneous polarization charac-
teristic of group-III nitrides,* piezoelectric fields induced by
strain also play an important role due to the strength of the
piezoelectric constants of these materials, which are more
than one order of magnitude larger than those of other III-V
semiconductors. Therefore, knowing the strain distribution in
dots and barriers is essential for the good understanding of
the optical and electronic properties of self-assembled
GaN/AIN QD’s.

Raman scattering spectroscopy is a suitable technique to
probe the strain field in semiconductor heterostructures. Sig-
nificant strain-induced phonon frequency shifts have been
observed in the Raman spectra of self-assembled GaN/AIN
QD’s. Although most Raman studies have been interpreted
assuming the so-called biaxial strain approximation (i.e.,
£ =8yy and &,=-2C 3/ C338,,, with z parallel to the wurtz-
ite ¢ axis),®® a recent detailed work has evidenced the non-
biaxial nature of the strain field in GaN/AIN QD’s and the
need of a careful theoretical analysis of the Raman spectra.’
In addition to the effects induced by strain, Raman scattering
spectroscopy is also sensitive to the presence of interfaces.
Polar optical modes of quantum wells and superlattices are
substantially different from those of bulk materials and can
be either confined in one of the materials or localized at the
interfaces. In the case of GaN/AIN systems, confined
phonons penetrate into the barrier material due to the aniso-
tropy of the wurtzite structure.'®!! Furthermore, these quasi-
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confined modes are dispersive and, when the angle between
the phonon wave vector and the ¢ axis is different from 0 or
/2, have a mixed symmetry, becoming quasi-TO or -LO
modes.!! The theoretical study of polar optical phonons in
wurtzite QD’s has been tackled recently within the dielectric-
continuum model,'>!3 and frequencies significantly different
from those of the bulk material have been predicted for sphe-
roidal dots.

In the present work we investigate the Raman scattering
spectra of GaN/AIN QD multilayer systems. First, we
present the Raman spectra for different polarization configu-
rations and excitation energies. Confinement effects in the
spectra of polar optical modes are discussed qualitatively by
comparing with the calculated frequencies of oblate spheroi-
dal dots. The strain-induced frequency shifts of nonpolar Ra-
man modes are also analyzed with the aid of a theoretical
model for the elastic strain relaxation inside QD’s of realistic
shape. Finally, both theoretical results are combined in order
to estimate the frequencies of polar optical modes.

II. SAMPLE DESCRIPTION AND EXPERIMENTAL SETUP

Two samples have been investigated in this study. Sample
S1 consists of a stack of 50 periods of GaN QD’s separated
by 8.6-nm-thick AIN spacers, grown by plasma-assisted mo-
lecular beam epitaxy at a growth temperature of 750 °C. The
substrate is a 1-um-thick AIN layer grown by metalorganic
chemical vapor deposition on sapphire.!* The QD multilayer
was grown on a 100 nm AIN buffer layer and capped with a
100-nm-thick AIN layer. Sample S2 contained 200 periods of
GaN QD’s with 8 nm AIN barriers and was grown on a 6H
-SiC (0001) substrate kept at 730 °C during the growth. A
very thin AIN buffer layer, of 10 nm, was grown prior to the
deposition of the dots and no capping was added after the
last QD period. In both cases, the growth procedure was a
modification of the Stranski-Krastanow mode'> where each
QD period formed after the deposition of a few monolayers
of metastable two-dimensional GaN in Ga-rich conditions.
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FIG. 1. HRTEM image of a few GaN/AIN QD layers of sample
S1.

The Ga surfactant effect inhibits the formation of GaN is-
lands. The rearrangement of the two-dimensional (2D) GaN
layer into 3D dots is induced by a growth interruption of
2 min. Under these growth conditions, the expected QD den-
sities are 2 X 10" and 5 X 10'° cm™2 for samples S1 and S2,
respectively.'

