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Atomic vibrations in thin (GaAs),(AlAs), superlattices
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We present theoretical investigations of atomic vibrations in (@iaA9 ,(AlAs) , superlattices grown in the
favored[001] direction, and also the less well-studigd.0] direction, using thediabatic bond charge model
In the acoustic range we confirm the existence of minigaps at the zone center and edges, and also provide
evidence for acoustic mode anticrossing and confinement. In the optical range we observe folding, confine-
ment, and mode anisotropy behaviors. The anisotropy is markedly reduced fptllesystem with an
angular dispersion opposite to that for {{#®1] system. The interface mode characteristics are also different
for the two growth directions. The highest confined optical mode i 1i€)] system reaches its bulk value in
roughly half the layer width of thg001] system.
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[. INTRODUCTION Refs. 10, 12, 13, and 14, together with the available Raman-
scattering measurements for th@01] SL’s, we provide re-
Semiconductor superlatticéSL’s) have been the subject sults for[110] SL'’s.
of many investigations because of their potential applications
in devices. While electronic and optical properties of super- Il. THEORY
lattices have been investigated in detathere have been
fewer studies of atomic vibrations. Most studies of atomic

vibrations are aimed at théGaA9 ,(AlAs),, superlattices
HaAI m( ) SUP by Webet® for diamond type-structures, and Rustagi and

grown along [001]. From Raman scattering measure- 6 2
ments>® it has been clearly shown that superlattice forma_Webei‘ for IlI-V structures. Such systems are considered

tion leads to folded acoustic modes, confined optical modedVith ions and bond chargeBC's) arranged in a tetrahedral
and interface modes. arrangement. The quel uses six parameters anq_ utilizes five
Previous theoretical studies of phonons in semiconductoP€S Of short-range interactiofi) central ion-ion,(ii) cen-

superlattices, providing support to Raman-scattering medf@! ion-BC, (iii) central BC-BC,(iv) bond-bending ion-BC,
surements, have been made by using ladtfinitio and phe- and(v) bond-bending BC-BC. The central force interactions

nomenological approaches. Molinari, Fasolino, and KRunclust depend on the magnitude of the distance between two

used the interplanar force constant method, within thdoarticles, while the bond-bending interactions are of the

. 7 e . .
pseudopotential approach and local density-functional ap:feat'ng type. Iln addition to the short-range mtera(;]tlons,
proximation, to study Superlattice effects on confined!oNg-range Coulombic interactions are considered. These are

phonons. In anotheab initio study Molinariet all® used the ~€valuated by using the Ewald methtid. _
ab initio pseudopotential approach, within the local-density- 19uré 1 shows the tetrahedral atomic arrangement in the
functional linear-response theory, to present phonon spectra

Our method of studying phonon dispersion in superlat-
tices uses the adiabatic bond charge m¢B&M) developed

in ordered and disordered GaAs/AlAs superlattices. On the . Anion
phenomenological side, Rytov's continuum theory of

phonons has been applfeth study folded acoustic modes, 2 Q Cation
the linear chain lattice dynamical model has been apptied

study longitudinal phonon modes, and full three-dimensional ! @  BondChage

calculations have been made by using the rigid<iolt and
bond charg¥ models. In particular, the works by Molinari :
et al,’® Ren, Chu, and Chang,and Chu, Ren, and Chahg ;

have provided a detailed account of phonon dispersion, in- i f
cluding anisotropy of optical phonons and interface modes,
in (GaAs ,(AlAs),, [001] SL's.

