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Computational study of phonon modes in short-period AIN/GaN superlattices
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The phonons and infrared absorption of short period [0001] superlattices (AIN),(GaN)g_,, with n=3,4,5
were calculated by using the density-functional perturbation theory in the local-density approximation. The
nature of the modes is discussed in terms of quantum confinement and interface localized modes. The spectrum
for e-symmetry modes shows two TO peaks, of which the lowest corresponds to two closely spaced modes
confined each near one half of the GaN part of the cell, and the higher one to two closely spaced AIN like
modes with one mode localized at the interface showing the strongest oscillator strength and a bulklike LO-TO
splitting. For a; symmetry, in contrast, a GaN vibration type mode localized near the interface shows the
strongest LO-TO splitting and oscillator strength, while two higher modes are found to be only weakly
localized in the AIN part of the cell. Lattice constant relaxation of free-standing superlattices leads to a
decreasing lattice constant with increasing number of AIN layers and hence an overall increase in phonon
frequencies. Qualitative agreement with experimental data is found for the e symmetry but quantitative dis-

crepancies exist and are interpreted as evidence of a different strain state in the experiment.
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I. INTRODUCTION

The study of phonons in superlattices has attracted atten-
tion ever since it became possible to grow semiconductor
superlattices of high quality. Folded acoustic modes confined
optical modes as well as interface localized modes have been
observed and discussed abundantly.! For relatively long pe-
riod superlattices, semiclassical models can be applied. On
the other hand, in very short period superlattices it becomes
imperative to treat these materials effectively as new com-
pounds and include the details of the atomic relaxations. It
becomes somewhat doubtful if classical concepts such as in-
terface localized modes and confined modes are still appli-
cable. Do the barriers inhibiting the propagation of certain
modes and leading to confinement still stay effective for very
thin layers or do the phonons somehow tunnel through these
thin barriers? The study of very short period superlattices is
also related to that of phonons in disordered alloys. In the
latter case, one can distinguish one-mode from two-mode
behavior and the bond-length distribution was found to play
an essential role.? It is thus of interest to compare this behav-
ior with that in short-range superlattices where bond length
variations are bound to occur as one moves from the bulklike
regions toward the interface.

Among semiconductor superlattices, the AIN-GaN super-
lattices present a specific challenge. Unlike AlAs and GaAs
which have well separated optic phonon bands and thereby
provide a classic example of mode confinement, the optical
phonon bands of AIN and GaN overlap significantly in their
frequency ranges. For example, for GaN, the optical phonons
range from about 550—750 cm™!, whereas for AIN they ex-
tend from about 610-920 cm™'. See, for example, Ref. 3 for
full phonon-dispersion spectra. AIN and GaN are also
strongly polar materials with large ionicity and accompany-
ing large LO-TO splittings, spontaneous polarization, and pi-
ezoelectric strain induced electric fields, which may influ-
ence the phonon behavior.

Recently, Mintairov et al.* performed an infrared reflec-
tivity study of the phonon modes in (AIN),(GaN), superlat-
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tices providing further motivation for a computational study.
Here we present calculated phonons and infrared spectra of
(AIN),(GaN)g_,, superlattices with n=3,4,5. We examine
the three types of superlattices to study the effects of the
thickness of the AIN layer, and also because in experimental
superlattices, atomic scale fluctuations of the layer thickness
may occur. Our aim at this stage is not a one-to-one corre-
spondence to the experimental spectra but rather to gain
qualitative insights in the nature of the phonons in these
structures.

II. COMPUTATIONAL METHOD

The calculations were carried out using the linear-
response approach>’ together with an iterative minimization
norm-conserving pseudopotential plane-wave method®® and
within the framework of density-functional theory®!® as
implemented in the ABINIT package.!! The local-density ap-
proximation was used for the exchange and correlation
energy.'? In the Fritz-Haber pseudopotentials we used,'® the
semicore Ga 3d electrons are treated as valence electrons.
The calculation for pure AIN and GaN are carried out with
kinetic-energy cutoff of 70 Ry and 6 X 6 X 6 regular shifted
k-point meshes. The calculations for superlattices were car-
ried out with 70 Ry plane-wave energy cutoff and the ortho-
rhombic Brillouin zone was sampled with a regular and
shifted 6 X 6 X 3 k-point mesh. The calculation is well con-
verged as increasing plane-wave cutoff to 80 Ry and of the
k-points mesh to 8 X 8 X4 yields on average to less then a
percent change in phonon frequencies.