High-resolution transmission electron microscopy (HR-
TEM) of sample S1 (see Fig. 1) shows that the buried QD’s
are truncated pyramids with 32° facet angles standing on a
two monolayer GaN wetting layer (WL). The average diam-
eter and height of the dots are 20.5+0.5 and 4.3+0.5 nm,
respectively. The observed vertical alignment of the QD’s
has been attributed to the propagation of the strain field in-
duced by the buried dots through the AIN barrier.'” Minima
of the elastic energy density are predicted at the surface of
the spacer right on top of each buried dot which act as nucle-
ation centers.'® The average dot height (3.8+1.0 nm) and
diameter (501 nm) in sample S2 were determined by
means of atomic force microscopy.'?

Raman scattering measurements are carried out with a
Jobin-Yvon T64000 spectrometer equipped with a confocal
microscope and a nitrogen-cooled charge-coupled device de-
tector. Several lines of an argon laser comprising a wide
energy range (from 2.2 to 4.5 eV) are used for excitation.
The diameter of the laser spot is 1 and 4 wm for visible and
ultraviolet laser excitation, respectively. All measurements
were performed at room temperature.

III. EXPERIMENTAL RESULTS

The Raman spectra of sample S1 recorded in backscatter-
ing geometry under 3.72 eV (333 nm) excitation are shown
in Fig. 2 for two different polarization configurations. The
lowest spectrum corresponds to the sapphire substrate in the
z(x,x)Z scattering configuration. The excitation energy is be-
low the WL emission (at ~4.6 eV),'> much below the AIN
band gap (at 6.2 eV), and above the QD emission (typically
around 2.5-3.2 eV). Thus, the excitation energy is resonant
with the absorption of the QD excited states. Several GaN-
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FIG. 2. Raman spectra of sample S1 obtained under 3.72 eV
excitation for two polarization configurations. The z direction coin-
cides with the ¢ axis of the wurtzite structure. The dotted line cor-
responds to the Raman spectrum of a sapphire substrate in the
z(x,x)Z scattering configuration.

and AIN-like Raman peaks are observed in Fig. 2. Given the
size and density of the dots, we estimate that more than 85%
of the GaN in the sample corresponds to the QD’s. Thus, the
GaN-related peaks are attributed to the QD’s, neglecting the
contribution of the 2D WL. In Fig. 2, the zone center
phonons of AIN appear at their bulk frequencies. On the
other hand, the peaks ascribed to the GaN QD’s are clearly
blueshifted with respect to GaN bulk frequencies (summa-
rized in Table I). This is the case of the peak centered at
604+1 cm™!, which can be assigned to the E,; mode of the
QD’s, as done in a previous work.® The peak centered at
582+1 cm™! (preliminarily labeled as mode A) appearing in
x(z,z)X polarization configuration follows A,(TO) selection
rules. The assignment of this mode as a quasiconfined TO or
an interface mode will be discussed further on. For similar
reasons, the peak centered at 751+1 cm™' (mode B) could be
attributed to a quasiconfined LO mode of the dots. Notice
that although this mode coincides in frequency with an E,
mode of the sapphire substrate, allowed in the z(x,x)Z scat-
tering configuration, the intensity of the latter is considerably
weaker than the signal from the GaN QD’s under resonant
excitation (see Fig. 2) so that the contribution of the substrate
can be effectively neglected. Two additional broad peaks
centered at 780+2 cm™' (mode C) and 802+2 cm™! (mode
D) appear at the high-energy side of mode B in Fig. 2. To the
best of our knowledge, these modes have not been reported
in the literature before and, therefore, their origin needs to be
discussed carefully. One possible explanation could be that
they are the quasi-LO modes of an Al,Ga,_ N alloy that
forms due to interdiffusion between the dots and the barriers.

TABLE 1. Optical dielectric constants €, (%)=¢,(%) and fre-
quencies in cm™' of the bulk phonons of GaN (Ref. 20) and AIN
(Ref. 21).

