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Phonons in semiconductor planar microcavities: A Raman scattering study
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We present a detailed Raman-scattering study of optical and folded-acoustic phonons in semiconductor
planar microcavities. The GaAs-like optical-phonon Raman spectra consists of a series of peaks due to the
microcavity “interface-phonon” band, comprising both distributed Bragg reflector and embedded quantum-
well modes. Finite-size effects are shown, including the observation of surface vibrations, wave-vector quan-
tization leading to a discretization of the interface-mode bands, and relaxation of the conservation of the latter
in scattering processes. Phonon energies, their in-plane mode dispersion, and Raman-scattering selection rules
can be well accounted for by symmetry considerations and calculations of the phonon spectra and electrostatic
potentials based on a dielectric continuum model. A further doubling of the folded acoustic-phonon Raman
peaks is observed in a multiple-quantum-well filled microcavity, demonstrating the presence of forward-
scattering processes in backscattering geometries with Bragg mirrors. These results highlight the potentialities
of Raman scattering as a material sensitive tool to access the photon mode structure of photonic devices.
[S0163-182896)05640-9

I. INTRODUCTION matic enhancemer(pver four orders of magnitugleof the
Raman signals in a GaAs/AlAs-based monolithic semicon-

Electromagnetic excitations of layered semiconductorsductor planar microcavity* In Ref. 11 we described GaAs-
and their scattering by light, have attracted considerable atike optical-phonon Raman scattering in photon field con-
tention in the last 10—15 years, caused by the technologicdinement conditions for a/2 AlAs cavity made of GaAs/
ability to grow such structures by epitaxial techniques withAlAs mirrors, with two In,Ga; _,As quantum wellQW'’s)
almost steplike interfacés’ The modification of the long- embedded at its core. The spectra observed in the GaAs
range Coulomb forces due to the presence of planar boundptical-phonon frequency region consists of a complex series
ary conditions qualitatively changes the properties of bothof peaks, which we suggested to be due to scattering by the
phonons and plasmons. In addition, these modified phonomicrocavity interfacelike modes, discretized by finite-size ef-
and plasmon excitations may coexist, in different lengthfects. In this paper we present a comprehensive study of the
scales, with another two consequences of the layering: eleoptical-phonon spectra of such structures. The observed in-
tron and photon confinement. The first exists when the carterface modes are always present in a semiconductor cavity,
riers are confined in their movement to sizes of the order oindependently of the specific active medium embedded at its
their de Broglie wavelength. The latter, on the other handcore, and thus their detailed understanding is a key step to-
can be tailored to appear in structures with larger characteward using Raman spectroscopy to study weakly scattering
istic thicknesses, typically of the order of the light wave- objects in cavity geometries. In addition, a quantitative
length. Such optical microcavities, which are the subject ofanalysis of the spectra may serve to monitor the field distri-
this paper, can in fact be made by enclosing a spacer laydaution within these structures. We will not dwell much on
between two distributed Bragg reflectors. the question of enhancement by optical confinement, which

Following work done in the domain of atomic physits, was the topic of Refs. 11 and 12, but rather deepen the de-
research on semiconductor microcavities found a strong imscription of the Raman spectra. We have extended our pre-
pulse in recent years in view of their rich physics and nu-vious experimental results to other microstructures. Results
merous possible applications in optoelectronic devickts. for both full and half cavities are presented, which clearly
has been realized for some time that the radiation propertiedemonstrate our assignment of the spectra to interfacelike
of matter may be modified not only by tailoring its electronic optical phonons modified by finite-size effects. In addition,
structure but also by monitoring the radiation field itself. In we present results for structures in which the spacer is made
fact, the light field in the vicinity of an atom can be altered, of a material different to those making the mirrors, to resolve
e.g., by placing it near a surfater within a microcavity*  spectrally their contribution to the Raman signal. We discuss
or a photonic band-gap materfalhese modifications of the the mode frequencies, their in-plane dispersion, and the Ra-
photon electric fields can be exploited in both first order inman selection rules in terms of symmetry considerations and
light-matter interaction processes: absorptioand/or a dielectric continuum model for the optical vibrations in
emission’ Likewise, and by modification of each or both of these nonperiodic layered structures. This model has the ad-
its two vertexes of light-matter interaction, the inelastic-vantage of an extreme simplicity, while giving a reasonable
scattering cross-section of an active material can also bdescription of the data which can be later improved by more
strongly enhanced or inhibitéd!? sophisticated approaches. Finally, folded-acoustic-phonon

We have recently reported on the observation of a draspectra are briefly presented. A doubling of the spectra
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curves were calculated using the standard method of

T T T I 1T * 1T T 1T © T 3
_ 25 -A'?/ Top SPACER - BOTTOM __suBs. matrices'* The field distribution corresponds to the vertical
.-‘g 20'_ ) ] cavity mode, and is normalized to the incident amplitude.
= I ///// Z ‘ 7 ~={§§'§ Note that it is enhanced throughout the whole microstructure,
® 15F G displaying a maximum of about 20 at the center. On the
5 b ’§§§§§§§§§§E’ other hand, if the spacer is removed leaving only the quarter
E 7 g:i;zs& wavelength layers of the DBR’s, or if the photon frequency
- 5} 3;;?% is detuned from the cavity mode, the electric field decays
& ok Wi exponentially into the mirror and no enhancement is ob-
3 4 5 6 served.
[um]
10} o - - - ] B. Optical double-resonant Raman scattering
08} . The above-described spectrally dependent modifications
Z o6l ] of the photon field amplitude and spatial distribution can be
Z | exploited to produce enhanced Raman signals in planar
3 04r . semiconductor microcaviti€s:'2High finesse cavities, as re-
& 0.2 B ] quired for maximum field enhancement, are obtained by the
it use of almost total reflectivity mirrors. Thus, in Raman-
00 ~° cAwmymopE = " ] scattering experiments performed on the face normal to the
0.8 0.9 1.0 1.1 1.2 growth (z) axis of such a structure, both the incoming and
Wavelength [um] outgoing photongseparated by the energy of the excitation