III. RESULTS

In this section we present the results of our calculation in
five different subsections. In Sec. III A we present results for
the phonon modes of pure AIN and GaN at the I' point.
Although the phonon modes in pure AIN and GaN have been
extensively studied in the literature, both theoretically®!4-1?
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and experimentally?>-2? it is important to validate our com-

putational method and for comparison of the superlattice
modes to those of the individual materials. Next (in Sec.
III B) we present the phonon frequencies and the nature of
the vibrational modes as well as the infrared spectra of the
(AIN),(GaN), superlattice. In Sec. III C we discuss the
changes in these spectra induced by layer thickness variation.
We present our results for the static and high-frequency
dielectric tensors in Sec. III D. Finally, in Sec. IIIE we
compare our results with the experimental data of Mintairov
et al*

A. Zone-center phonons of AIN and GaN

The equilibrium structure of both AIN and GaN is the
wurtzite structure which corresponds to the space group Cgv.
For the phonons at the I' point, we only need the point group
Ce,- One can classify the 12 phonons in these compounds
according to the irreducible representations A, B, E;, and
E,. Out of these, A; and E; are infrared active because they
couple to electric fields along the ¢ axis and perpendicular to
the ¢ axis, respectively. The modes of A;, E;, and E, sym-
metries are also Raman active, while the B; modes are silent.
The infrared inactive E, and B, irreducible representations
each contain two modes: a low-frequency (acoustic) region
and a high-frequency (optical) region one.

As is well known, A; and B; modes both correspond to
vibrations along the c¢ direction. However for the silent B,
modes the two cation-anion pairs in the cell move in an-
tiphase with respect to each other. They correspond essen-
tially to a folded mode of the zinc-blende Brillouin-zone L

TABLE 1. Calculated zone-center phonon frequencies (in cm™)
in AIN and GaN compared with experimental data.

Compound Mode Calculated Experimental
AIN EYY 246 2522410
B 552

AT 613 6144607°
Ao 882 8952
Ehish 665 660°
ETO 676 6734
E0 921
Blish 737

GaN EPY 136 145¢
Bl 331
Alo 533 533¢
Ako 724 724¢
Ehigh 561 660°
ET° 555 561°
ELO 720 742¢
Blish 687

aMcNeil et al. (Ref. 20).
PPerlin ef al. (Ref. 21).
Filippidis e al. (Ref. 22).
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point. The low-frequency mode is a folded acoustic mode in
which the two cation-anion pairs as a whole move against
each other in the z direction, while the high-frequency mode
involves bond stretches of each cation-anion pair but with
opposite sign for the two pairs in the cell. The A, optical
mode corresponds directly to a bond-stretch mode of the
cation-anion bonds parallel to the ¢ axis with the same sign
for both molecules. Similarly, the doubly degenerate E,
modes have opposite sign for the two molecules in the cell
while the E; mode has the same sign. These correspond to
in-plane vibrations in x or y direction.

We compare our calculated phonon frequencies for AIN
and GaN with experimental data in Table I. Excellent agree-
ment is observed for both.

B. Phonons in 4+4 superlattice

We here consider a 4+4 superlattice in the [0001] direc-
tion. This supercell has 16 atoms per unit cell and 48 phonon
modes. The symmetry of the superlattices is reduced to Cs,.
The modes can be divided into 16a; and 16 doubly degen-
erate e modes using the point-group symmetry Cs,. This in-
cludes a zero-frequency translation mode of each symmetry
so we have 15 modes of each symmetry do deal with. Of
these eight modes correspond to the optical modes of the
parent compounds, while seven modes are folded acoustic
modes. We will use lower case to indicate the irreducible
representations of the Cj, group so as not to confuse them
with the wurtzite mode symmetries. In comparison with the
modes of the individual wurtzite materials, a; comprises
both A, and B, and e modes comprise both E| and E,. The a,
modes couple to an electric field in the z direction (along the
¢ axis of the structure) while the e modes couple to electric
fields in x and y directions. Thus all modes are infrared ac-
tive and exhibit TO-LO splitting.