Material E(OO) E2H A I(TO) El (TO) A I(LO) El (LO)

GaN 529 568 531 558.8 734 741
AIN 4.68 655.5 609 669 891 912
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FIG. 3. Raman spectrum of sample S2 obtained under 4.51 eV
excitation for z(x,x)Z scattering configuration.

This can be ruled out at the sight of the HRTEM image (see
Fig. 1) which, in agreement with energy-fillered TEM
experiments'” carried out on similar samples, shows no signs
of Al-Ga intermixing. Alternatively, these Raman peaks
could also be assigned to interface confined modes, as will
be discussed in Sec. IV.

Figure 3 shows the Raman spectrum of sample S2 re-
corded in z(x,x)Z polarization configuration under 4.51 eV
(275 nm) excitation. No Raman signal from the 6H-SiC sub-
strate can be observed in the spectrum indicating that the
excitation is effectively absorbed by the QD’s. The E,y non-
polar phonons appear at 597+1 cm™' and 645+1 cm™' for
the GaN dot and the AIN barrier, respectively, and are shifted
with respect to their bulk values. In the same manner as in
sample S1, two intense peaks, attributed to modes B and C,
are clearly observed in the range comprised between 750 and
800 cm™!. In particular, mode B is centered at 741+ 1 cm™!
and mode C at 799+3 cm™!. The slight differences in the QD
Raman frequencies between samples S1 and S2 are due to
the fact that they are grown on different substrates and con-
tain a rather different amount of AIN in the buffer and cap-
ping layers. The shift of the AIN E,; mode in sample S2 can
be explained by attending to the higher number of QD layers,
the thinner AIN buffer layer, and the lack of an AIN capping
layer. Strain-induced frequency shifts on the E,; nonpolar
phonons of sample S2 have been studied in previous work.’
In spite of the minor differences, the measurements carried
out on sample S2 prove the reproducibility of the results of
sample S1. Therefore, from now on, our study will be fo-
cused on sample S1.

In order to get further insight into the origin of the modes
here reported, Raman scattering measurements on sample S1
have been carried out tuning the excitation energy over a
wide range. Raman spectra corresponding to three different
excitation energies are depicted in Figs. 4(a) and 4(b) for the
same polarization configurations studied in Fig. 2. In order to
compare the intensities of the different spectra, these have
been normalized to the maximum intensities of two AIN
modes. Notice that, within the studied energy range, the AIN
matrix is transparent to the laser radiation and therefore no
significant variation of the intensity is expected for the AIN
Raman modes. On the other hand, there is a clear enhance-
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FIG. 4. Raman spectra of sample S1 measured for different
excitation energies. The spectra are normalized to the maximum
intensity of AIN E,j (a), and A; (TO) (b) modes.

ment of the Raman intensity of the modes B, C, and D when
the excitation is tuned above the GaN band-gap energy but is
still below the WL absorption edge. An enhancement of
modes E,y and A is also observed but to a lesser degree. The
maximum absorption of the QD’s is expected to be blue-
shifted with respect to the emission energy due to the pres-
ence of giant internal electric fields. Therefore the observed
resonant enhancement of the Raman signal can be attributed
to electron-phonon interaction between polar phonons and
electronic states localized in the GaN QD’s. The experimen-
tal results shown in Fig. 4 therefore confirm the polar nature
of modes A, B, C, and D. Furthermore, the stronger resonant
enhancement of modes B, C, and D is characteristic of
Frohlich electron-phonon interaction’” and points out the
longitudinal character of these modes.

