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Influence of crystal-potential fluctuations on Raman spectra of coupled plasmeA_O-phonon
modes in disordered systems
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The effect of the structural disorder in the Raman scattering of the coupled plasmon—LO phonon modes was
studied in doped AlGa, _,As alloys and in doped GaAs/AlAs superlattices. It was observed that the asymme-
try in the Raman lines, caused by this effect, is opposite to that observed for the optical phonons. This fact is
explained by the differences in the dispersion curves of the optical phonons and plasmons—a negative disper-
sion for the phonons and a positive one for the plasmons. The analysis of the Raman line shapes by means of
a Gaussian spatial correlation function allowed us to obtain the localization lengths for the LO phonons and for
the plasmons in the alloys and in the superlattices; the dispersions of the coupled plasmon—LO-phonon modes
were studied and an evidence for a metal-dielectric transition occurring in superlattices when the lowest
miniband is completely occupied was fouri§0163-182628)08239-3

I. INTRODUCTION were doped with Si in order to obtain free electron concen-
trations in the range (1-%)10' cm™3. Al ,Ga, gAs alloys
Fluctuations of the crystal potential destroy its transla-1 um thick were deposited o1G100-oriented GaAs sub-
tional invariance and, as a consequence, a breakdown of thgrates(GaAs,,(AlAs), superlatticegwith 20 periods were
Raman selection rules occurs, leading to the broadening arlso grown on(100) GaAs substrates. The superlattices were
asymmetry of the Raman lines. This effect was found toprepared with ultrathin AlAs barrier® ML thick) in order
determine the shapes of the optical-phonon Raman lines itv allow the occurrence of vertical motion of electrons
microcrystalline semiconductor materialand in semicon-  through the superlattices and, therefore, to study the super-
ductor alloys?* moreover, the violation of the coherency of lattice plasmongthe plasmons polarized normal to the lay-
the elementary collective excitatiofighonons or plasmois erg. Backscattering unpolarized Raman spectra were per-
leads to localization effects. However, to our knowledge, arformed at T=8 K with a Jobin-Yvon double-grating
analysis of the influence of the crystal potential fluctuationsspectrometer supplied with an usual photocounting system;
on the plasmon Raman lines has not yet been done. the 5145-A line of an Af laser was utilized for excitation.
The volume where the collective excitations are localized

is determined by a spatial localization lendth; this length

can serve as a parameter characterizing the microscopic na- Il. THEORY

ture of the crystal potential fluctuations. Then a study of

phonons in disordered materials will give us a possibility to ~ As is well known, in doped semiconductors free electrons

characterize the structural quality, while plasmons, in addi€lectrically couple with the LO phonons, producing coupled

tion, will provide us with information about the influence of plasmon—LO-phonon modes. In the, Bl _,As alloy and

the crystal potential fluctuations on the electron transport. in (GaAs),(AlAs), superlattices, two types of LO phonons
In this paper we study the effect of the crystal-potentialare distinguished: GaAs-like and AlAs-like. The interaction

fluctuations on the plasmon—LO-phonon Raman scattering inf these phonons with free electrons produces two coupled

doped AlGa _,As alloys and in doped (GaAgAIAs),,su-  optical modesw; and w, ; the first one is due to the cou-

perlattices(n andm are the thicknesses of the correspondingpling of the GaAs-like LO phonons with electrons, while the

layers expressed in monolaygr8oth the systems under second one originates from the AlAs-like LO phonons. In

consideration reveal fluctuations of the crystal potentialaddition, the low-frequency acousticlike™ coupled mode

caused either by the random alloy potential or by the disorappears in the frequency range below the frequency of the

dered character of the interface between the GaAs and AlA&aAs-like TO phonon.

layers in superlattices. Moreover, the fluctuations of the im- Both the deformation potenti@dDP) and the Fralich in-

purity potential contribute to both systems as well. teraction (FI) mechanisms are responsible for the Raman
The samples were grown by molecular-beam epitaxy, andcattering by the coupled plasmon—LO-phonon modes. In
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this case the scattering efficiency close toEheesonance is T LO(GaAs) ' ' e
given b? 120 AIo 2Gao43AS'S|
7R fd3 (@)-fsda)l = () g
~ = : m—-, 5 100 |
e q g/(q)-Tsdq (q, ) =
whereg,(q) is the function which takes into consideration é g0l
the enhancement of the Raman efficiency when the excita- <
tion laser has an energy close to the critical point (this g
function is different for DP and Fl), fe(q)=[4n/(q> T gl

+q§)]2 is the screening correlation functighereqq is the
screening wave vectprande(q, w) is the dielectric function
which includes contributions due to both optical phonons 40 ' 3(')0 ' 4(')0 ' 500
and plasmons.

