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Resonant Raman scattering in GaAs/AlAs superlattices: The role of electron state mixing
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In this work, resonant Raman measurements on a short-period GaAs/AlAs superlattice are presented. Under
resonant excitation, near the direct band gap, zone-edge acoustic phonons are observed. Similar scattering has
been also recorded in the resonant Raman spectra of &sAl,As alloy layer. We show that intervalley
electron scattering is at the origin of the observed similarities. This scattering is attributed to the superlattice
potential for the GaAs/AlAs superlattice, and to the potential fluctuations for th@a\l ,As alloy. The
present analysis gives a clear interpretation of the Raman scattering by zone-edge acoustic phonons in both
systems. Moreover, the role of disorder is discussed in terms of an activation of folded acoustic and coupled
confined-interface phonons.

I. INTRODUCTION measured frequencies of the confined,|.@odes map quite
well onto the bulk dispersion curves. However, for even
Raman scattering in semiconductor quantum wellsdiscrepancies are found, which Shieletsal *?*2 explained.
(QW’s) and superlattice6SL's) showed that, besides the ex- They showed that most of the resonant Raman scattering
istence of folded and confined phonon modes, the interfacRRS, commonly attributed to even order confined modes,
involving at least one polar semiconductor sustains localizegs in fact due to coupled odd confined-interface modes.
optic phonon modes, the so-called interface phohdH. Previous assignments assumed vanishing in-plane wave
The latter have been studied earlier by Fuchs and Kli@weryectors for which the vibrational amplitude and electromag-
using a dielectric continuum approach for a periodic tWo-netic fields are decoupled. Thus, confined and interface
layer system. The possible use of Raman scattering by I,qges were treated within independent hydrodynamic and
phonons, as a sensitive probe of the interface quality, hagiecromagnetic approaches. Moreover, both approaches can
given rise to a lot of works on GaAs/AlAs and be used to determine the symmetry of the Coulomb potential

1« 3—6 . ..
.GaAS/AkGai*XAS SLs: Indeed,.the observation of finite associated with the confined modes, and thus the Raman se-
in-plane wave-vector IF phonons in the Raman spectra mea- Fiolich  electron-phonon

sured in backscattering geometry, and the strong outgoin ction . rul_es for the ) .
resonance reported in E;eE\J/eral da%a, are typical ofgthe k?reagter"’,‘c“Orﬁ4 ** The obtained results are lrlcon5|stent, de-
down of the wave-vector conservation rule, i.e., of disordeP€nding on the approach.in fact, contradictions come out
effects’ 10 It has been suggested that the lack of in-pIaneWh?n the co_upl_lng between the me_chanlcal and electromag-
wave vectors in the three-step resonant Raman process cBgtic field is ignored. Trallero-Giner and Comésand
be balanced by an additional intermediate step during whickPuillemot and Clerdf used a continuum approach, along
the photoexcited electrofor hole is elastically scatteretf. ~ the lines of Born and Huang, for the vibrational amplitude
The elastic scattering arises from electron-charged impuritieield. The coupling to the electromagnetic field was fully
interaction and/or from interface roughness. taken into account in the equation of motion. Quantization of
Moreover, disorder effects have led to a complete reinterthe coupled electromechanic field was achieved using both
pretation of Raman scattering in Sl's and QW's. Indeed,mechanical and electromagnetic boundary conditions. The so
earlier works attributed the features observed in the GaAsbtained eigenmodes are hybrid confined-interface modes.
and AlAs optic mode regions either to confined or to inter-Their dispersion exhibits, at finite in-plane wave vectors,
face phonons. Within the hydrodynamic modéHD) the  gaps due to anticrossing of the interface branches with the
guantized wave vectorg, along the SL axis are given by  odd-order confined modé&!3
These gaps produce, in the resonant Raman spectra, dips
. m7z l<m=n 1) of which frequencies coincide with those of the odd-order
" (n+l)a’ T confined modes. The maxima between these minima occur at
frequencies close to those of the even-order confined modes.
wherea is the monolayer widthm the number of monolayers This new interpretation corrects previous attributions of the
in the confining layer, anan an integer. For oddn, the  maxima to even-order confined modes.