In Table II we present the zone center modes of the 4

TABLE II. Zone center phonons in (AIN),(GaN), superlattice
(in cm™).

eTo elo alTO afo

70 70 143 144

75 75 155 155
119 119 264 264
125 125 287 288
155 155 340 340
201 201 422 423
236 237 507 507
586 588 570 718
590 604 699 699
593 593 710 710
597 597 720 727
614 614 754 754
618 618 780 804
623 625 827 880
628 813 848 848
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FIG. 1. (Color online) Longitudinal and transverse response of
the (AIN)4(GaN), superlattice for e-symmetry modes. Low-lying
mode are multiplied by 1000 and the TO spectrum between
550-625 cm™! is replotted for better viewing in the inset.

+4 superlattice.

It is clear from Table II that the seven lower phonon
modes are folded acoustic modes. They have very small
LO-TO splittings and are restricted to the range below
510 cm™" which is below the lowest TO mode in GaN. Of
the upper eight modes, which can be viewed as derived from
the optic modes in the parent compounds, only two have a
large LO-TO splitting (or order 200 cm™!) comparable to
those in the parent compound: the modes a,(8) and e(15).
Several modes have weak to intermediate LO-TO splittings
of order a few cm™!. Several modes even in the optic range
have still negligible LO-TO splitting. This makes sense if
they are somehow derived from E, or B; modes which
means they are in antiphase with respect to each other be-
tween successive double layers.

Modes with a strong LO-TO splitting also correspond to a
strong oscillator strength. The oscillator strengths are calcu-
lated as the squared product of the Born effective charges
and the eigenvector for each phonon mode. The Born effec-
tive charges are calculated as the mixed electric field and
atomic displacement derivative of the total energy. The mode
eigenvector is obtained by solving the secular equation of the
dynamical matrix. The oscillator strength function is then
used to calculate the dielectric function by using Eq. (1).

S
m,af

2 2 ’
W, — W = lrmw)

o 4
Saﬂ(w) = 8@/5 + 72

where V is the volume of the unit cell, I',, is a mode-
dependent damping factor, and &4 is the electronic part of
the dielectric function. The peak locations of Im[e(w)] give
the transverse modes, while the peaks of Im[—&~'(w)] gives
the longitudinal phonon modes. For lack of knowledge of the
damping, we use a mode-independent damping factor.

In Fig. 1 we present the calculated transverse and longi-
tudinal infrared response curves for the 4+4 superlattice
compared with those of AIN and GaN for modes of e sym-
metry. Essentially, we see two peaks in the TO spectrum,
each split in two. Actually, there are eight modes in this
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range. From Fig. 2 we can see that the lower 4 modes with
frequencies below 600 cm™' predominantly have displace-
ments in the GaN portion of the cell, while the four higher
modes are localized in the AIN portion. This is not surprising
given that Al is the lighter atom and in comparison with the
TO modes in the bulk materials. All of these modes have
predominantly displacements of the N atoms as expected for
the optical modes although a few show a considerable Al
displacement. It is instructive to try to interpret the vibration
patterns in terms of confined modes. Looking carefully at the
pattern, we can see that the signs of the displacements for the
four lower modes in increasing order of energy can be de-
scribed as: ++00, 00++, +——+, and +—+—. Here, + and —
simply indicate the relative signs of the displacements on
successive layers. The lower two can be viewed as bonding
and antibonding linear combinations of ++++ with ++——.
Thus, we can in some sense think of these as the expected
particle in a box type confined modes with increasing energy.
However, it is clear that there are significant interactions be-
tween these basic confined mode patterns leading to different
amplitudes of the oscillation on different atoms. For ex-
ample, the lower two become localized respectively near the
bottom and top AIN/GaN and GaN/AIN interfaces respec-
tively or at least they each localize in only half of the GaN
portion of the cell. It turns out that these two lower modes
also have the higher oscillator strength. This is because they
correspond to two molecules vibrating in phase with each
other.