under study, e.g., 36 meV for a GaAs optical phonotust
FIG. 1. Reflectivity(bottom and cavity-mode electric-field dis- resonate with optical modes of the cavity in order to get into,

tribution (top) for a A/2 AlAs cavity enclosed by GaAs/AlAs Or go out from, the structure. For a planar semiconductor
quarter-wavelength layers, 20 pairs below, 13.5 above, and growmicrocavity with a single vertical mode, this can be accom-
over a GaAs substrate. The layer thicknesses are normalized f@ished by taking advantage of the continuum of in-plane
cavity resonance at=1um. optical modeg? In fact, if w, is the frequency of the cavity

mode alongz, andk; the photon in-plane wave vector, the
clearly demonstrates the presence of both backscattering afi@ode dispersion is given by

forward-scattering processes in cavity geometries. 5 3
The paper is organized as follows. In Sec. Il we present a o (k)= Vwy+ (k| /Nek) . 1

theoretical overview which will help to discuss the experi- A gptical double resonance can hence be achieved by tun-
mental results. The samples and experimental setup are dgyg the angle(respect taz) between incoming and scattered
scribed in Sec. lll, and our experimental results and analy5|§ays_11 For example, if light is collected alorg the required
follow in Sec. IV. Finally, conclusions are drawn in Sec. V. jncidence anglé, (measured in ajrfor Stokes scattering of

an excitation of frequencw,, will be given approximately

Il. THEORETICAL OVERVIEW by
A. Optical confinement in semiconductor planar microcavities (0T}
_ _ _ ] 0o~ Negarcco . 2
As commented in Sec. |, in a planar microcavity both the ot wpn

optical and vibrational modes reflect the samples layereqieren, is an effective refractive index for the cavity.
structure. We begin by briefly describing the photon field | principle both the excitation and collection directions
confinement and how this influences the Raman scattering,ay pe varied according to E(L). In-plane dispersions can
efficiency in such a structure. The phonon interfacelikepe thys derived by changing the wave vector transferred in
modes are the subject of the last part of this overview.  the scattering process. Also, both Stokes and anti-Stokes
Dielectric mirrors(with reflectivity larger than 99%) are (j e  emission or absorption of an excitation by the incoming
obtained by depositing alternatively quarter-wave layers opnoton, respectivelyconfigurations are feasible, depending
materials of different refractive index. These layered strucyp whether the excitation or the scattered light angle is the
tures, so-called distributed Bragg reflect@BBR’s), display largest.
a stopband with energy width and reflectivity depending on | order to understand how these cavity modifications of
the contrast of indices and the number of periods, respegne photon fields influences inelastic scattering, let us present
tively. A microcavity, obtained by growing a variable-width the following expression for the third-order optical-phonon
center layer(space), introduces a “photon impurity state” yegonant Raman-scattering efficiensgcond order in light-

within this one-dimensional photonic band gap, for whichmatter and first order in electron-phonon interactith
light is transmitted throughout the structure and its electric

field partially confined and enhanced within'it. (f[Hurli ){iIHepr1){i[HurIO) |2
In Fig. 1 we show the reflectivity and electric-field distri- o(w)e E —o—iv W o—w —iv
. L . . i (0—wi—iy)(w Wj |')’J)
bution for normal incidencéalong the cavity axig) on a
N2 AlAs cavity with GaAs/AlAs DBR’s, 20 pairs below, where|0)(|f)) denotes the initialfinal) state of the scatter-
and 13.5 above, and grown over a GaAs substrate. Thiag process, andi)(|j)) are intermediate excitonic states

. 9
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with transition energies and lifetime broadening given bysingle layers have been reported which demonstrated the ex-
wi(w;) andyi(7;). In Eq.(3) He o describes the appropriate istence of surface vibratior:?
electron-phonon interactiofe.g., deformation potential or The evaluation of the optical-phonon modes in a micro-
Frohlich),*® while Hyg corresponds to the radiation-matter cavity is comparatively more complicated in that it is a non-
Hamiltonian. There are two matrix elementstdf;z due to  periodic massive layered structure, and thus no simple ana-
the incoming and outgoing photon vertexes. These are praytic expressions for the phonon dispersions are obtainable.
portional to the electric-field amplitude of the incident andwe have thus calculated the optical-phonon modes extending
scattered photons, respectively. the usual dielectric continuum mod&by the use of a matrix
Equation(3) shows that simple or doubleptical reso-  method closely related to that used to describe the propaga-
nances of the Raman efficiency exist if the incident or scatyjgy of light in layered medi&* This method, specially suit-

t_ere;i Iahotlonsforhboth_are resonant V;’]ith mmton;cqugn- o able for heterostructures with an arbitrary sequence of layers,
tized levels of the microcavity. In the case of a double,ii pe briefly described next.

trﬁzo(r:]:afe_}iter}g Eﬁ?;nnégﬁ]a:ninpa%gj'Cﬁggﬁt‘; C;Ldeerll?nama Lattice motions create an electric field which may be ex-
y ) ressedin the absence of retardatiom terms of a scalar

efficiency is not only sensible to the spectral dependence otentiald. For a lavered svstem. withits axis and iSotro-
the photon modes of the cavity, but also to their electric-field®°'© ¢- yered system,
pic in the xy plane, this potential should be of the form

spatial distribution. This “optical resonant Raman scatter-~"~_
ing” may be paralleled with the more familisglectronic ~ ¢(r) = ¢(2)exp(qr) and satisfy’
resonance processesdue to the resonant denominators in
Eq. (3), incoming, outgoing, or doublelectronicresonances
exist depending on whether the incident, scattered, or both
photons, respectively, are resonant wetktitonictransitions (o
in the material.