IV. DISCUSSION

The interpretation of the Raman spectra presented above
with a detailed assignment of the observed phonons would
require a theoretical model that takes into account the con-
finement and the strain effects on the phonons of GaN/AIN
QD’s, as well as the piezoelectric and pyroelectric properties
of the two materials. The latter are second-order corrections
and introduce minor frequency shifts in comparison with
those originated by strain, as shown for the phonons of
GaN/AIN quantum wells and superlattices.>> Hence, we
shall neglect the piezoelectric effects and focus on confine-
ment and strain field effects. Even so, a microscopic model
for the atomic vibrations of a QD of realistic shape that also
includes the inhomogeneous strain distribution in the dot and
in the surrounding barrier is not available in the literature
yet. Instead, we shall analyze the confinement effects for
spheroidal QD’s, as this problem has an analytical solution.'3
The strain-induced frequency shifts will be studied sepa-
rately for QD’s of realistic shape. Finally, the results of both
theoretical models will be combined in order to discuss the
experimental results.
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A. Confinement effects on polar optical phonons

While assuming that the atoms of a QD vibrate in the
same manner as in a bulk sample can be valid for nonpolar
E, modes, the presence of interfaces affects the optical polar
modes significantly. Within the framework of the anisotropic
dielectric continuum model, the electric potential of a polar
mode is defined piecewise as V(r), with k=1 denoting the
GaN QD volume and k=2 the surrounding AIN matrix. The
potential must satisfy Laplace’s equation in both regions

- V(&(w) VVi(r)) =0, (1)

where €,(w) are the bulk dielectric tensors of GaN (k=1) and
AIN (k=2), which, for uniaxial media, adopt the general
form

e9w) 0 0
o=l 0 w0 | 2)
0 0 egk)(w)
The dielectric functions can be written as
_(w(k) 0)2
(k) _ (k) R L
€ (w)=€]’() ,
. . o'~ (@ J(Ekl),ro)2
( (k)LO)Z
(k) _ (k) R St
€ (w)=¢€"(® ) (3)
Z 4 wz ( (k)TO)Z

Besides Eq. (1), continuity of the potential and the normal
projection of the displacement vector at the QD surfaces
must be satisfied. Thus, for rge S,

Vi(rg) = Vy(rs),

D (rg)ng=D,(rg)ng. (4)

The solution of Egs. (1) and (4) for a QD of realistic shape is
not analytical and requires numerical calculations'3 out of
the scope of the present study. Recently an analytical solu-
tion for dots of spheroidal shape has been reported,'? with a
surface given by
242
Rzy + % =1. 5)

The solutions in this case can be written in terms of the
associated Legendre functions of the first and second kind,
P}" and Q}, as

RAGIL o
Vi(r) = P;”(§1(rs))Pl (7, (r))e™?,
Q;n(fz(l‘)) i
\% - —Pm zm¢>’ 6
5(r) Q;n(fz(l’s)) 1(7]2(1'))6 (6)

where (&, 7;) are the spheroidal coordinates related to the
Cartesian coordinates by

ooy

—1)(@%—1)<1—ni>,
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2=Vl - gi(w) &, (7)
with
R2 w)
8
glw) = D)’ (8)

When the phonon potentials (6) are introduced into the
boundary conditions (4), the following secular equation can
be deduced:'?

dln P’”(§)>
(1) !
€ (w) (5 dé TS

o dln Q?"(é))
= (o) (5 pr:

This equation defines the frequencies of the polar optical
modes of a wurtzite spheroidal QD embedded in a matrix. It
should be pointed out that the solutions of Eq. (9) depend
only on the dot aspect ratio #/R. As discussed in Ref. 13,
g>(w) is positive for all physical solutions, which are then
classified as quasiconfined or interface modes depending on
the sign of g(w). If g,(w) <0, then 0<¢; <1 and P}'(¢)) in
Eq. (6) is an oscillatory function. This corresponds to a mode

confined in the QD and occurs when wgl)m <w< wg)m for

TO quasiconfined modes, and when wil) Lo<w< w(E Lo for

LO quasiconfined modes. On the other hand, when g1(w)
>0, & is larger than 1 or purely imaginary, and P}'(¢;)
reaches its maximum at the dot surface. Thus, these solutions
are interface modes and their frequencies are comprised
within wg)m< w< a)g o for TO 1nterface modes, w?