In this work we use the adiabatic bond charge model, s
developed for bulk systems by Webgmand Rustagi and
Weber!® to undertake a detailed study of phonon dispersion s
in (GaAs ,(AlAs), [001] and(GaASs ,(AlAs) , [110] super-
lattices. We examine anticrossing and confinement behaviors
in the acoustic range, confinement and anisotropy in the op- FIG. 1. Diagram showing the tetrahedral coordination of atoms
tical range, and GaAs-like as well as AlAs-like interface in the zincblende structure. Also indicated are bond charge posi-
modes. In addition to agreeing with the theoretical works intions.
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material. We considered BC’s at the positions of the maxi- 50.0 LA B A A T

LO1

mum electronic charge density along the bonds. With refer- Lo2
ence to Fig. 1, for example, bond charge number 3 is located 00 F— \

at the position vector

1+p)
rlaz(Tprlzy (1)

Energy (meV)

30.0 q
where the ionicity factor is taken gs=0.25. The interaction 200 \
parameters used in this work are taken from Yip and
Chang** 100 _—

Our application of the BCM for SLs differs from that of =<
Yip and Changd In their work Yip and Chang used complex

phonon-dispersion relations for the bulk materials, and used z r ' (110] ' ¥
a layer boundary condition to study phonons in SL's. The @

approach taken needed a perturbation method to include the 50.0

Coulomb interaction between ionic layers. We used a fully | e

three-dimensional periodic approach, thus not encountering “";3
any difficulty with the evaluation of the Coulomb interaction. 00 ¢ ———

This three-dimensional periodic approach within the BCM
has also been successfully applied in the study of surface
phonons on 11I-\(110) by Tutuncuand Srivastava’® In order

to deal with arsenic atoms at the interface between the two

30.0

Energy (meV)

materials, we used weighted short-range force constants, de- 200 %
pending upon how many of the four neighboring bonds are e

in the respective materials. 100>
The phonon eigenvalues and eigenvectors are calculated
by solving the secular equation

OIOT( [110] T [001] X
|Ciot( @) — w?l|=0. 2 ®)
In the aboveC,, is the totalC-type dynamical matrix®*° 50.0 ‘ ‘
which can be expressed in terms of the Coulomb and short- — LoL(AlA
range matrices. It should be noted that a three-dimensional Touans
periodic approach for phonons in SL’s was also used in Refs. 400 1 b 1
12 and 13. However, these works use the 11-parameter rigid- e
ion model for bulk semiconductors developed in Ref. 20. S 300 —
£
lll. RESULTS 2 00t
We consideredGaAs ,(AlAs),, SL’s grown along the
[001] and[110] directions, withn ranging from 1 to 10. We 100 E
will denote these as(n)[001] and (,n)[110], respectively.
Detailed studies have been made for optical mode confine-
ment and anisotropy, acoustic mode folding, confinement 09 % 010 0.20 030 0.40 050
and anticrossing, and optical interface modes.[B0d] SL's oo1) Angle ( rad) {010)
our results are in agreement with the previous detailed stud-  ©
ies by Ren, Chu, and Chang, and by Molinetial.">* To FIG. 2. (8 Phonon-dispersion curves for ti&aAs ,(AlAs),
our knowledge, some of the results for thl0] SL's are  [001] superlattice, displayed in two propagation directiof@1]
new. (T-Z) and [110] (T-J"). We have labeled the AlAs-like LO1,
LO2, TO1, and TO2 confined mode®) Phonon-dispersion curves
A. Optical mode folding, confinement, and anisotropy for the (GaA9 ,(AlAs), [110] superlattice, displayed in two propa-

Phonon states in superlattices can show confinement igation directions,[110] (I'-K) and [001] (I'-X"). (c) Angular
the same fashion as electron and hole s@tdLOptical Vvariation of optical-phonon modes for th&aAs,(AlAs), [001]
modes in each material of a superlattice are subject to boun@tperlattice: Phonon energies at a point very closé, twith direc-
ary conditions similar to those for electron/hole states. Infion varying from[001] to [010] and primary optical modes la-
GaAs/AlAs superlattices, we expect AlAs-like LO- as well Pelled.
as TO-phonon modes to be confined, with the difference be-
tween the zone-center AlAs and GaAs frequencies creating a The phenomenon of longitudinal optical phonon anisot-
well, in analogy with confinement of GaAs hole states. Theropy in the long-wavelength limit for GaAs/AlAs superlat-
lack of dispersion of the optical branches for growth direc-tices was first observed in 1980 by Merkt al,?? and ex-
tion propagations in Figs.(d) and Zb) confirm this. plained in the detailed theoretical work in Refs. 12 and 13.
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The Coulomb force constant matrix between two particles  sb.0
« andk’ (e.g., ion-ion, ion-BC, BC-BG in the limit g—0
for a given phonon wave vectay, can be written &