In Ref. 12 we showed that a quantitative description of
the Raman efficiency modifications in a semiconductor miwheree(w) is the dielectric function of the mediuxdiffer-
crocavity can be obtained by simply taking into account theent for each layer and g, is an in-plane wave vector. As
separate contributiofi.e., the produgtof the purely electro-  ysual, the dielectric function of each material is taken as
magnetic enhancement of the excitation and emission ster:Ew,(wi_wz)/(w%_wz)’ with o . and wr; the LO
in the scattering process. This contrasts with the usual case tﬂ) D) ) ; !
surface-enhanced Raman scattefiwhere the coupling
to mirror electronic resonances provides the largest enhanc

oz di=0 4

Po(2) 2}

ngitudinal optical and TO (transverse opticalfrequen-
cies, respectively, anel,; the high-frequency dielectric con-

: ; ; AR NaNC&tant of materiaj. For the frequencies which correspond to
ment mechanism. This relative simplicity of the DBR micro- eros of e(w), the modes result bulklike and confined to

cavities, where no energy transfer to the mirrors occurs, wil 3 . :
each layef® More interesting here are those modes for

rove useful in order to describe nonlinear optical phenom-"" i e
gna under optical confinement. P P which e(w)# 0, which are extended modes specific of the

layered system. These vibrations are conventionally termed
interface mode&’
C. Interfacelike optical-phonon modes in layered media The problem consists hence in finding solutions to Eq.
(4), in an arbitrary layered material, and subject to the

Let us now describe the excitations which will be the boundary conditions that require continuity ¢fand of the
main subject of our present study, i.e., the optical vibrations y d y

of the layered structure consisting of the microcavity and,normal_ (_:omponent of_the_ field di_splacemept at the_: interfaces.
eventually, some QW's embedded at its core. The collectivd? addition, the localization ot in space is required, i.e.,
excitations of layered polar dielectric materials, both electhat the potential should be zero ate. We note here that
tronic and vibrational, have been extensively discussed in th¢/® do not take into account mechanical boundary conditions
past?®17=28 |n particular, simple dielectric continuum at the interfaces, which are known to be important to cor-
models!” modified dielectric continuum models which take rectly describe the coupling of “interface” and confined
into account mechanical boundary conditions besides thghonon modes in thin QW' The layers making our struc-
electrostatic one¥ and microscopic calculatiohs?® have  tures are usually relatively thick, and hence phonon confine-
been reported for the description of the optical vibrations. ment effects are not expected to be important.

References 1, 2, and 17-20 describe periodic infinite For the electrostatic potential within layeat defined by
structures. In addition, single slab/s?finite (but otherwise  z,<z<z,,,, we take the general form
periodig structures>~2®and light scattering by plasmons in
the latter’®~2 have been also discussed within the simpler
djelectric continqum models.. _Finite—size effects may be ba- $(2) = anexpo(z—z,) + bpexp—qy(z—z,). (5)
sically resumed in the apparition of “surface modes” at the
limiting surfaces of the sample, and in a discretization of the
wave vector along the heterostructure symmetry axis. Also, ahe coefficientsa, and b, in layer n, expressed as a two-
relaxation of the wave-vector conservation along the growtttomponent vector, can be related with those in layerd by
axis is expected in a scattering process. In fact, such effectaultiplication of the latter by the following “transfer” ma-
have been observed in the case of plasmons by Pinczukijx derived by application of the boundary conditions to Eq.
Lamont, and Gossard.On the other hand, experiments in (5):
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FIG. 2. Interface-phonon dispersiemall dot$ as a function of 260 280 300 320
in-plane wave vectog calculated for the finite heterostructure con- Raman shift (cm'1)
sisting of a bottom and a top GaAs/AlAs DBRO and 13.5 pairs,
respectively enclosing an AlAs\/2 cavity, with, in addition, two FIG. 3. GaAs-like optical-phonon Raman spectra taken with the

Ino 1G9 86AS QW's at its centetmodeled as GaAs layers; see text (x yyz configuration for both the AlAs-cavity and te@ithout

for detailg. The structure is limited above by air and below by the top DBR) samples. The laser energy was 1.35 eV, incident at 54°
GaAs substrate. The vertical dashed line deno_tes the expenment@spect toz (external to the sampleStokes photons are collected
transferredy; . Symbols correspond to the experimental points. Thegjongz. 9, was tuned for cavity optical double resonance slightly
short solid lines indicate the modes which are allowed to scatter duge|ow the LO peaks295 cm L. The two AlAs-cavity spectrétop

to parity. curves correspond to different spot positions on the wafer, i.e.,
selective enhancement of different Stokes regions. The same sym-
Thn+1 bols used to label the peaks are shown as experimental points in

Fig. 2. The amplitude of the spectra are normalized. A sketch of the

€ € cavity sample is shown as an inset.
L (l+ 2—” exp—qdy, (1— Z—H) exp—qdy, Y samp
_ n n
2 €1 €ns1 ' q; (small dots for the cavity structure described in Fig. 1
(1— < expyd, (1+ 6—) expgd, with, in addition, two 14-nm GaAs QW'sseparated by 3
n n

an

o] @

nm) embedded at the center of the AlAs spacer. This struc-
Where €y is the dielt_aqtric function .Of layen, _and d, its  served for each interface, contributing to two almost continu-
thickness. The coefficients of the firfl, e.g.,air) and last ous bands plus other clearly separated branthds.is
relation erostructure, i.e., the surfaces limiting the DBR’s, the DBR'’s
themselves, or the central QW'’s, by evaluating their associ-
2h)
(bo) =T tification purposes in Fig.)2is essentially correct for large
in-plane wave vectors. In a Raman-scattering experiment
matriced Eq. (6)] defined_ by the structure. By further noting q”s6><10‘4 cm~ L. For this relatively small value, the vi-
that, due to the localization of the potentialy andbo must  prations are not completely localized, but tend to be ex-
T..=0 ) will be shown below when discussing the experimental re-
2 sults. The so-called “finite-size” effects are apparent in the
interfacelike modes of the structure. Once the eigenfrequerrate modes related to surface states, each discrete curve in
cies are obtained, the potential at each layer can be calcthe DBR bands corresponds to a different quantized wave
(5) with the respective coefficients obtained by succesive apand the DBR’s period, respectively, for the upper DBR band
plication of the transfer matrix Eq6). Finally, the normal- g, ranges from the smallest value-{D) at the bottom to the
ations once the potential has been evaluated. that in an infinite layered structure the interface modes form
In Fig. 2 we show the calculated phonon dispersion in thewo continuous bands corresponding to <0q,< m/d.>?