E,.TO
<w< w&l)w for mlxed modes, and wEl Lo<®< a)(z)

)

11 T=g,(@)

A,.LO for

LO modes. Opposite to the case of GaAs/AlAs QD’ 't
terface modes cannot be uniquely associated either with the
dot or with the barrier materials.

Equation (9) has been solved for the case of an oblate
spheroid GaN dot with AIN barriers (the parameters em-
ployed in the calculations are listed in Table I). The solutions
corresponding to m=0 and /=1,2,3,4 are shown in Fig. 5 as
a function of the dot aspect ratio 4/R. Frequencies of polar
optical modes with m>0 and /=m are similar to the m=0
results and have not been included in Fig. 5 for clarity. More-
over, the vibrational modes with higher symmetry, i.e.,
smaller m and / quantum numbers, couple more strongly to
photons and are more likely to be observed in the Raman
spectra. The calculations show that LO quasiconfined modes
exist only for very flat QD’s (with aspect ratios below 0.01).
On the other hand, there are two TO quasiconfined modes
whose frequencies vary slowly with the aspect ratio of the
dot. Eight interface modes, four of them LO and the other
four TO, appear for most of the studied /R range. Although
interface modes cannot be fully assigned to the dot or the
barrier, some modes are closer to AIN or to GaN bulk fre-
quencies, and can be regarded as quasi-AIN or quasi-GaN
modes. This is clearly seen for the LO interface modes of flat
QD’s (small #/R) shown in Fig. 5 where modes with [
=1,3 are more GaN-like and modes [=2,4 are quasi-AIN.
The interface mode frequencies depend strongly on the QD
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FIG. 5. Frequencies of the polar optical phonons with m=0 for
an oblate spheroid GaN QD embedded in an AIN matrix as a func-
tion of the dot aspect ratio. For clarity, the frequencies of even and
odd modes are plotted with dashed and solid lines, respectively. The
full circles at #/R=0.2 correspond to the frequencies of the modes
plotted in Fig. 6.

aspect ratio and the GaN or AIN character gets more mixed
with increasing h/R, as can be observed in Fig. 5.

The potential corresponding to two different polar optical
modes of a GaN/AIN QD with an aspect ratio of 0.2 is
shown in Fig. 6. The chosen modes are marked with solid
circles in Fig. 5. The upper plot corresponds to a TO quasi-
confined mode and the lower one represents an interface op-
tical mode. For the quasiconfined mode, Fig. 6(a), the poten-
tial varies faster inside the dot, going from negative to
positive values when moving from the dot center toward the
surfaces. As a result, the electric field E=—VV of the quasi-
confined mode reaches its maximum value inside the QD.
On the other hand, the maximum of E occurs closer to the
dot surface for the interface mode, since the potential shown
in Fig. 6(b) peaks at the dot surface and decays fast when
moving away from it. In both cases the potential penetrates
deeply into the AIN barrier.

B. Strain effects

We now turn our attention to the effect of strain on the
Raman spectra of the QD’s. Most previous Raman studies
have been interpreted assuming the biaxial strain approxima-
tion for the GaN QD’s,%® so that

Exx = Eyys
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FIG. 6. Contour plots of the mode potential corresponding to
two different modes with m=0 and /=4 of an oblate spheroid with
an aspect ratio of 0.2. (a) corresponds to a quasiconfined TO mode,
while (b) shows the potential of an interface mode. The white areas
indicate that the potential is equal to zero, and the darker the solid
(patterned) areas, the more positive (negative) the potential. The
solid line represents the QD surface.