The second peak above 600 cm™ corresponds to modes
localized in the AIN part. We can see that the mode patterns
from low to high frequency are now —+—+, —++—, 00++,
and ++00. Here we consider the top N atom shown in the
figures as part of the AIN portion of the cell because it is
triple bonded to Al and only single bonded to Ga. Again,
these are confinement mode patterns but they seem to occur
in opposite order of the usual one. The lower two of these
have almost zero LO-TO splitting and hence oscillator
strength. For the highest mode we see a substantial partici-
pation of the Al atom. This is the only mode with a clear
Al-N bond stretch and in fact this is the mode with a bulklike
LO-TO splitting 185 cm™!. This mode is in fact rather local-
ized near the bottom interface, i.e., the GaN/AIN interface
that is the interface with N bonded to three Al and one Ga.
The mode just below it is instead localized near the AIN/
GaN interface, i.e., the interface with a N bonded to three Ga
and one Al, occurring in the middle of the cell in Fig. 2.
More precisely, this mode is localized in the top half of the
AIN portion of the cell.

Comparing with the pure material spectra, we can see that
the modes confined in the GaN portion of the cell giving rise
to the lower peak occur at a frequency somewhat higher than
the bulk GaN frequency. The upper peak occurs at a fre-
quency below that of bulk AIN. This we attribute to the fact
that the lattice constants in the plane are relaxed and in be-
tween the AIN and GaN ones. Thus GaN bonds are com-
pressed in the plane and their frequencies shift up as ex-
pected, while AIN bond are stretched and their frequency is
reduced. In the LO or loss spectrum, the only strong peak is
as mentioned corresponding to a interface localized mode
with strong AIN character. Thus, in some sense we see two-

1
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FIG. 2. (Color online) From upper left to lower right, the vibration pattern of modes of ¢ symmetry with frequencies 586, 590, 593, 597,
614, 618, 623, and 628 cm™'.

mode behavior for the TO spectrum a and single mode be- The a;-like infrared spectra are shown in Fig. 3. The vi-
havior for the LO spectrum. The LO counterparts to the GaN bration patterns of the strongest modes are shown in Fig. 4.
confined modes are much weaker corresponding to their  In this case, we see a dominating TO mode at 570 cm™'.
smaller and distributed oscillator strength. This mode from Table II has a large bulklike LO-TO splitting
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FIG. 3. (Color online) Longitudinal and transverse response of
a,-like phonon modes in (AIN),(GaN), superlattice. Low-lying
mode are multiplied by 50 for better viewing.

and the corresponding LO mode occurs at 718 ¢cm™!. These
values are essentially GaN like but somewhat blueshifted
because of the compressed GaN bonds. Looking at the cor-
responding mode eigenvector, however, we see that the mode
involves in phase movements of all the N atoms in the entire
cell both in the GaN and AIN part. The displacements of the
N-atoms in the GaN part can be seen to be larger. Although
we see slight displacements of the Al atoms rather than the
Ga atoms, this is simply because the Ga atoms are heavier.
So, we can still call this a mostly GaN A-type mode. We can
discern two weaker TO peaks at 780 and 827 cm™!. Their
LO counterparts are clearly seen at 804 and 880 cm™'. In
fact, we find that the 827 cm™' has a much stronger oscilla-
tor strength than the 848 cm™' mode. Both these modes have
larger N displacements in the AIN side of the cell although
they also involve N motions in the GaN part of the cell.
These modes are thus weakly confined to the AIN region.
The common characteristic of these modes with strong oscil-
lator strength is that they have several N atoms moving in
phase with each other. The highest LO mode is still below
that of pure AIN because of the strain effects. The mode at
754 cm™! hardly has any oscillator strength at all in agree-
ment with its negligible LO-TO splitting.