According to Ref. 1, the relaxation of the conservation of
the crystal momentum caused by the crystal potential fluc- £ 1. The Raman spectrum of the doped, Ma,,As alloy
tuations can be taken into account by introducing a Gaussiagjth an electron density=1x 108 cm ™2 measured at =8 K.
spatial correlation function exp@R?L?), which yields

Wave number m’™)

We assumed an isotropic spatial correlation and a spheri-

&R N_f &g g,(q)- folQ)exd — q°L? im 1 cal Brillouin zone in alloys. Superlattices present anisotropic
INIw r s 4 e(q,mw)’ systems with the electron energy defined as
2
hZq?
Without lost of generality, far from resonance, the Raman B(Q.02)= 5 F E(qy), (6)
Il

intensity can be written in a phenomenological form
whereq; andq, are the electron momenta parallel and per-
L2 d’q endicular to the layers, respectively.
l(w>~Jfaq>exp(—q ) P ihe layers, respectvey. -
s 4 | [w—w(q)]?+(T/2)% In such anisotropic systems there is no way to take into
(3 account the screening effects correctly. Therefore, in super-
) ) ) ) _ lattices we used the isotropic approximati@ where all the
Wh_erew(q) |s_the d_|sper5|o_n of the relevant collective exci- parameters have a meaning of values averaged over direc-
tations, and” is their damping constant. tions. Thus the average dispersion of plasmons was calcu-
We used the dispersions of the optical LO phonons f0lj5teq according to Eq(5) with the average effective mass
bulk Al,Ga,—xAs in the form m-t=%1(2m, *+m; ), where the electron effective mass
-~ 2 in-plane of the layersn, was taken to be equal to the effec-
©(Q)=wLo(1-AgY), @ tive mass of electrons in bulk GaAsn&0.068,), while
where w o is the frequency of the longitudinal-optical the effective mass normal to the layens was calculated by
phonons. This formula gives a good approximation of thethe envelope function approximation as has been done in
experimental dafa with A(GaAs)=0.18@a/27)? and Ref. 6.

A(AIAs) =0.05(@/27)?, wherea is the lattice constant. In the case of thick enough barriers when quantum wells
The dispersion of the p|asm0ns was taken in the randomgfe well iSOIated, the Only contribution to the Raman inten-
phase approximation sity is due to the plasmons polarized in plane of the layers

(which become active in the backscattering configuration due
vE\? X to the electron scatteripgtherefore, the problem becomes a
w—> as| (5  two-dimensional one and can be easily solved with an appro-
P priate modification of Eq(3) and with the two-dimensional
wherew,= (47e?n/m)*?is the plasma frequency, ang is ~ screening correlation functiénfs{(q)=[1/(q+qp)], with
the Fermi velocity. go=29,/a* whereg, is a valley degeneracy factor which
At the electron densities relevant to the samples undegives the number of equivalent energy bands, ahds the
investigation,w,~ w o ; then, the dispersion of the coupled effective Bohr radius.
plasmon—LO-phonon modes is almost completely deter-
mined by the dispersion of plasmons, which is much stronger ||, EXPERIMENTAL RESULTS AND DISCUSSION
than that of the LO phonons.
As it is seen from Eq(3), the dispersion of collective =~ The Raman spectra of one of the doped A& gAs al-
excitationsw(q) and the value of the localization length  10ys is shown in Fig. 1. The two lines assigned«$ and
are responsible for an asymmetry of the Raman line. It folw, are the GaAs and AlAs-like coupled modes, respectively.
lows from Eqs.(3)—(5) that the asymmetry of the plasmon— In addition, the TO and LO GaAs-like phonons of the alloy
LO-phonon Raman line should be opposite to that of the LOvere observed at 266 and 286 thnrespectively. The un-
phonon; this is explained by the different dispersions of thecoupled LO phonon is seen because of the surface depletion
optical phonons and plasmons—a negative dispersion for tHayer.
LO phonons and a positive one for the plasmons. The Raman spectra measured in the spectral range of the
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superlattice with an electron density= 1 X 10'® cm™3 measured at
FIG. 2. The Raman spectra of doped,Xba gAs alloys with  T=8K.
different electron densities measured’at8 K in the spectral range
of AlAs-like optical phonons: intrinsic alloya), n=1x10'cm™  |argest part of the available plasmon states contribute to the
(b), andn=2x10"* cm™3 (c). Raman scattering.
Results similar to those obtained in the doped

AlAs-like LO phonon in the samples with different electron AloG&gAS  alloys were observed in the doped
densities are presented in Fig. 2. The asymmetry of the LOG@A917/AIAs), superlattices, where Raman lines corre-
Raman line observed in the intrinsic alléfig. 2@] was SPonding to the coupled plasmon—LO-phonon modes re-
found similar to that observed in fGa_,As alloys? The vealed the same kl_nd of asymmetry caused by the dispersion
coupling of the LO phonons with the plasmons in the dopeQOf the plasmons. Figure 3 displays the Raman spectrum of a

alloy causes a blueshift of the Raman line, and, in additiondOped (GaAg,AAlAs), superlattice with the electron con-

B — 8 _3 - -
drastically changes its shape—the asymmetry of the Ramatentratlonn 1>10°% cm'>. Again, as in the alloys, the two

line becomes opposite to that due to the LO phonons. @oupled modesGaAs and AlAs-likg were observed, both