20,5

33

£, =—0.53¢,,. (10)

€=

In this work, we have performed realistic calculations of the
strain distribution in the QD multilayer system under study.
The theoretical model employed is based on Eshelby’s
method of inclusions? as applied to hexagonal crystals by
Andreev et al.?® The only input parameters of the model are
the lattice mismatch between the inclusion (GaN QD and
WL) and the surrounding matrix (AIN barriers), defined as

_ 4aIN CAIN

-1=-24%, e.=

= -1=-39%,
AGaN CGaN

a

(11)

and the elastic constants of both materials. For the sake of
simplicity, the elastic constants are assumed to be the same
(equal to those of the matrix) throughout the whole structure.
This is a good approximation within the uncertainty of the
elastic constant values.?” In addition, taking into account the
linearity of the elastic problem, the strain distribution of a
QD array can be easily obtained as a superposition of the
results for a single QD. Details about the theoretical model
are reported elsewhere.?

This model has been used to calculate the strain distribu-
tion in a system containing 50 layers of GaN QD’s standing
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FIG. 7. Contour plots of the calculated strain components &,
and ¢, in the GaN QD and WL. For clarity we have not drawn the
QD’s in scale. The histograms in the bottom part of the figure rep-
resent the number of pixels corresponding to a certain value of
strain within the section of the quantum dot shown in the upper part
of the figure. The distribution is normalized to the total number of
pixels.

on a thin WL and embedded in an infinite AIN matrix. The
dots are truncated cones of height and diameter as measured
by HRTEM for sample S1. Figure 7 displays the cross sec-
tion of the in-plane, ¢,,, and perpendicular, &_, strain com-
ponents corresponding to the QD and the WL in the central
period of the multilayer. The strain distribution in the AIN
spacers surrounding the QD’s is plotted in Fig. 8. We
checked that the central period is representative of most of
the sample and that only the last three periods at the bottom
and top of the stack show slightly different strain distribu-
tions. The strain g, is obtained by an in-plane angular aver-
age. As shown in Fig. 7, €., inside the dot becomes less
negative than in the WL, —2.4%, as a result of the partial
in-plane relaxation taking place inside the dots. The devia-
tion from the WL biaxial strain is more pronounced for €,
which changes from being tensile in the WL (+1.4%) to
being compressive (~—2%) at the top of the dot. As can be
deduced from the histograms of Fig. 7, the mean strain com-
ponent values in the QD volume are (g,,)=—1.3+0.2 % and
(e,.)=-1.0£0.3 %, and their ratio (e.)/(e,)=+0.8 is
clearly away from the biaxial value of Eq. (10). The most
strained regions of the AIN spacers (see Fig. 8) are those
between the vertically aligned dots, with mean values (e,,)
=0.2% and (e..)=-0.5%.

In a bulk semiconductor, the frequency shift, Aw=w— wy,
with respect to the unstrained mode frequency, w, (see Table
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FIG. 8. Contour plots of the calculated strain components &,
and ¢, in the AIN barrier.
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TABLE II. Calculated strain-induced shifts of the GaN Raman
frequencies. The phonon deformation potential constants a, and by
are given in the last two rows. All values are given in cm™.

Eon A,(TO) E4(TO) A,(LO)
Aw, 34+6 31+8 30+4 30+6
a -850+30°  -630+£40°  -820£25°  —685+40°
by -920£60°  —1290+80°  —680£50%  —997+70°

4Value taken from Ref. 31.
"Value taken from Ref. 30.

I), of the different Raman modes can be written in terms of
&y and &, as®

Aw, =2a\e, + b\e_., (12)

where a, and b, are the phonon deformation potentials.
Equation (12) is valid for strain fields isotropic on the xy
plane (e,,=€,,) and with vanishing shear components (g;;
=0,i+# j).? These conditions are satisfied by the angular av-
erage strain of pyramidal dots. In order to quantify the effect
of strain on the frequencies of the QD vibrational modes, one
can consider that the atoms in a dot vibrate in the same
manner as in a bulk sample but under the influence of an
average strain field. The values of Aw, for the different GaN
Raman modes calculated following Eq. (12) are summarized
in Table II. The frequency shift of £;(LO) has not been cal-
culated because its phonon deformation potentials have not
been reported in the literature yet. The frequency shifts of the
AIN modes have also been calculated following Eq. (12)
with the experimental values for @, and b, reported in Ref.
32. In this case, Aw, are very small and within the calculated
error bars since the frequency shifts due to (e,,) and (e,) for
AIN compensate each other.

