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Level-broadening effects on the inelastic light-scattering spectrum
due to coupled plasmon-phonon modes i®-doped semiconductors
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The Raman scattering intensity éfdoped semiconductors is evaluated. The dynamical response of the
multisubband two-dimensional electron system which is coupled to optical phonons is calculated within the
random-phase approximation. Our calculation shows that both intrasubband and intersubband plasmon modes
are strongly coupled to optical-phonon modes. Level broadening due to high impurity concentration modifies
the inelastic light scattering spectrum significantly. However, a few scattering peaks corresponding to phonon-
like modes can be observed even at large broadep8@163-182@08)04304-3

I. INTRODUCTION ] ,
|(kz,q,w)=f dzf dz' e 'kiz=2)
Inelastic light(Raman scattering has been used exten-
sively to investigate novel aspects of the electronic structure X[—Im{ep(w)x(q,0,2,2")}], (1)
zngtgr?llf_%t'\l'ne E:ﬁ;tiigﬁgié?oﬁw\;\%?i?;'ol';'aalbsaenrg'Ceoxr;?eurﬁfrwherekz is the z component of wave vector of the incident
y L o P X 'light and q is the electron wave vector transfer in tRg
collective excitations due to charge-density fluctuations an

single-particle excitations related to spin density fluctuation lane. In Eq.(1), the polarization of the background polar
gie-p . P y .~ _semiconductor is modeled by a frequency-dependent dielec-
have been observédn polar semiconductors, the collective

excitations due to charge-density fluctuations of the electrort'1nc function ey() determined by the longitudinale(.o)

gas can be modified by their coupling to |ongitudina|-optica|?0’}|‘l ransver S"l"i'f;“égoz,o‘;’rﬁ’]‘_'ca"phonon frequencies, with the
(LO) phonons as shown in light scattering experiméfi€ g simp :

In 5-doped polar semiconductors, such as &ioped 02 w2
GaAs, the plasmon-phonon coupling is quite pronounced and en(w)=1+ o o )
essentially important because the electron density is high and w’— w$o+ iwny

also because the energy separation between different sub- . .
bands is close to the optical-phonon enetgie quasi-two- where we have introduced a phenomenological paramgter

dimensional electron ga$)2DEG) in a s-doped semicon- to incorporate the phonon damping associated to possible

ductor is formed by a highly doped impurity layer. Since thed€fects in the crystalline structure.

electrons share the same spatial region with the ionized do- The _den5|ty-den5|ty correlanrp((q,w,_z,z ) Of. the
nors, they are strongly scattered by the impurities. ConseQZDEG is calculated as an expansion in single-particle wave

quently, the scattering reduces not only the electrodUnctions¥n(2), as
mobility’® but also broadens the optical spectrum. The

present work is intended to describe theoretically the light x(q,0,2,2")= 2 Xnn' mmv (4, ©) ¥n(2)
scattering spectrum due to coupled plasmon-phonon modes nn’,mm’

in the Sid -doped GaAs system based on a self-consistent ' )

calculation of the subband structure and the dielectric many- X (D) ¥m(Z) e (21), ©
body theory within the random-phase approximatiBfA). where n,m=1,2,3..., are the subband indices. The

This paper stresses the broadening effects on the light spedensity-density correlation functiop,n mny (4, ) is related
trum and predicts the scattering peaks which can be detected the dielectric functiore,, mq (9, @) through the equation
experimentally. In Sec. Il, we develop the dielectric formal-

ism that is used to evaluate the plasmon-phonon spectrum B

and the inelastic light-scattering intensity. Section Il is de- IE €itrnn (4, @) X1 m (0, @) = (0, 0) Symnrme,
voted to a discussion of the calculation results and in Sec. IV (4)

we summarize our main conclusions. ) R ) )
with the polarizability of the noninteracting electron gas

Il. THEORETICAL FORMALISM given by
We have derived the inelastic light scattering cross sec- fo [ Enr(K+ )= fal Eq(K)]
. = (g, 0)=22, — -~ :
tion due to coupled plasmon-phonon modes imaltisub- nn ~ E (K —E(R+% ;
: . k En(k+q)—En(k)+7i(w+iy)
band Q2DEG embedded into a polar semiconductor. The
inelastic light scattering intensity is related to the dynamicaHere f,(E) is the Fermi-Dirac function, the electron energy
structure factor and can be written as is given by E,(k)=E,+#2%k?/2m*, m* being the electron
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effective mass, ang is a phenomenological damping con-
stant which takes into account the level broadening mainly
induced by scattering of electrons by impurity centers. In the
casey=0, Ster! was the first to give an analytical expres-
sion forIl,,(g,w). In general, the damping constantfor

- N=2x10"cm” , :

the phonon system is much smaller that the damping con- === = |
stant of electrons and, due to the high impurity concentration ayy (.0

in the 5-doped system, we can safely takeas a positive 0
infinitesimal in reliable calculatons. | o=l N N .