Interestingly, comparing a; and e modes, we found that
the mode with highest LO-TO splitting for e symmetry is
AIN like, while for a, it is GaN like. While for e modes, we
found strong confinement-type effects mixed with localiza-
tion near the interfaces; the a; modes have N displacements
throughout the cell and are only weakly confined. Although
there are many modes, only a few have strong coupling to
the electric field because of the antiphase relation of the di-
poles in most modes. The frequencies are substantially af-
fected by the bond length changes relative to bulk GaN and
AIN which occur because of our use of fully relaxed struc-
tures.

C. Variations with layer thickness

Experimentally, it is very difficult to control the layer
thicknesses to a monolayer precision. It is thus of interest to
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(a) (b) (c)

FIG. 4. (Color online) Eigenvector modes for the a; type optical
modes with strongest oscillator strength, from left to right at fre-
quencies 570, 780, and 827 cm™'.

examine how the above results change with layer thickness
of the GaN and AIN parts of the cell. To this end we calcu-
lated the phonons and the infrared spectra of superlattices
with the same total length but with either five GaN and three
AIN layers or three GaN and five AIN layers. The superlat-
tices were completely relaxed before the phonons were cal-
culated. The relaxed lattice parameters a and c/a in the 4
+4 superlattice are 5.90 A and 1.618, which lies in between
those of the (GaN);(AIN)s (3+5 for short) superlattice with
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FIG. 5. (Color online) Comparison of phonons modes and infra-
red activity of e- and a;-like phonon modes in (GaN)g_,(AIN),,
(n=3,4,5) superlattices. The picture clearly shows that frequency
increases with decreasing number of GaN layer or increasing AIN
layer. The inset shows it is true for all phonons modes.

a=5.86 A and ¢/a=1.58 and (GaN)s(AIN); 5+3 superlat-
tice with a=5.93 A and ¢/a=1.620.

The variation in the phonon frequencies and the IR spec-
tra with the number of layers of AIN are shown in Fig. 5. In
our fully relaxed supercells increasing the number of AIN
layers number decreases the lattice constant a as well as the
c/a ratio. Consequently the phonons frequencies have a gen-
eral tendency to increase with number of AIN layers as show
in Fig. 5.

D. Dielectric constants

As part of our study of the infrared spectra, we also obtain
the dielectric tensor components in the static and high-
frequency limit. The dielectric function tensor components
are found to decrease with decreasing lattice constant or in-
creasing AIN number of layers as shown in Table III. In this
table we give both the high-frequency and the static dielec-
tric constants. The high-frequency dielectric constant corre-
sponds to the index of refraction squared in the visible region
below the gap but above the phonon modes. The decrease in
the high-frequency dielectric function is related to the in-
crease in band gap with increasing AIN fraction in the cell.
The effective gap of the superlattice is determined by the
material with the lowest gap GaN; but the higher the AIN
fraction, the shorter the GaN period and hence the higher the
quantum confinement blueshift in this portion of the cell. We
can also see that with increasing number of AIN layers, the

TABLE III. High-frequency and static dielectric tensor
components.
(GaN)5(AIN); (GaN),4(AIN), (GaN);3(AIN)s
e 9.35 9.07 8.78
e, 10.57 10.37 10.16
€ 5.32 5.10 4.88
€. 5.41 5.21 5.02
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anisotropy of the dielectric constants is increasing. It is not
as clear why the static dielectric constants also should de-
crease with increasing AIN content. More ionic materials
such as AIN could have a larger phonon contribution. How-
ever, the same trend is observed for the static as the high-
frequency dielectric constant. Taking the differences between
the static and high-frequency dielectric constants, we can see
that the phonon contribution also decreases with increasing
AIN layer thickness but less so than the high-frequency con-
tribution.