(6)  ture is schematized in the inset of Fig. 3. One mode is ob-
(N, e.g.,substrate layers can hence be related by the closedpossible to relate these modes to specific regions in the het-
ated electrostatic potential. This assignmighiown for iden-
where T is simply the matrix product of té—1 transfer ith infrared light and for the geometry we will discuss,
be zero, we find the implicit equation tended throughout the structure. Examples of these potentials
which is solvable numerically for the eigenfrequencies of thephonon dispersion in Fig. 2. Besides the existence of sepa-
lated in terms of the normalization constdmt by using Eq.  vector alongz: if D andd are the total size of the structure
ization coefficient may be determined from energy considerfargest possible onen{/d) at the top. Note, for comparison,
GaAs range and as a function of the in-plane wave vectolThese bands, characteristic of layered media, reflect the
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strong anisotropy introduced by the boundary conditions on IV. RESULTS AND DISCUSSION

the Coulomb polarization fields. In fact, Fig. 2 shows that,
for the calculated structure, the LO-TO splitting reduces to . _ _
half its value for in-plane propagation. This can be under- We start by presenting data on GaAs-like optical-phonon
stood through a handwaving argument as follows: for ascattenng on both the AlAs and test-AlAs cavities. First we
GaAs-like vibration only the GaAs layers are polarized, leadJimit our discussion to the frequencies of the observed
ing for an in-plane longitudinal mode in a GaAs/AlAB0%/ modes, pointing out those features which derive from the

50% heterostructure to onlpalf the restoring electrostatic SO-called “finite-size effects.” Raman-scattering selection
force found in bulk. rules, in-plane dispersions, and folded acoustic-phonon scat-

tering will be discussed in following subsections.
In Fig. 3 we show Raman spectra of both the cavity and
lIl. SAMPLES AND EXPERIMENTAL SETUP test “AlAs” _sar_nples, for a crossed’ (x,y)z configuration
with an excitation energy of 1.35 eWvell below the QW
We have made a comprehensive study of phonon Ramagap ~1.385 e\). Although the inelastic-scattering signals

scattering in a series of molecular-beam-epitaxy-grown miare strongly amplified in the cavity samplever four orders
crocavities. Of these, we will present here results selected tof magnitude respect to the test samplewe found that
better highlight different aspects of the phonon spectra irRaman experiments must be performed below the QW gap in
these layered structures. Two groups of samples, comprisir@’der to avoid the exciton luminescence that is also enhanced
two cavities each, will be discussed. One cavity of the firstseveral orders of magnitude due to optical confinement. As
group (from now on “AlAs"-cavity),%° consists of a 20-pair usual, x(y) indicates incident(scattereyl light polarized
AlAs/GaAs bottom DBR grown on a GaAs substrate, fol-2long the crystal axi€1l00) [(010], andz a scattered photon
lowed by a half-wave AlAs spacer which constitutes thePropagating along. With z' we indicate light incident not
body of the cavity, and finally 13.5 pairs of GaAs/AlAs normal to the cavity but, for this case, at 5&ternal with

forming the top Bragg mirror. Two 12-nm-wide strained respect taz. The spectra in Fig. 3 were taken with the inci-

dent angle tuned for optical double-resonant Stokes scatter-
Ing 14Gag ggAs quantum wells are located at the center of the; :
0.14>80.861S 9 g by phonons of frequency slightly below that of the lon-

AlAs cavity, and separated by a center-to-center distance df9 bl . )
17 nm. For growth quality reasons, each quantum well i tudinal optical-phonon of GaAfL.0~295 cm 7). The

: ) . wo full-cavity spectra differ in their spot positions in the
enclosed on either side by a 1-nm-wide layer of GaAs. The ;
optical-field modifications and GaAs-like interface—phononWafer(O'06 mm apart one from the otheso that different

. ) : . N regions of the spectra are selectively amplifiesde Ref. 11
d|sperS|.on of this cavity ‘\‘/vere pres'(,anted n F!gs. 1 and 2. Fo]rm detaily. The latter enables a precise determination of the
comparison, a second “test-AlAs” sample identical to the

A il ) peak frequencies. The test sample spectrum was taken under
AlAs cavity but with its growth stopped just after the AIAs gyactly the same experimental conditions but due to the re-

spacef(i.e., without top DBR was also studied. duced scattering efficiendy:*> much longer integrations

A second group of microcavities was made with the aimyere required600 s, compared wit1 s for the cavity spec-
of clearly separating the contributions to the Raman spectrgg).
coming from spacer and DBR’s. Both a cavity structure The cavity spectra shown in Fig. 3 display a complex
(from now on a “MQW" cavity) (MQW is a multiple quan-  series of peaks, the relative amplitudes of which can be var-
tum well) and its partner test samplee., without the top ied by different enhancement conditions. Nevertheless, some
DBR, from now on “test-MQW" cavity were studied. The general conclusions can be drawn from the déjathe Ra-
spacer, of total thicknessa32, consists of 36 periods of man spectra appear between the LO and F272 cm 1)
GaAs/AlAs (70 A/30 A MQW, enclosed above by 25 peri- frequencies of bulk GaAs(i) two bands can be identified
ods and below by 28 periods of M4Ga, ¢AS/AlAs quarter-  according to their intensity, one very strong and delimited
wavelength layers acting as DBR’s. Again, the samples arabove by the LO phonon and below by a second peak at
grown on GaAs substrates. The layers thickness in all four=285 cm ! (see the solid circles and squares, respectively,
samples is largest at the center of the wafer and decreases by the upper spectrum of Fig.),3the other much weaker
~20% over the 1-in. radius of the wafer, enabling the tuningbetween the latter and the TO frequendyi;) the most in-
of the cavity mode by displacing radially the spot undertense peaks occur at the LO phonon and~&85 cm 1,
examination'! several smaller one@abeled with full triangles appearing

Raman scattering experiments were performed at 77 Khetween them; and finallyjv) scattering occurs principally
with a DILOR-XY800 multichannel Raman setup. For for the z'(x,y)z configuration.
Stokes scattering experiments the scattered radiation was The test sample spectrum, on the other hand, also displays
collected(with a f/2 aperturg along or close to the axis of a main peak located at the bulk-GaAs longitudinal-optical-
the cavity @), while the incident laser angle was correspond-phonon frequency, with, in addition, some smaller features at
ingly tuned for double optical resonanteAnti-Stokes ex-  lower energies ranging fron¥ 285 cm ! to the LO energy.
periments were also performed on the MQW cavity. In thisNote, however, that the Raman shifts of these secondary
case the incidence and collection anglasd also their pho- peaks arenot exactly the same for the two samples. Most
ton energies are reversed respect to the Stokes geometrynotably, the lower-frequency peak in the test sample spec-
Although the signals are less intense for the anti-Stokes castpum (labeled with a solid squareappears at an energy
we found it more convenient to derive in-plane dispersionslearly abovethat of the respective peak in the cavity struc-
under optical resonant conditions. ture.