It is well known that the polarizabilities from both elec- an
tron and phonon systems are additive in the RPA so that 2
when both the electron-electron and the electron-phonon in- & 6 )AL k
teractions are included we can write the total dielectric func- £ as
tion as —

1,2)

enn’,mm’(qaw) = eb(w) SnmOn’m’
_Uann’,mm’(q)Hmm/(qlw)r (6)

whereuq=2we2/ €,.q is the 2D Fourier transform of the bare
electron-electron interaction, withe,, being the high-
frequency dielectric constant of the background. Finally
Fon'.mnv(Q) is the Coulomb form factor which results from
the spreading of the electron wave in thelirection and is
given by

Fonmm (0)= Jiwdzwn(z) ¥ (2) FIG. 1. The inelastic light scattering intensity due to plasmon
(thin solid curveg and coupled plasmon-phonon modesjat0.1,
S , S 1, 3, 6, 10, and 1410° cm™* in Si 5-doped GaAs withN,=
X ﬂcdz Ym(Z) Y (2') € - 2% 10" cm~2. The thick solid and dotted curves indicate the re-
sults withy=0.5 and 6 meV, respectively. The scattering peaks due
Note that by setting,(»)=1 in Eq.(6), the dielectric func- to different plasmon modes are labeled lyr()). Note the change
tion of the Q2DEG in the RPA, without considering the in spectra scales: the intensity for=6 meV is enlarged 3 times.
electron-phonon interaction, is easily recovered.

Equationg(1)—(6) describe the inelastic light scattering by without phonons, and the thick solid curves are the results
charge density fluctuations of the coupled plasmon LOwth the inclusion of the plasmon-phonon coupling. The ver-
phonon modes in a multisubband system. It is worth noticingjca| dotted lines indicate the frequencies of TO and LO

that the light scattering intensity, given by E@), is propor- phononsf w o= 36.25 meV and wyo=33.29 meV, respec-
tional to the product ok(q,w,z,2') andey(w). As a conse- ively

guence, one important feature is that the scattering intensity Th

is zero atw=wo. This Is a signature of a charge-density ., iy exhibits a rich peak structure corresponding to ex-
fluctuation mechanism because, @t w o, there are no .. .. .
. : . citation modes which are denoted by, ) . We can ob-
free-electron density fluctuations in the coupled plasmon : . .
LO-phonon system. serve in the thin curves of Fig. 1, the peaks at small wave
vectors related to the intrasubband mod2<) and (1,1),
with very weak intensity, and the intersubband mo@&8),

lll. NUMERICAL RESULTS AND DISCUSSION (1,2, and(1,3). With increasingg, the peaks of the modes

As in our previous work&® we consider a Sis-doped (2,2 and (1,3 disappear, while the peak corresponding to
GaAs structure with a doping layer in they plane with  the(1,1) mode becomes pronounced and survives at lgrge
thicknessWp=10 A. The background acceptor concentra-When the plasmon-phonon coupling is considered, a com-
tion in the sample is taken to bey=10" cm~3, In Fig. 1,  parison of the two scattering spectra shows that the reso-
the inelastic light intensity is indicated by solid curves, for nance frequencies below o are redshifted while those
different g’s, ranging from 16 to 1.4<1° cm™%, in the  abovew o are blueshifted. More essentially, new coupled
system where the electron densig=2x102cm~2 and  modes, which are denoted bg,n)’, arise aroundo, o due
vy=0.5 meV. In this situation, two subbands whose subbando the plasmon-phonon coupling. At smal we can see
Fermi energies ar&g;=50.41 meV andEg,=11.24 meV clearly a phononlike mode in the reststrahlen region of GaAs
are occupied. The energy separations between subband paivkich comes from the phonon-coupling of the intersubband
(Enn=E—E,) are E;»=39.17 meV,E5=55.38 meV, mode (1,2). At large g, the intrasubband modél,1) is
andE,3;=16.19 meV. In the calculation, we have included astrongly coupled to the phonons.
third unoccupied subband. The thin solid curves show the Now, we investigate the effect of the impurity scattering
scattering intensity due to plasmon modes of the Q2DEGon the light spectrum, which is described by the broadening

e Raman spectrum in the absence of plasmon-phonon
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FIG. 2. The dispersion relations of the plasm@hick dotted q=5x10 cm

curves and coupled plasmon-phondthick-solid curvey modes
with y=0 in the system oN,=2x 10'2cm~2. The open and solid
circles indicate the peak positions in the scattering spectrum due to

coupled plasmon-phonon modes wi=0.5 and 6 meV, respec-
tively. The shaded area corresponds to the pair-excitation region