g
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In this paper we report a study of RRS in a short-period

GaAs/AlAs SL. Light scattering by the folded acoustic

phonons, as well as the coupled confined-interface phonons, (GaAs) (AlAs)

is discussed. 3 10
First, it is shown that the Raman spectra, recorded with

excitation energies close to the dird¢f—I'. band gap, ex-

hibit scattering due to bulklike zone-edge acoustic phonons. E;=2.5¢V

Zone-edge phonons have been already observed by Hayes

et al,?’ as replicas of the photoluminescence line associated ©

with recombinations across the pseudodirEgt-X, band ,_JMAL
gap. RRS at the pseudodirect transition, also showed zone-
edge phonon$?? In our case, scattering by zone-edge
phonons is observed even for resonant excitation at the direct
I',—TI', bandgap. Similar scattering has been also recorded
in the resonant Raman spectra of @, _,As alloys. It is
shown that intervalley electron scattering is at the origin of
the observed similarities. This scattering is attributed to the
superlattice potential for the GaAs/AlAs superlattice, and

(b)
to the potential fluctuations for the Aba, _,As alloy —’uw’_d[_
LA

Second, we show that the standard hydrodynamic and L0,
electromagnetic models fail to explain all the structures we E;=241eV
observe in the GaAs optic mode region. A comparison of our TA
data with the recent interpretation, proposed by Shields Lo
et al}?>*3js presented. To the best of our knowledge such a DATF
comparison has never been performed for very narrow con- ® T(l) !
fining layers. AN
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mo-:—:ceuI;r?gggrittleceitalisegn [[ir]OOi[t](l)?ie\r/thZrdk GV;ZS; S?Jrk?g:ateby FIG. 1. Raman spectra of the GaAs/AlAs SL, recorded for in-
pitaxy " coming (spectruma) and outgoing(spectrab and c) resonance

It consists of 100 periods 9f 3 and 10_ mqnolayers of G‘ﬁj"A‘sconditions. The structure labeled DAIF refers to disorder activated
and AlAs, respectively. This superlattice is of type II: The jnterface phonons.

lowest-energy excitationl{, — X,) is pseudodirect! The di-
rectI’,— I, transition was found at 2.4 eV from photolumi-

. s . wdy wd,
nescence measurements. This value is in agreement with cogqd)=co co
band-structure calculations. The bandwidth of the first elec- LEFIG) P2)t)
tronic subband was estimated to be 43 meV. 1+ h2 wd, wd,
The Raman measurements were carried out at the liquid - sim( )sin( ) 2)
2h V11t Va1

nitrogen temperature and in near backscattering geometry.
The scattered light was analyzed using a triple spectrometer
coupled with a conventional photon counting system. SevVher&.n=pivi/pov,, d=d;+d, andpy, pa, v1)0), V24, di,

eral lines of an Ar laser have been used for excitation nea‘?2 are the Qensities, Iongitudinalransvers_)esound veIoci—.
the directl’, — T', transition ties and thicknesses of the two materials: Ref. 27 gives
v )

p1=5.36 gcm?3, 1,=4.707x10° cms !, 1,=3.329x10°
cms?® for GaAs, andp,=5.36 gcm? 1,=5.654<10°
cm s}, 1,=3.957x10° cm s ! for AlAs. In backscattering
geometry the phonon wave vectqralong the superlattice
A. Acoustic mode region axis equals 4n/\;; wheren is the refractive index. For
\;=5145 A, one getg=9.1¢ cm ..