, , 4.0 :
Co e’ [0) = Ak )=5F + Bl I, (3

Energy (meV)

whereA andB are irregular and regular terms, respectively. O ———
In the long-wavelength limit the irregular part can be ]

interpreted® to arise from the macroscopic electric field due e

to the presence of dipoles at the atomic sites. For bulk zinc-
blende materials the irregular tenis angular independent,
and the sunB+ CSR (where CSR is the short-range C-type 00 007] -
matrix betweenc andx') is rotationally invariant. However, —

for low-dimensional systems, such as a superlattice;, theterm - o Phonon-dispersion curve for th8aAs s(AlAs) s [001]

A becomes_ angula}r dependent, and the MSF_Q IS r_]o superlattice, showing the confined transverse acoustic modes.
longer rotationally invariant. These two factors give rise to

the anisotropy in the long-wavelength optical-phonon fre- 51 energy lies below the maximum energy of the corre-

quencies. sponding in-plane mode. Therefore, as a vanishingly senall

Figures 2a) and 2b) show phonon dispersion for yecior changes its direction froft10] to [001], this mode
(2,2[001] and (2,2[110] SL's along an in-plane direction gisnerses upwards in energy. In other words, the anisotropy

gnd along the growth directi.on._ The top two confined AlAs- ¢ 1o highest confined mode in tti2,2)[110] SL is of op-
like LO and TO modes are indicated. We note that the conggite sign to that for the2,2[001] SL. We also observe that
fined AlAs-like LO1 energy is higher than the maximum ie this mode is rather flat for th@,2[001] SL, it shows
energy for the corresponding in-plane mode. The anisotropy,  gjight dispersion along the growth direction for the
of the opucal modes can.be clequy seen from a comparisofh 5)1110] SL. We expect the difference in the layer stacking
of the dispersion curves in the limif—0 from the two di-  cgnfiguration in thg001] and[110] SL's to be responsible
rections. As seen in these figures, for in-plane wave VeCtorgy, these differences: theL 10 plane is nonpolar with both

both AlAs- and GaAs-like optical modes show “folding” - -4tions and anions present, whereas the 0t plane has
effects at the zone edge. It can also be appreciated that theéeoilayer.

is some evidence of zone folding ¢bnly) the GaAs-like
optical modes for wave vectors along the superlattice growth
direction. The first unambiguous observation of the latter
type of folding was reported in Ref. 3. To a first approximation, acoustic modes in a superlattice
The angular dispersion of the anisotropic optical modes irtan be obtained from zone folding the corresponding bulk
the (2,2[001] SL can be inspected from Fig(Q. As a van-  dispersions in the growth direction. However, in reality su-
ishingly smallg vector changes from th®01] direction to  perlattice acoustic modes are characterized by confinement,
the [010] direction, the highest localized modge., LOY) anticrossing, and miniband gaps at the zone center and zone
disperses downwards in energy. As mentioned earlier, thedge. In Fig. 3 we plot the dispersion curve for t6eb)[001]
direction dependence of the optical modes is due to the norSL along[001], which clearly shows the zone folding of
vanishing dipole moment in the geometry applicable. Theacoustic modes. Zone-center and zone-edge minigaps in the
total dipole moment inside each sldbe., materigl is ap-  acoustic range can also be seen in that figure. These mini-