A. Finite-size effects
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thickness of the cavity. For the full cavify is larger, hence

295 the minimumg, is smaller, and thus the corresponding mode
frequency is lower. Note that these modes, which propagate
almost normal ta (i.e., in plang, are usually not observable

_ 290 in a backscattering configuration.
5
2 285 B. Selection rules
‘é’ In Sec. IV A, we showed that the spectra observed in the
o 280 AlAs full and test cavities could be assigned to scattering by
38 interface modes of the whole layered finite structures, com-
= 075 prising both the DBR’s and QW'’s. To complete the picture,
the following scattering selection rules have to be justified:
(i) the observation of intense peaks originating only from the
270 ‘ upper DBR-band and QW modesii) the scattering by only
0 5 10 15 20 one out of every two full cavity DBR modef€iji) the access
k in-plane [10* cm] to in-plane propagating vibrations in a nearly backscattering

configuration; andiv) the relative intensity of the peaks: in

FIG. 4. Interface-phonon dispersigsmall dot$ as a function of  the full cavity the QW and the in-plane DBR mode are the
in-plane wave vectoq calculated for the test-AlAs cavity, i.e., a largest, those peaks at the center of the DBR band being
structure similar to the one represented in Fig. 2 Withouttop  relatively weaker. On the other hand, strong suppression oc-
DBR. The vertical dashed line denotes the experimental transferreglyrs for all DBR modes in the test structure.

g, - The experimental points are labeled, for clarity, as in Fig. 3. Point (i) above can be simply understood from symmetry
considerations. The modes in the upflewer) half of Figs.

In Figs. 2 and 4 we compare the calculated GaAs-like2 and 4 are mainly polarized aloizgq). Thus the observa-
interface-phonon dispersion of the two AlAs cavities with tion of intense scattering only between the bulk-LO fre-
the corresponding Raman spectra in Fig. 3. The same synguency and~285 cm * follows from the Raman selection
bols shown as experimental points over the dispersion curvesiles for deformation-potential-mediated scattering in crys-
are used to label the peaks to facilitate their identificationtals belonging to thé,4 point group which, forz' (x,y)z
There is essentially no fitting parameter: the calculated diseonfiguration, correspond ta-polarized B,(z) symmetry
persion curves depend only on the layers thickiessninal ~ phonons? It is well established, in fact, that deformation-
values were usedand the TO- and LO-phonon frequencies, potential  scattering dominates in off-resonance light-
here taken from the experiment but otherwise coincidenscattering experiments.
with literature values$! We describe the optical phonons of ~ The observation of only one every two modes within the
the 12-nm InGa; _,As QW'’s plus their 1-nm GaAs caps as upper DBR band of the AlAs cavity derives from optical-
those of 14-nm-thick GaAs slabs. In fact, due to a compenfield and phonon-modes symmetries. Since the light field dis-
sation of the effects of alloying and strain, the zone-centetribution is approximatelyevenwith respect to the center of
GaAs-like phonons of thin strained J6a;_,As layers the microcavity (see Fig. ], parity forbids deformation-
grown on GaAs resemble almost exactly those of G&AS.  potential-mediated scattering by modes wittid displace-
Note that the transferred in-plane wave vector, shown with anent distributiongalong z). In fact, consecutive values of
vertical dashed line in Figs. 2 and 4, is uniquely determined, correspond to modes of alternating parity. This is demon-
by the scattering configuration. strated in Fig. 5, where we show the calculated phonon po-

According to Figs. 2 and 4, we assign the main experitentials for some modes of a simplified “model” sample
mental peaks to scattering by the QW's, DBR-air surface angvith the same structure as the AlAs cavity but, for clarity, a
upper DBR-band modes. The experimental peaks within theeduced number of DBR layers. The phonon dispersion of
DBR band(full triangleg are reasonably well accounted for this cavity is also shown in Fig. 5 for identification purposes.
by theory(within 1 cm™?) if one every two modes scatter in Solid (dashedi curves were calculated fay=5(15)x 10*
the AIAs cavity, a requirement not present for the testctm™1. The electrostatic field accompanying a vibrati@m
sample. We will see below that this is a consequence of @quivalently its displacementan be derived from the po-
parity selection rule. A similar analysis will lead us to assigntentials shown: its component alory is directly propor-
the doublet of the cavity LO-like peafsolid circles on the tional to ¢(z), while thez component is proportional to its
upper spectrum in Fig.)3o the lower more dispersive QW derivative with respect ta, d¢(z)/dz, i.e., to the slope of
mode and to the DBR-air surface vibration. Besides the exthe curves in Fig. 5. Thus potentials which are even with
istence of this latter mode, and the discretization of the DBRespect to the cavity center correspond to odd
spectra due tay, quantization, finite-size effects provide a z-displacement distributions, and vice versa. For the repre-
straightforward explanation for the relative shift of the bot- sented model cavity, the top DBR band reduces to the modes
tommost mode in the upper DBR band of the two sampledabeled 1 and 2. The former, corresponding to the in-plane
(labeled with solid squargsin fact, the different frequencies propagating vibration of our structure, should be active,
of these modes is neatly derived in the calculated phonowhile the second mode should be strongly suppressed due to
dispersions. These modes correspond to the smallest quaparity. We note here that the continuum dielectric model
tizedqg,, which we recall is given byr/D, with D the total agrees well with the more sophisticated methods, for GaAs-
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02 00 02 04 06 5 (modes 6-11 Comparing Figs. 5 and 6 it follows that,
z [um] within the GaAs layers, the displacements are moatho-