C. Comparison with the experimental results

Let us reexamine now the Raman spectra of sample S1
shown in Fig. 2 in the light of the theoretical results exposed
in the previous sections. First, we discuss the observed fre-
quency shift of the E,; mode (36+2 cm™'). Taking into ac-
count the nonpolar nature of this mode and its flat frequency
dispersion along the [0001] direction, confinement effects
only introduce a marginal frequency shift of less than
1 cm™. Thus, the observed Aw can be attributed to the ef-
fects of the strain field. Indeed, the calculated Aw for the E, 5
mode (see Table II) is in excellent agreement with the ex-
perimental results.

The analysis of the polar modes, A, B, C, and D is more
complicated since these are strongly affected by the presence
of interfaces as well as by the strain field of the dot system.
In order to estimate the influence of the QD confinement, the
dot can be approximated by an oblate GaN spheroid of
h/R=0.2 (the aspect ratio of sample S1 is 0.21, as deter-
mined by HRTEM) embedded in an infinite AIN matrix. Al-
though this is only a coarse approximation of the dot shape,
it can provide valuable qualitative information about the con-
finement effects on the optical polar modes. In spite of the
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FIG. 9. Calculated frequencies of the polar TO (bottom figure)
and LO (top figure) modes of an oblate GaN/AIN QD with h/R
=0.2 with (g;;# 0) and without (¢;;=0) taking the strain state of the
dot into account. The experimental frequencies of modes A, B, C,
and D of sample S1 are shown as solid thick lines. The dotted lines
represent the bulk GaN and AIN frequencies.

penetration of the polar modes into the barrier shown in Fig.
6, vibrational coupling between different QD layers can be
neglected for the 8.6 nm AIN spacer of sample S1. The fre-
quencies of the modes for an unstrained GaN/AIN spheroid
QD already calculated in Sec. IV B are shown on the left
hand side of Fig. 9 together with the experimental frequen-
cies of modes A, B, C, and D.

The highest-symmetry TO modes are the /=3 quasicon-
fined mode and the [/=1,2 interface modes. The three of
them lie close to the experimental A peak (see Fig. 9). Out of
the four LO interface modes found at higher frequencies,
those with /=1 and 3 are in reasonable agreement with peaks
C and D in the spectra of sample S1.

In the previous discussion, the GaN/AIN QD has been
considered fully relaxed and the unstrained values of the
bulk phonon frequencies have been used in the calculations.
This is far from reality, though, as already discussed in Sec.
IV B. However, the average strain field approximation of Eq.
(12) works well for the strain-induced Raman frequency shift
of the nonpolar E,; mode but is not appropriate for polar
optical phonons. As shown in Fig. 6, both confined and in-
terface polar modes penetrate deeply into the AIN barrier and
it is expected that their frequencies are also influenced by the
strain state of the barrier material, which is, generally, quite
different from that of the GaN dot. In particular, the AIN
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matrix surrounding the dots in sample S1 (see Figs. 7 and 8)
is much less strained than the QD’s and its average phonon
frequencies are those of bulk AIN. Therefore the strain-
induced frequency shifts of the polar modes have been esti-
mated following a different approach which combines strain
and confinement effects: the anisotropic dielectric continuum
model described in Sec. IV A has been applied to the case of
a strained GaN QD embedded in an unstrained AIN matrix.
The GaN dots are considered to be uniformly strained and
their phonon frequencies are the bulk frequencies of Table I
corrected by the calculated strain-induced Aw of Table II. As
mentioned before, the strain-induced shift of mode E;(LO)
could not be calculated but we can assume that it is approxi-
mately equal to the shift of the A;(LO) mode, in the same
way that Aw for E;(TO) and A,(TO) are equal within the
experimental error.