B. Folded and confined acoustic modes

proximately proportional tt gaps in the acoustic range have also been verified, using
Raman-scattering measurements, by Jussezaatf
N nm Also seen in Fig. 3 is the confinement of TA modes in the
[1-(=1) ]COtZNTy energy range between the TA edges of GaAs and AlAs, in

agreement with the work of Molinagt al1%?! Analysis of

whereNg is the number of bilayers inside each material, andthe polarization eigenvectors of these modes shows clearly
1=<n=<Ngq is the index of the confined optical mode. We canthat the bottom two of these modes are clearly confined to
see that for a nonvanishing dipole momeanhas to be odd, the bulk region of the superlattice and are highly GaAs-like.
and in addition thain=1 has the largest dipole moment. A confined TA mode is even present in ttlel) SL, though
From this we can see that there is only one LO and TGt is more difficult to attribute this to a confinement process.
angular-dependent mode per material for (B¢ superlat- Figure 4 illustrates the phenomenon of acoustic mode
tice. This is clearly seen for the AlAs-like LO1 , AlAs-like anticrossing. It shows three GaAs-like modes, taken as a
TO1, GaAs-like LO1, and GaAs-like TO1 modes in Fig. magnification of the part of the diagram indicated by the
2(c). In addition, we found that, as the layer number in-rectangle in Fig. @) for the (2,2[001] SL. For the sake of
creaseqtoward a more bulk like situationthe modes de- discussion these are labeled TA1, TA2, and LA. One of the
picting angular dependence do so in a reduced fashion. degenerate pair mod€3Al) disperses normally, while the

From Fig. Zb) it can be seen that the energy of the top-other mode(TA2) interacts with the LA mode, and as a
most confined mode for th@,2)[110] SL is somewhat lower result they anticross. A similar acoustic mode anticrossing is
than that for the(2,2[001] SL. In fact, now the AlAs-like also observed in Fig.(B) for the (2,2[110] SL, with the
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FIG. 4. Magnification of the boxed section of FigaRshowing
anticrossing of acoustic modes for tt&2) [001] SL.

difference that the TA1 and TA2 modes are no longer de-
generate in this case. Occurrence of anticrossing behavior is
quite often found in electron states in superlattices.

C. Interface modes

A special feature of superlattice structures is the existence
of interface phonon modes. These modes propagate in, and
are essentially confined to, the interface layers between the
two materials. In Fig. &) we plot the dispersion of the
(7,7[110] SL along the perimeter of the irreducible part of  FIG. 5. () Phonon-dispersion curves for tli€&aAs 5(AlAs) s
the interface Brillouin zondi.e., the cross section of the [110] superlattice, shown along the perimeter of the irreducible in-
superlattice Brillouin zone aj1;0;=0). Also plotted on the terface Brillouin zone. The results are overlaid onto a Hdk0]
same graph are th@10-projected phonon spectra of bulk projection, in which the AlAs modes are denoted by asterisks and
GaAs and AIAs. the GaAs modes by circlesb) Phonon-dispersion curves for the

By inspecting the localization of eigenvectors, we identi-(GaAs-(AlAs), [110] superlattice along thgl 10] direction, with
fied four modes shown as two bands of interface states alongterface modes indicated.

theT - X direction in Fig. Bb). Each of these pairs is split by
up to 1.5 meV at the zone centEr but becomes degenerate

at the zone edgX. The upper pair lies in the AlAs optical
range and the lower in the GaAs-like optical range. Both
these bands are resonant for most of the zone except that the D. Mode tendencies with layer width