In Fig. 1, Raman spectra recorded from the From Eg.(2) and the measured frequencig8.4 and 48
(GaAs4/(AlAs),, SL are shown. The lower spectruna)( cm %) of the LA doublet, we have deducet{=10 A and
was excited in resonance with the dirdg;—T'; transition  d,=29 A. Using these values as inputs in E) we have
using the 5145-A ling2.41 e\). The intense low-frequency estimated the frequencies of the foldéidst order of folding
doublet, clearly seen in both Stokes and anti-Stokes region§A phonons to be 30.3 and 34.2 ¢h The former value is
is due to the folded(first order of folding longitudinal  roughly comparable to the frequent38 cmi t) of the weak
acoustic(LA) phonons’® Following Ref. 26 their frequen- scattering shown in Fig. 1. This discrepancy is mainly due to
cies,w, map onto the dispersion curve of acoustic waves in dhe sublinear dispersion of TA phonons around the wave vec-
medium with a periodic layering of the elastic properties tor #/d. As a matter of fact, selection rules prohibit back-

IIl. RESULTS AND DISCUSSION
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scattering of light by folded acoustic TA phonons f&00]-
oriented superlatticeésThe observation of such modes in our
measurements is due to disorder effects that we discuss in the
following.

From Fig. 1, one notes that the folded acoustic phonons
are superimposed over a continuum of acoustic m@sle50
cm 1). This suggests that not only superperiodicity but also
thickness fluctuations of the layers have to be taken into
account. Indeed, spatial fluctuations of the potentials experi- GaAs/AlAs SL
enced by the electrons and atoms originate in complex mo- TAX) AD)
menta for the electronic and vibronic excitations, which so ' LAX)
become localized in real space. As a consequence, the elec-?_“ ‘
tron as well as the phonon states are distributed in the recip- % LOZ]LOI
rocal space, and the energy levels are inhomogeneously i
broadened. This also means that the conservation law is par- Z
tially violated during light scattering: The scattering, at a =z
given frequency, can no more be ascribed to a well-defined ©
phonon mode. It is rather due to a distribution of modes. Alo7s GaoasAs DALA
Their contribution to light scattering leads to the broad band
observed in Fig. 1. So, this band should reflect the partially
activated one-dimensional density of states of folde4
and TA) acoustic phonons.

The spectrd andc, shown in Fig. 1, were excited using

the 5017-A(2.47 eV} and 4965-A(2.5 e\) laser lines. The A S
weak structures observed at 78 and 214 tin spectruma 0 50 100 150 ] 200 250
clearly come out in spectia andc. For more details, Fig. 2 RAMAN SHIFT (cm )

shows an extension, into the acoustic mode region, of the

spectrum @) recorded with the 4880-A2.54 eV} laser line.

This figure includes, for comparison the spec¢tandf ) of FIG. 2. Comparison of the low-frequency Raman spectra of the
an Al 7:Gay ,sAs layer of which composition equals the av- GaAS/AlAs SL(spectrumd) and the A} 74Ga, o5As alloy (spectrae
erage compositiond,/d) of the superlattice. The band gap andf ). Spectr_umf was r_e_corded out of resonance and specteum
of this alloy is indirect, and the ordering of the Conducﬁon_close to the direct tra_nsmon of t_he alloy. The bands Iabeleq DATA
band minima i, L, X.28 Spectraf ande were recorded out and DALA refer to disorder-activated transverse and longitudinal