larized for the upper DBR band, argl polarized for the

FIG. 5. Top: phonon-mode dispersion corresponding to a model,ower one. This justifies our previous affirmation that, for the
cavity similar to the one used in the experiments but, for clarity,Z’ (X,y)Z configuration, scattering occurs mostly from the
with a reduced number of DBR layers. Bottom: cavity phononupper GaAs-like DBR band. Figure 6 also shows that some
modes associated electrostatic potengiék). The dashed regions smaller z component also exists for displacements corre-
represent GaAs layers. The potential represented with soligponding to modes in the lower DBR band, as expected for
(dashedl curves corresponds iy =5(15)x 10* cm™™. q;#0.% This is most notable for the higher-energy branches

of the lower DBR band, thus explaining their observation as
like vibrations,only within the GaAs layerd®?°In fact, for ~ weaker features in our spectfsee the open triangles in the
GaAs-like modes, mechanical boundary conditions force atopmost spectrum in Fig.)3The energy of the first structure
almost zero displacement within the AlAs layers, somethingoelow the peak at=285 cm ! is well described by the cal-
not reproduced by the curves in Fig. 5. culated phonon dispersion. However, the other weaker peaks

In Fig. 5 we also present the electrostatic potentials assaio not agree well with the parity selection rule outlined
ciated with the QW’s mode§3 and 5 in Fig. 5, topand above.

DBR -air surface mode4 in Fig. 5, top. For gj=5X 104 A notable feature in the spectra of Fig. 3 is the observa-
cm~ ! modes(3) and (4) are almost degenerate, resulting in tion of strong scattering corresponding to the DBR mode
strong mixing. This mixing is lifted fog= 15X 10cm™!,a  with smallestq,, i.e., anin-plane propagating vibration,
value for which, in addition, much more localized and hencesomethinga priori in contradiction with the backscattering
purer “QW" and “surface” characters are appargisee the geometry. Indeed, in the full cavity spectra the latter is as
dashed curves in Fig.)5Due to the parity selection rule intense as the signal at the bulklike LO frequency. Note,
outlined above, it can be seen that the doublet structure at tHeowever, that, in a microcavity, photons are multiply re-
LO-phonon peakevident in the upper spectrum in Fig) 3 flected due to the DBR’s. Thus we can understand the ob-
cannotcome from the two upper QW modes, since the twoserved effect as due to forward-scattering processes which
have opposite parities, the lower one being energy activeare present for backscattering experiments performed on the
Consequently, the smaller peak in the doublet is likely to bdace normal taz in microcavity structures.

due to the “DBR-air surface mode” which, as is evident A detailed description of the relative intensity of each
from F|g 5, for the experimentally transfereg~5x 10 peak contributing to the spectfpoint (iv) abovd may only
cm™1 s fairly well extended throughout the cavity. be possible after a calculation of the respective Raman effi-

Contrary to the full cavity sample, all phonon modes inciencies is performed. However, some insight can be gained
the test half-structure scattesee Fig. 4 We can understand by analyzing the wave vector transfered in the scattering pro-
this if we recall that, for this structure, the photon field de-cess. In fact, although the wave vector component is not
cays exponentially in the bottom DBR, and hence no paritystrictly conserved due to the lack of full periodicityartial
selection rule holds. This exponential decay also explains theonservatioff may be expected for the DBR modes. The
attenuated scattering of the DBR features on the test sampteansferedq,, under this latter assumption, depends on
spectrum in Fig. 3. whether the process of excitations is through forward or
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backward scattering. For the formérjs mainly perpendicu-
Ia{5to z (i.e., q,~0), while for the latter it is mostly along
Z.

The Raman signal can thus be separated into two contri-
butions coming from forward and backward scattering, re-
spectively. Both couple to the QW’s modes, which are inde-
pendent ofg,, leading to scattering close to the bulk-LO
frequency &295 cm ). Concerning the DBR’s, forward
scattering couples to the bottommost branch of the upper
band (=285 cm 1, full square in Fig. 2, which corresponds
to a discretizedy,~0. The backscattering contribution, on
the other hand, may only be derived after some guess regard-
ing the magnitude ofj, is made.

If the scattering proceeds for GaAs-like vibrations mainly
at the GaAs layers, them,~ 27ngapas/ N, Wherengasis the
GaAs refractive index anl the laser wavelength in vacuum.
This should occur for deformation-potential-mediated scat- : ) . . ;
tering if the d|splace_ments are confined to the GaAs layers. 260 280 300 320
In this case, coupling should be more intense for those
modes with discretized), closest toq,~2mNgaad/ .28 TO Raman shift (cm")
decide which modes these are, one has simply to calculate
the interface-phonon dispersion for afinite DBR corre- FIG. 7. GaAs-like optical-phonon Raman spectra taken with the

sponding to thaty,. We find that this curve crosses the ex- 2 (x.)Z configuration for both the MQW cavity and testithout
perimentalq” at ~289 cm 1, where indeed the most intense top DBR) samples. The laser energy is 1.44 eV, incident at 52° with
secondary peaks are observed respect toz (external to the sampleStokes photons are collected

Note that in Ref. 11 we used an average refrective indeg/°"9% fo was tuned for cavity optical double resonance between
for the heterostructure, i.e., we considered the scattering pr(g-e LO peak=295 cm* and that at=287 cm . The two MQW-

.cavity spectrgtop curve$ correspond to different spot positions on
cess extended throughout both GaAs and AlAs layers. In thl§ne wafer, i.e., selective enhancement of different Stokes regions. A

case, by conﬁructi_on, for the .Ca.ViT[y double resonances . sketch of the cavity sample is shown as an inset.
exactly 27/d,” which for an infinite layered structure is
equivalent to zerd.Thus, if an “average medium” picture
applies, the backscattering contribution should coincide wittffan be more easily performed. Furthermore, as we will dis-
that coming from forward scattering, i.e., scattering shouldcuss in Sec. IV D, scattering by folded acoustic phonons can
occur for the mode at 285 cm L. Within this approach one be also studied.