AlAs-like states become truly localized interface states near |, Fig. 7 we plot the dispersion of the AlAs-like LO1,

the zone edge&X, where it lies in the small stomach gap at AlAs-like TO1, and GaAs-like LO1 modes as a function of
around 40 meV. This is clearly appreciated from the plots ofiayer thickness. The figure clearly shows a monotonic varia-
the eigenvector magnitudes in Fig(aé The polarization tion of the LO and TO AlAs-like modes, and the LO GaAs-
characteristics of one of these modes is shown in Hig).6 like modes, toward the bulk values as the layer width in-
This corresponds to the TO mode vibration in which the Alcreases. Our results f¢001] growth direction agree well
atom (labeled 15 in the first AlAs layer vibrates roughly with the ab initio results of Ref. 23 for short-period SL’s
antiparallel to the As atomgabeled 14 and 18n the neigh-  with n<5, and also with the Raman scattering measurements
boring layers, with components alofgj10] and[001]. in Ref. 24. Also shown in that figure are results of a recent
We have also identified a couple of interface vibrationalphotolumiscence investigation by Litovchenle al?® for
modes for(7,7)[001] superlattices. Our results are in agree-short-period SL’s. While our results for the LO AlAs-like
ment with the theoretical studies of Molinaai aI.,lO'Zl Ren, mode agree with the phonon replicas obtained from the pho-
Chu, and Chang, and Chu, Ren, and Chagand with the  toluminescence spectra for layer thickness indexd, there
Raman-scattering measurements of Sebal.” In particular, s deviation forn<4. The LO GaAs-like modes observed in
at J we have identified optical interface modes of AlAs-like the photoluminescence spectra, however, lie at appreciably
character at approximately 38 and 41 meV, and of GaAs-likdower energy than our calculated values. This is due to en-
character at approximately 31 and 32 meV. These can bkanced electron-phonon scattering in the GaAs layer of the
compared with AlAs-like modes at approximately 44 and 47Ref. 25 sample.
meV in the work of Ref. 12, and at 47.5 and 47.6 meV inthe A noticeable feature of thel10] SL system is that the LO
work of Molinari et al®?! Our GaAs-like results compare AlAs-like mode attains bulk values for layer thickness index
well with the Raman-scattering results of 33.2 and 34.45vithin 10. A comparable layer index number for the LO

0 T X

meV obtained by Soodt al.” A clear indication of interface
modes first manifests itself in superlattices as thirt33).
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O Galium o—@ various symbols(b) Variation of AlAs-like LO1 and TO1, and
@ Arsenic ° 10 GaAs-like LO1 modes, with number of layers of each material in
O Atuminum ® the[110] superlattice.
./7 8
O—@® phonon dispersion df001] and[110] GaAs/AlAs superlat-
s ¢ \3 tices. We confirmed the existence of mini gaps at the zone
—® center and zone edges in the acoustic range, optical folding,
4 . . . . ..
> /“ and optical confinement, together with the less intuitive phe-
(b) - < nomenon of optical mode anisotropy. From a comparison

_ . o between thé001] and[110] superlattices, we found that the
FIG. 6. (a) Magnitudes of atomic polarization vectors for the yigering geometries and symmetry of the two systems lead
(GaAsg;(AlAs); [110] superlattice, corresponding to the interface y, itterent optical mode anisotropy and different confine-
mode at 39.3 meV at theXpoint. (b) Schematic of the \hant characteristics. The anisotropy is markedly reduced for

(GaAs9,(AlAs), [110] superlattice shown in thig 10]-[001] plane, the[110] system, and is of opposite sign to that for {pe1]
together with atomic displacement directions and relative magnis, ’

tudes for the interf de di 4 system.
udes for the interface mode discussedan In addition, we find that the first confined optical mode in

the[110] superlattice reaches a bulklike value in roughly half
the layer width of thd001] system. We also provided evi-
dence for the existence of acoustic mode anticrossing, and
interface modes for the two systems. Again, due to the dif-
fering system geometries, the interface mode characteristics
are different for the two systems.

AlAs-like mode in the[001] system is 15. Taking into ac-
count the fact that the width of a layer in thELQ] system is
1/\/2 that of one in th¢001] system , we can predict that the
LO AlAs-like modes in thg110] superlattice will reach the
bulk value in approximately half the layer width to that of
the[001] case.
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