. . acoustic modes, respectively. The subscripts 1 and 2 refer to the
of resonance and close to re_sona(ﬁ:éz eV} with the dlrgct_ Gads-like and Al As-IiF|)<e optié/ bands. respegtively.
(I',—T';) band gap, respectively. Under resonant excitation,
new peaks develop and are ascribed to TA and LA acoustic ) . )
modes. Moreover, scattering due to substractive combindd- We attribute the observation of scattering by zone-edge
tions of GaAs-like and AlAs-like opti¢LO and TO modes acoustic p_honons to the fact that the conduction electron
is observed. The assignments of the acoustic modes, report8iftes are indeed mixdd, —X, states. _ _
in Fig. 2, are based on the density-of-states singularities at 1he I'c—X; mixing arises from the BZ folding, which
the X or L points of the end-parent crystal€aAs and allows states, originating in tHé, andX, valleys, to occur at
AlAs).2%% The scattering by zone-edge acoustic phonon§he same wave vectc('rn the folded B4. These states mix
shows evidence of phonon-assisted intervalley electrofue to ”03’1%rzth090”"?‘“ty of the wave functions at fheand
transfer(T—X andT'—L). The observation of such modes is Xz Points’>““ Following Morrison, Brown, and Jards the
allowed owing to the breakdown of the wave-vector conserNixing can be described as a coupling of these wave func-
vation law, induced by the alloy disorder. The similarities ions via the potential modulationd(v) along the SL axis.
between the alloy and SL spectra suggest that the structuré§t us  define the dimensionless parametey
located at 78 and 214 cth (spectrurrd) are bulklike TAand ~ =AVr, x,/AEr x, where AV y =(X]AV|T;) is the
LA modes derived from thé&X point of the Brillouin zone matrix element between the SL. and X, states, and
(BZ). Note that bulklike LAL) modes are not observed in AEr_x =Er —Ey, the energy separation between these
the SL spectruntFig. 2, spectrunt). states. Then, for<1 (weak-coupling regime the coupled

By using RRS at the pseudodirect — X, band gap, of [ _ . state can be written as follows
small period GaAs/AlAs Sl's Hayewtal?® and Tribe

et al?>?? have observed bulklike LA{) modes. The nor-
mally forbidden resonance at the pseudodirect band gap has 1 n
been attributed to the mixing betwe&h and X, states. We ITc-tie) = o)+ [Xz). )
, . Vit+[g? Vit]y?
would like to stress that in our Raman measurements zone-
edge acoustic phonons are also observed at the difeet’
SL band gap. Moreover, our photoluminescence measure- The Raman intensity corresponding to phonon-mediated
ments showed electron recombinations across the pseudodilectron scattering betwe¢h ) and|T",_;.) conduction-
rectl’,— X, gap, and thus the existencelof— X, state mix-  band states is determined by the scattering amplitude
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<Fv| H ptlré—like><r<,:—like| H pn|rc—like><rc—like| H pt|rv>
(Es—Er, JE—Er ]

whereH ; andH ,, are the Hamiltonians describing electron-
photon and electron-phonon interactions. The difference

Err —Er_ _  between the energies associated with the
c-like c-like

ITc.ike) @Nd|T'¢_jye) States is the energiw,, of the emitted
phonon.E; andE, are the energies of the incident and scat-
tered photons, respectively. Since tHe. je) and [T, je)
states are linear combinations [if;) and |X,) states, the
matrix elemen{T'{_jio|HpnlI'c.iike) includes phonon-induced
intravalley ".—I';,X,—X,) and intervalley ['.— X,) scat-
tering. Momentum conservation during this latter process
implies that, in thd”—X, direction, only zone-edge phonons
at theX point can be involved. Following the recent work of ! .
Raichev** who calculated electron scattering rates in short- 225 240 255 270
period GaAs/AlAs SL, both TA and LA modes contribute to RAMAN SHIFT (cm')
the phonon-mediatel.— X, transfer. This well accounts for
our data of Fig. 1 and Fig. &pectrurd). It is worthwhile to _ : .
note that in the three-step resonant Raman process, here pro-' G- 3. Extension of spectra andb of Fig. 1, into the GaAs
posed(Eq. (4)], the emission of zone-edge phonon modes isthlC. mode region. The vertical I|r_1es show the frequz_enmes of the
allowed. Hence, no additional elastic scattering step is reE%nfmed Lo mOd.e S: (.:alcwated using the hydro.dynamlc model. The
: - peak originating in the GaAs buffer layer is also shown. The
quired to account for the observation of zone-edge pho”%eak scattering lying around 248 ¢tis due to confined TO
modes in the first-order Raman spectra. In fact, this step i, 4es.
useless due to the,— X, mixing induced by the superlattice
potential. Indeed, using E¢3) one can isolate from the ma-
trix element(T'¢ jy|Hpn|Lc.ike) the scattering path respon-
sible for the emission of zone-edge phonon modes. Fo
|7><1, one gets