has to find another explanation for the observation of the In Fig. 7 we show GaAs-like optical-phonon spectra taken
secondary peaks between the LO frequency an@85  With laser excitation at 1.44 eWvell below the MQW gap,
cm L. The most natural explanation relies on assumipg ~1.6 eV) and an incidence angle of 52the collection, as
partial nonconservation due to the lack of full periodicty. before, was done along). As for the previously described
However,q, nonconservation should lead in this case to asamples, these spectra were only observed under a crossed
distribution of wave vectors centeredgt=0, and thus the Z'(X,y)z configuration. We show spectra for both the test
spectral weight should be displaced toward the lower part ofample and the full cavity structure, the latter taken at two

the DBR’s upper band, in contradiciton with the experiment slightly different spot positionghence selectively enhancing
different parts of the spectralTwo regions can be differen-

tiated, one(always strongerbetween the GaAs bulklike LO
frequency (295 cm?) and~287 cm !, where clear peaks
The geometrical conditions required for optical doubleappear, and a second broader and almost featureless between
resonance in planar microcavities can be attained under &282 and~272 cm 1. We will demonstrate below that the
continuum of collection andcorrespondingly fixedinci-  former is mainly due to MQW vibrations, while the latter
dence angles. Thus the transferred wave vegjocan be corresponds to AlGa; ,As phonons in the DBR’s. The
varied, giving access to part of the excitations’ in-plane dis?MQW contribution to the spectra consists basically on two
persion. In this subsection we present a study of the phonolarge peaks, labeled in Fig. 7 with solid circles and squares,
dispersion performed on the second group of samples de&espectively, with in addition some secondary features. This
scribed in Sec. Ill, i.e., the MQW and test-MQW cavities. resembles the results on the AlAs cavigee Fig. 3, where
Besides providing a complementary test of our mode assigragain two peaks, one at the LO frequency and the other
ment, these samples are comparatively sim@ed interest- corresponding to an in-plane propagating mode, dominated
ing) in that the GaAs-like phonon modes related to thethe spectra. As for the AlAs cavities, the spectral position of
DBR’s (made of AlAs and an AlGa;_,As alloy) are spec- the lower energy pealull squares in Fig. Ydoes not coin-
trally shifted from those of the material making the spacercide for the cavity and test samples, being clearly shifted
that is, the GaAs/AlAs MQW. Being the spacer completelytoward larger frequencies for the half-structure.
filled by the active material, the Raman signals are also more In Figs. 8 and 9 we present the calculated interface pho-
intense and thus experiments in the half-cavity test structureson dispersion for these two structures. As before, there are

microcavity

Amplitude (arb. units)

microcavity

no top DBR

C. In-plane dispersion
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FIG. 8. Calculated MOW v h interf FIG. 9. Calculated test-MQW sample interface-phonon disper-
- 8. Calculate QW-cavity heterostructure interface- sion (small dot$ as a function of in-plane wave vectoyj. The

phonon dispersiotsmall dot3 as a function of in-plane wave vec- vertical dashed line denotes the experimental transfeyjedrhe

]'Eor q(”j' Thfle_hvertlcal dashidlllne deno';es tt:ebe:(pr(]erlmental_ trants-ame symbols are used to label the experimental points and the
erred qy. The same symbols are used to label the experimen orresponding peaks in Figs. 7 and 10.

points and the corresponding peaks in Fig. 7.

no fitting parameters: the GaAs, &ba; ,As, and AlAs  the higher-energy side of the full cavity in-plane interface
phonon frequencies are taken from the Iiteraﬁir&r_nd nomi-  mode(labeled with a solid trianglemay be assigned to the
nal layer thicknesses are useq. For the (;aAs-hke modes prward dispersing moddiv) Finally, the weak structures
the AlgsfGageAs alloy making the mirrors, we used appearing for the MQW full cavity between the LO and in-
LOa,ca ,As=282.5 cmi* and TOy ga as=268 CM . plane modes, and below the lattepen circles in Figs. 7 and
The phonon dispersions can be understood basically as &, cannot be accounted for by the simple dielectric con-
superposition of the separate contributions of the DBR’s andinuum model discussed here. These two small structures
the MQW. Each contributes a top and a bottom band otould be due to higher-order MQW confined modes. In fact,
discretized modes going from their LO and TO frequenciesfor the relatively thin layers making the MQW, the dielectric
respectively, to approximately the midfrequency betweercontinuum model well describes the anisotropic behavior of
them. However, two distinct features signal some couplinghe first-order confined mod&, but fails to include the
between these two types of vibrations, originating in thehigher-order confined vibrations which can only be properly
long-range character of the Coulomb interaction and on théescribed by also considering mechanical boundary condi-
fact that the optical modes of the MQW and DBR’s a@  tons and the wave-vector dependence of the bulk-phonon
completely separated in energy. First, the bottommost modeispersion®
of the upper MQW band strongly shifts in the half-cavity as In the AlAs cavities described above, the in-plane propa-
compared to the full one. The fact that this mode is not equadjating vibration corresponds to a DBR mode which is con-
for the two samples where the MQW is exactly the samesequently strongly attenuated in the test sample spectra. This
indicates that the smallest quantizgd is not only deter- contrasts with the MQW sample presented here: the observed
mined by the thickness of the MQW, but is also influencedin-plane interface mode is mostly a MQW vibration, thus
by the presence of the DBR’s surrounding it. Second, anexplaining its large amplitude even in the half-structure. This
related to the same delocalization of interface vibrations, dact, together with the relative simplicity of the spectra, make
mode in the LO-like MQW spectral region developswm  the MQW cavities good candidates to study in-plane disper-
ward dispersion with increasing; . An effect similar to the sions. In Fig. 10 we show spectra for the test-MQW half-
latter was already reported in Ref. 36. cavity taken with different incident angles and collection
Experimental points taken from Fig. 7 are shown for com-along z. The LO-frequency vibration stays dispersionless,
parison together with the calculated dispersions in Figs. &hile the contrary holds for the in-plane mode. These data
and 9. For clarity, the same symbols are used to label thare plotted in Fig. 9 together with the calculated dispersions:
peaks in all figures. The following conclusions can be drawnexcellent accord with theory is found.
() Scattering occurs principally at the upper MQW and DBR  The study of in-plane dispersions for the full cavity is,
bands, as expected from deformation-potential-mediatedowever, somewhat more complicated in that the high fi-
scattering by phonons d@,(z) symmetry®® (i) The finite-  nesse of the structure requires a precise tuning of both exci-
size effect determining the smallegt provides a natural tation and collection angles to observe any sidhale
explanation for(and quantitatively reproduceshe differ-  found that this was most conveniently done in an anti-Stokes
ence of frequency of the in-plane propagating modes in theonfiguration. For the latter, light is collected at a large
two studied structuredull squares. (iii ) The weaker peak at angle, and the possible excitations directions, according to
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at different angles ;) to vary the transfered);. The lines are
guides to the eye.