; . . revealing an inverted asymmetry as compared to the one
As mgntloned above, different asymmetnes of the I'O'found for the optical phonon line. Additionally, due to a
phonon line and of the coupled mode line are caused by thGeier structural quality of the superlattices in comparison

different dispersions of the LO phonqns and plasmons. Thgiih the alloys, the low-frequency~ coupled mode was
Raman spectra calculated by E@) with Egs. (4) and(5)  gpserved as well. The LO-phonon line of the GaAs layers
reveal a good fitting to the experimental results with theyas found as a sharp line at 296 thas in the case of the
values of the localization lengthis depicted in Fig. 2. In  doped alloys, it appears to be due to the surface depletion
order to calculate the screening correlation function in tha@ayer. The TO phonon of the AlAs barriefand probably the
doped alloy, we used the Thomas-Fermi screening radius asD phonon as well, appearing by the same reason as the LO
the value ofgg. phonon of the GaAs layersvas found around 370 cm.

If the localization lengthL is small enough, then collec- The Raman spectra measured in superlattices with different
tive excitations in a broad interval of their dispersions will be electron densities are shown in Fig. 4. The spectrum in Fig.
involved in the Raman scattering. In this case the width of4(a) corresponds to the sample with a partially occupied low-
the asymmetrical Raman line is determined by the dispersioastI’ miniband, while those in Figs.(d) and 4c) were mea-
of the relevant collective excitations. Our results show thasured in the samples with completely filled lowdsmini-
the phonon states from almost the whole Brillouin zone conbands, when the Fermi level is located close to the top of the
tribute to the Raman scattering in the intrinsiqgABaygAs  miniband or even in a minigagsee calculations presented
alloy because the half-width of the asymmetrical LO-phonorfor similar samples in Ref.)6 The strong decrease of the
line (=14 cm ) is almost equal to the dispersion of the localization lengthL, found when the Fermi level enters a
AlAs-like LO phonon(=~20 cm'%). minigap, reflects the localization of electrons and serves as

The situation is somewhat different in the doped alloyevidence of the metal-dielectric transition which takes place
where, as is well known, the dispersion of the plasmons isvith an increase of the electron density in superlattices. Two
well defined until a critical value of the wave numbey, effects can be responsible for this localization: the formation
while the plasmons withg>q. decay into single-particle of one-dimensional conducting channels in superlattices due
electron excitation3.In the samples studied, the estimativesto the fluctuations of the electron potenfiaand the “reen-
give g.=3x 10 and 3.6<10° cm ! in the alloys with the trant localization” found to occur for the electron states at
electron concentrations=1x10'® and 2x10® cm™3, re-  the top of a miniband.
spectively; this yields totals dispersions of the plasmons of The percentage of states of the total plasmon dispersion
=46 and=75 cm ! in the corresponding samples, while the involved in the Raman scattering of the doped superlattices
half-widths of the asymmetrical plasmon—LO-phonon linescan be estimated from the following data: in the superlattices
are about 40 and 50 cm, respectively. This means that the with the electron concentrationsx110*®, 3x10'® and 5.6
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FIG. 4. The Raman spectra of dop@8aAs,/(AlAs), superlat-
tices with different electron densities measuredTat8 K in the
spectral range of AlAs-like optical phonons=1x 10 cm™2 (a),
n=3x10"® cm2 (b), andn=5.6x 10" cm™2 (c).

% 10'® cm ™3 the calculated widths of the plasmon disper-
sions are 50, 112, and 175 ch respectively, while the

corresponding half-widths of the plasmon—LO-phonon lines The financial support from CNPq, FAPESP, and CAPES
are 7.5, 52, and 130 cm. Therefore, while in the lower
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doped superlattice only a small part of the plasmon disper-
sion is involved, in the highly doped samples the situation is
similar to that of the alloys—almost all the available plas-
mon states contribute to the Raman process. This shows the
importance of the impurity potential fluctuations in doped
superlattices.

It is worth mentioning that different localization lengths
were observed in the superlattice where the Raman spectrum
reveals well-defined GaAs and AlAs-like coupled modes
(Fig. 3. We obtained.~89 and 362 A for the GaAs-like
(w7) and AlAs-like (w, ) coupled modes, respectively. It is
evident that the atomic vibrations contributing to the coupled
modes are responsible for this difference. Therefore, in spite
of the fact that the dispersions of the coupled modes are
determined mostly by the plasmons, the phonon origin influ-
ences their localization lengths.

IV. CONCLUSIONS

The influence of a structural disorder on coupled
plasmon—-LO-phonon modes was studied in doped
Al,Ga _,As alloys and in doped (GaAg)AlAs) ., superlat-
tices. A relaxation of the momentum selection rules due to
the breakdown in the crystal ordering was observed. This
effect allows a large interval of the plasmon density of states
to be involved in the Raman scattering. The analysis of the
experimental results made it possible to determine the local-
ization lengths of the carriers in the samples under investi-
gation, and, thus, to estimate the range of the plasmon dis-
persion active in the Raman process; it further reveals the
evidence of a metal-dielectric transition occurring in super-
lattices when the lowest miniband is completely filled.
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