E. Comparison with experiment

A detailed comparison with experimental data given by
Mintairov et al.* is encumbered by a number of factors. Our
superlattices considered here are free-standing fully relaxed
superlattices, while the experimental data correspond to su-
perlattice layers grown on a buffer layer of GaN on sapphire.
Thus the superlattices considered in the experiment are defi-
nitely in a different strain state from the idealized free-
standing one considered here. Unfortunately, we have no full
information on the strain state of the experimental superlat-
tices. The experimental superlattices may also suffer from
some statistical fluctuation in layer thickness around the
nominal 4+4 superlattice.

Qualitatively, the experimental TO spectrum for e sym-
metry deduced from the reflectivity and shown in Fig. 5 of
Ref. 4 shows also two peaks straddling 600 cm™'. These are
labeled as E(TO1) and E(TO2) and occur at about 580 and
640 cm™!, respectively. These peaks show a wider separa-
tion experimentally than obtained in our calculation. Our
lower peak is located at 590 cm™!. The fact that ours is more
blueshifted from pure GaN then the experimental one indi-
cates that their lattice constant is closer to that of bulk GaN,
which is consistent with the fact that they grow on a GaN
buffer layer. Still, the experimental peak of GaN confined
modes is higher than in bulk GaN. Our calculated E(TO2)
peak is at 628 cm™!, lower than the experimental peak. We
find this peak to be strongly interface localized but with a
strong Al-N character. Correspondingly their peak position is
closer to that of pure AIN although still below it. This indi-
cates perhaps a more effective relaxation inside each four
layer region of the experimental supercells. This could hap-
pen if misfit dislocations occur and release the biaxial strain
from layer to layer.

Consistent with our calculations, the experimental data
show essentially a single strong LO peak at about 840 cm™.
We find that peak at 813 cm™!. This is consistent with their
AlN related E(TO2) peak being closer to pure AIN than pre-
dicted by our fully relaxed but perfectly matched free-
standing superlattice.

In conclusion, the comparison with the experimental data
suggests that in the superlattices grown, individual AIN and
GaN separately relax closer to bulklike lattice constants
rather than being perfectly pseudomorphic and hence in a
state of biaxial strain. In part this could also arise from small
fluctuations in the layer number. As we saw above, if locally
the system has a higher number of AIN layers, it will become
more AIN like and this will shift the frequencies closer to
pure AIN TO modes.
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IV. CONCLUSIONS

We have calculated the phonons and infrared spectra of
(AIN),(GaN)g_,, superlattices with n=3,4,5 using first-
principles calculations for fully relaxed free-standing struc-
tures. The infrared spectra were calculated and analyzed in
comparison with the mode patterns. It was found that the
spectra show essentially two TO peaks, one which corre-
sponds to GaN confined modes and one corresponding to
AIN confined modes. Interestingly, the GaN-like modes of e
symmetry which correspond to in the basal plane vibrations
consist of two closely spaced modes localizing near each
interface but have relatively weak LO-TO splittings and no
clearly visible LO peaks. The AIN confined modes give rise
to two more clearly separated TO peaks but give rise to only
one strong LO mode. For a; symmetry on the other hand,
i.e., for vibrations parallel to the c-axis or superlattice direc-
tion, a GaN confined mode is the only one showing a strong
LO-TO splitting. The a;-type modes are less localized than
the e-type modes. Clearly a rather complex interplay of the
modes is at work in these systems which cannot be easily
classified in terms of confined and interface modes.

The e-symmetry spectra are in qualitative agreement with
a published experimental investigation.* However, there are
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discrepancies in frequency between our calculated and ex-
perimental results which are larger than those for the bulk
compounds. This indicates that experimental superlattice is
in a different strain state from our idealized perfectly
matched and fully relaxed free-standing superlattice. In fact,
these shifts could be viewed as a sensitive probe of the strain
state of such superlattices. Our results indicate that the indi-
vidual four layer units of GaN and AIN may to some extent
separately relax toward their bulk values and are not per-
fectly constrained by the epitaxial relationship. This means
that misfit dislocations or other strain relieve mechanisms
may be operating in each individual four-layer unit. Among
other this could contain fluctuations of the layer numbers.
Thicker AIN layers will lead to frequencies closer to bulk
AIN and thicker GaN layers will lead to frequencies closer to
bulk GaN.
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