The secular equation (9) has been solved again for an
oblate spheroidal GaN/AIN QD of #/R=0.2 after modifying
the dielectric functions (3) of the dot to account for its new
phonon frequencies shifted by strain. The results obtained by
this procedure are summarized in the right hand side of Fig.
9. The TO quasiconfined mode (m=0 and /=3) has a cor-
rected frequency of 583 cm™! (i.e., a strain-induced Aw of
+29 cm™!). This mode is in excellent agreement with the
observed A Raman peak. Four interface modes with [
=1,2,3,4 have their frequencies comprised between 595
and 602 cm™' and their strain-induced frequency shifts
(varying from 12 to 24 cm™!) are smaller than for the quasi-
confined mode. These modes may not be observed experi-
mentally because they coincide with the much more intense
A,(TO) mode of the AIN barrier. The LO interface modes are
also blueshifted between 4 and 12 cm™! and they appear be-
tween 807 and 865 cm™!. Let us remark that the modes re-
garded as quasi-AIN LO interface modes are less shifted by
strain than those with quasi-GaN character. When compared
with the experimental frequencies of interface modes C and
D, we still find a qualitative agreement between theory and
experiment. The theoretical values are slightly overestimated
but are still comprised within the large linewidth of these
modes. Such large broadening can be attributed to the inho-
mogeneous distribution of dot sizes and the theoretically pre-
dicted high dispersion of LO interface mode frequencies
with #/R reflected in Fig. 5. Finally, peak B in the Raman
spectra of Figs. 2 and 3 is quite far from the calculated fre-
quencies of Fig. 9. This mode shows better agreement with
those of a much flatter spheroidal QD (with aspect ratio be-
low 0.05) as can be seen in Fig. 5. The dots in the studied
samples formed on top of a flat WL and the bottom interface
of the QD is much flatter than the upper interface, as shown
in Fig. 1. Hence, a possible explanation of the origin of peak
B is that it is associated with an interface mode localized at
the bottom surface of the self-assembled QD.

V. CONCLUSIONS

The Raman spectra of self-assembled GaN/AIN quantum
dots have been investigated for a wide range of excitation
energies. One nonpolar mode with E, symmetry and four
polar optical modes have been assigned to the quantum dots:
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A is transversal and B, C, and D are longitudinal. The quan-
tum dot E,y mode frequency is in excellent agreement with
the results of a theoretical model taking into account the
inhomogeneous elastic strain relaxation inside quantum dots
of realistic shape. Hence, this mode behaves in the same
manner as in the bulk material and its blueshifted frequency
is due to the high compression state of the dots. On the other
hand, the interpretation of the polar optical modes is more
complicated. These are sensitive to the presence of interfaces
and their frequencies depend on the shape and aspect ratio of
the dot surface. In addition, polar modes are affected by the
strain state of both the GaN dot and the AIN barrier as they
are not fully confined inside the quantum dots. A theoretical
model combining strain and confinement effects on the basis
of the anisotropic dielectric continuum approximation has
been applied to a GaN/AIN spheroidal quantum dot and
shows reasonable qualitative agreement with the experimen-
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tal results. We can then conclude that the A transversal polar
mode could be quasiconfined in the dot and the longitudinal
modes are more likely to be localized at the interfaces.
Modes C and D show good agreement with the higher aspect
ratio of the dots and can be attributed to the upper surface,
whereas mode B is assigned to the flat bottom surface of the
dot. The theoretical model also predicts that the strain-
induced frequency shift of different interface polar optical
modes can be rather different depending on their AIN-like or
GaN-like character.
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