FIG. 11. MQW-cavity folded-acoustidFA)-phonon Raman
spectra taken with parallel configuration. The laser energy is 1.44
eV, incident at 20° respect w(external to the samplefor optical
double resonance at the first FA-phonon doublet. Stokes photons
Eg. (1), define a cone of smaller angle around tha@xis. are collected along. The spectra correspond to several spot posi-
Hence, two differenq”’s can be easily probed on incidence tion on the wafer, i.e., different optical-resonance detunings. Exact
at two symmetric directions close to tleaxis. In this way double resonance is obtained when the cavity mode aduigible
we followed theqH dependence of the two larger peaks in thein the figure due to residual luminesceheceincides with the FA-
spectra, represented with full squares in Fig. 8 together witphonon Stokes energy. Notedmubling of the usual FA-phonon
the calculated curves. Again the results are very well acdoublet, signaling the presence of both forward-scattering and back-
counted for by theory, supporting our assignment. We recaffcattering processes due to multiple reflections at the DBR’s. The
that in-plane vibrations in cavity structures are accessibl&XPerimental peaks are compared in the inset with the calculated
through forward-scattering processes allowed by the prednode dispersionsi corresponds to the MQW's period.
ence of the mirrors. In fact, as shown in Fig. 10, the simple
inclusion of the bottom mirror is an interesting alternativeresonance of these high-finesse cavities. This double reso-
to study in-plane dispersions and forward-scatteringhance corresponds to the position in the wafer for which the
processes’ cavity mode(observable in Fig. 11 due to residual lumines-
cence coincides with the folded acousti€¢FA)-phonon
Stokes energy. By displacing only some tenths of a milli-
meter away the spot position, the FA-phonon signal becomes

Before finishing the presentation of our data, let us brieflyunobservable. We note also that, under the same experimen-
discuss folded acoustic-phonon scattering performed in th&al conditions(laser power, wavelength, temperature, and ge-
MQW-cavity structure. Although somewhat different to the ometry), we were not able to observe any scattering by
interface optical vibrations described up to here, these resulfelded acoustic phonons in a @m-thick MQW directly
provide a complementary demonstration of the existence ajrown on GaAs, i.e. without DBR mirrors.
forward-scattering processes in backscattering geometries The observation of Raman scattering §y0 acoustic
performed in cavity structures. Furthermore, they provide ammodes in MQW'’s derives from the folding of the phonon
example of easily recognizable excitations which can balispersions introduced by the layering generated reduction of
used to monitor the field distribution in these photonic structhe Brillouin zone. Thus the position of these Raman peaks
tures. depends only on the MQW'’s period. In general, doublets are

In Fig. 11, we show MQW-cavity spectra taken for dif- observed and not single peaks, due to the opening of gaps at
ferent spot positiongi.e., different cavity detuningsand  zone center and eddéMost interestingly, Fig. 11 shows that
with an incidence angle~20°) appropriate for a double in a microcavity these typical folded-acoustic-phonon dou-
resonance at the first folded acoustic-phonon pair. The anblets are themselvedoubled The observed doubling can be
plifying capabilities of a microcavity, already demonstratedeasily understood as due to the differepts transferred in
for optical vibrations in Ref. 11, are shown: the largest scatbackscattering and forward-scattering processes. A quantita-
tering efficiency is obtained on tuning to an optical doubletive check of this assignement is given in the inset of Fig. 11,

D. Folded acoustic-phonon scattering
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where the peak positions are compared with the calculatedulation of the Raman spectra may provide valuable infor-

folded-acoustic-phonon dispersion. mation regarding the field distribution within these photonic
structures. A proper cavity design, e.g., by using different
V. CONCLUSIONS materials in the mirrors and spacer, or by looking at specific

) ) excitations as, for example, folded acoustic phonons, can

We have presented a detailed and comprehensive study gfso be exploited for this purpose. Finally, a doubling of the
phonon Raman scattering in semiconductor planar microfg|ded-acoustic-phonon doublet in a MQW embedded micro-
cavities. GaAs-like optical-phonon scattering originatingcavity was observed, signaling the presence of forward scat-

from the “interface-phonon™ band of these layered struc-tering in addition to backscattering processes in cavity struc-
tures was reported. These modes are discretized by finite-sizges.

effects, leading to complex spectra with several peaks. Be-
sides the symmetry-based Raman selection rules that predict
scattering only frone-polarized vibrations, we have shown
that a parity selection rule exists which forbids the coupling We are pleased to aknowledge I. Abram, J. I. Bloch, G.
of modes with odd(respect to the center of the cayity Le Roux, J. Y. Marzin, J. L. Oudar, and R. Planel for nu-
z-displacement distribution. By varying the incidence andmerous helpful discussions. Special thanks are also due to P.
collection angles, the vibration's in-plane dispersion wasEtchegoin(Cavendish Lab., Cambridge, U. Kor valuable
also derived. The energies of the observed modes can be welbmments on the manuscript, and to V. Thierry-Mieg for
accounted for by a continuum dielectric model. The variougproviding us the samples used in this work. A.F. thanks the
peaks in the spectra correspond to phonons characterized Bonsejo Nacional de Investigaciones Ciéiodis y Te&nicas
displacements with different spatial distribution. Thus a cal-de la Repblica Argentina for support.
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