. (4)

c-like

RAMAN INTENSITY

285 300

to be invoked. The apparently missing wave vector, in the
Raman scattering process, is provided by the SL potential
(l“c—xZ mixing). For the AlGa, _,As system, emission of
zone-edge phonons is observed thanks to the alloy disorder.
/ In this case the breakdown of the wave-vector conservation
(Lel AVIXa) (Xl Hpnl ') _ (5)  law can be accounted for by adding an additional intermedi-
(Er,—fiwpn—Ex) ate step during which the electron is elastically scattered
) ) ) ) ) ) back from a zone-edge valley to tH& point. The elastic
SinceAV is a static spatial modulation of potential, the ma- scattering is due to random potential fluctuations. The wave-
trix element(I"¢[AV[X,) is associated with the elastic scat- yector selectivity disappears, axdor L valleys can be in-
tering of an electron from thX, state to thd"; state. Owing  volved (Fig. 2, spectrune).
to the superperiodicity, the potential modulatidv can be
developed over plane waves with wave vect@rs 2m/d.
Momentum conservation imposes that only te=w/a
component can coupl¥, and I'; states. In a similar way, The outgoing photons giving rise to the optic bands of
only phonon modes arising from the highest order of foldingGaAs in Fig. 1, spectrurb and of AlAs in Fig. 1, spectrum
(G=mla) can give nonvanishingXZ|Hpn|Fc> matrix ele- c, are in resonance with the upper edge ené®y§43 e\ of
ment. This is the reason why the acoustic phonon modethe I',—T'. transition. The energy difference between the
observed in spectrumh originate from theX point of the BZ.  GaAs and AlAs vibrational modes explains the reversal of
Moreover, neglecting the small difference in energy be-the GaAs/AlAs intensity ratio fron to c. Figure 3, spectra
tween the|l',) and [T i) States, Eq.4) shows that an a andb show an extension of spectaaandb of Fig. 1 into
incoming resonance is expected at thg—I'. transition. the GaAs optical range. Since the GaAs layer contains three
Overlapping of incoming and outgoing resonances is alsenonolayers, only three confined L @nodesm=1, 2, and 3,
expected, due to the small energies of acoustic phofiths are expectedEq. (1)]. The vertical lines shown in Fig. 3
and 26 meV for TA and LA phonons, respectivelin addi- indicate the corresponding frequencies calculated using Eqg.
tion, the elastic scattering step is automatically resonant. Thi€l) and the GaAs LO phonon dispersion curve.
leads to a triply resonant process that compensate the rather For incoming resonanaaspectrunma), only the LO, mode
weakI'.— X, mixing (7<1). is observed. This is consistent with the hydrodynamic model:
From the foregoing discussion it emerges that intervalleyThe Coulomb potential associated with even-order confined
electron scattering, mediated by zone-edge phonons, is rmodes is symmetric with respect to the center of the confin-
common mechanism for indirect band gap GaAs/AlAs SLing layer, whereas that of odd-order confined modes is
and ALGa, _,As alloys. This is at the origin of the similari- antisymmetric® Thus, when considering intrasubband elec-
ties observed between the spectra of Fig. 2. However, for thon transitions, the Fidich electron-phonon interaction,
GaAs/AlAs SL, emission of zone-edge phonons is allowedvhich dominates at resonance, implies even-order confined
and no breakdown of the wave-vector conservation law hamodes(only LO, mode in our cae Odd-order confined

B. Optic mode region
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modes are seen out of resonance since in this case the The spectra of Fig. 3 show that the L@ feature comes
deformation-potential mechanism dominates. out more strongly for outgoingspectrumb) than incoming

The weak scattering lying around 270 ch(in spectrum  (spectruma) resonance. It has been sugge&tedithat for
a) strongly comes out and a new structure emerges at 27d@utgoing resonance, Raman scattering occurs via a four-step
cm* for outgoing resonance conditiofspectrumb). None  process. The additional step accounts for the observation of
of these features can be assigned to even-order confingghonon modes with large wave vectors. In this step the pho-
modes, since the GaAs layer cannot sustain additional evegcreated electrotior hole is elastically scattered to finite
modes besides the LLOThis shows the limitation of the \vave-vector states associated with the in-plane motion. It is
hydrodynamic approach. then inelastically scattered back by phonons vighkich in-

On the other hand, the electromagnetic model predictgeraction. The elastic scattering originates in the potential
interface phonon bands within the LO-TO ranges of GaAg|yctuations due to interface roughness. On one hand, this
and AlAs. The participation of these modes is strictly forbid- process should lead to enhancement of the scattered inten-
den in backscattering geomeffy.Nevertheless, thickness sity, providing that the phonon dispersion does not change
fluctuations of the layers and interface roughness break dOWl%pidIy. On the other hand, the elastic scattering step is sup-
the wave-vector conservation law, and thus allow scatteringressed for incoming resonance due to the lack of states to
by interface modes at finite in-plane wave vectors. This rescatter to. Hence, outgoing resonance is expected to be stron-

sults in a broad band located between the LO and TQyer than incoming for both GaAs and AlAs optic bands, as
frequencies; ® but cannot account for both of the structures ghserved in the spectra of Figs. 1 and 3.

observed in spectrurb.

In fact, only the coupled hydrodynamic-electromagnetic
approacf?*3gives a clear understanding of spectrbmThe
structures at 270 and 277 ctharise from a unique band
with a dip at 273 cr’. This disorder-activated band reflects  In summary, we have pointed out the origin of the strong
the two-dimensional density of mixed L@nterface phonon similarities between resonant Raman spectra of GaAs/AlAs
states. The dip is associated with the gap due to anticrossirgL and AlGa, _,As alloys. We have shown that, for both of
of the interface branch with the LOconfined mode. The these systems, the Raman processes involving zone-edge
in-plane dispersion of the LOmode is rather weak in com- acoustic phonons are due to intervalley electron scattering. In
parison with the interface branch. Hence, the anticrossinghe case of the GaAs/AlAs SL, the static potential modula-
occurs close to the LOmode frequency, which can be de- tion along the superlattice axis mixes thg and X, states,
duced from the HD model. This is in good agreement withand this results in an allowed triply resonant Raman process
our data(Fig. 3, spectrunb): The dip in the scattered inten- involving TA(X) and LA(X) phonons. For the AGa, _,As
sity coincides with the frequency of the k@onfined mode, solid solutions, intervalley electron scattering occurs because
which has been calculated using Hd) and the bulk LO of the random potential fluctuations associated with the alloy
dispersion curve. disorder. For the GaAs/AlAs SL, disorder effects have been

In the AlAs optic mode regior(Fig. 1), the scattering discussed in terms of breakdown of the wave-vector conser-
lying between the LO and TO signals is also due to disordervation law, which permits scattering by phonons at finite
activated IF phonon modd®AIF). No gap is observed be- in-plane wave vectors. The activation of such modes ac-
cause of the rather weak dispersion of the AlAs LO modescounts well for the shape of the optical bands in superlat-
The IF phonon branch anticrosses with the odd-order contices. The present analysis is in perfect agreement with the
fined modes close to the LO mode frequency. recent model proposed by Shieldsal %13

IV. CONCLUSION
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