(Landau damping

width +y related to the electron subband quantum lifetime or
the single-particle relaxation time. From our previous
works 1 the subband quantum mobility varies from about
500 cnt/Vs (the lowest subband with energy of 24 meld c
4000 cn?/Vs (the third subband with energy of 3 mg\The

dotted curves in Fig. 1 represent the scattering intensity with
y=6 meV. As expected, some of the peaks are merged. The b g a
scattering peak of the intrasubband mode (‘1.d3annot be M

4
|

a

g

Intensity

a
1
a

observed at smalf. Also, those peaks corresponding to the

intrasubband mode (2,2) and to the intersubband (1,3) dis- 2 N

appear. However, the broadening does not affect consider- } f N N,=2x10%om”

ably the phononlike modes, e.g., the peak (1)@rated at a ; ; :

little higher thanwrg . 0.0 20.0 40.0 60.0 80.0 100.0
In order to clarify the scattering spectra, we have calcu- ® (meV)

lated the dispersion relations of the plasmon and coupled F|G. 3. The scattering spectra with=1.5 meV (thin curves
plasmon-phonon modes. F@r=0, the dispersion relation of and y=10 meV (thick curves at (a) q=5x10* cm~* and (b) q

the collective excitations can be obtained ffom =5X10° cm™?! for the systems of different electron densitids
=2, 4, 6, 8, and 18 10*? cm~2. The scattering peaks due to dif-
deﬂ Enn’,mm/(q’w” =0. 7 ferent plasmon-phonon modes are labelealanda’ (1,1); a; and

Figure 2 shows the plasmon dispersitiiick-dotted curves ~ a1° (1,2 8! (1,2); a5 (1,4); by andb; : (2,3); b, andb;: (2,4);

and coupled plasmon-phonon modésick-solid curvey €1 (34

within the three-band model. The shaded area shows the

single-particle  spin-density excitation regime wherehigh electron density in the lowest subband, the unperturbed
Im IT,,,,#0. It can be seen that the dispersion of the unperplasmon mod€1,1) crosses over the LO-phonon frequency
turbed plasmon moded4,1) and(2,2) develops a loop in the and the electron-phonon interaction leads to a splitting of this
o —(q plane. There are two frequencies, for a giggmut the  mode. The electron-phonon coupling also alters the intersub-
lower branch is in the region where Iy, ,#0 and the cor- band mode1,2) by inducing a shift to higher frequency and
responding modes are strongly Landau damped. Due to thenother phononlike mode (1,2)arises betweenwto and
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w_o. The results obtained from the peak positions of theband mode(1,1) becomes the most important one, as is
scattering spectrum with=0.5 and 6 meV are indicated by shown in Fig. 8b). For the lower electron densiti}.=
open and solid circles in Fig. 2, respectively. From the spec2X 102 cm™2, we can see two peaksanda’ correspond-
trum with y=0.5 meV, we observe all the plasmon-phononing to the coupled intrasubband plasmon-phonon niade.
modes in the region where I}, ,=0. From the above re- For intermediate densities, the peakrom the (1,9 mode
sults, we conclude thati) each mode if,m) is Landau mixes with the pealb; from the (2,3) mode which domi-
damped only in the region where Ibb, ,#0, (ii) the scat- nates the scattering around this frequency. Also, the (2,3)
tering peak coming from the intrasubband or intersubban@nd (3,4) modes merge into the lower peak (1,1). For the
mode vanishes slowly when it enters into its own single-higher electron density, the peak belawg is mainly due to
particle continuum region, andi) the scattering intensity of the (1,1) mode, while the other one abavg, comes from
the intrasubband modes is almost zero at smadhd it in-  the (2,3 mode.

creases with increasing. Conversely, the intersubband
modes exhibit the most intensity at smalland it decreases
with increasingg. For larger broadeningy=6 meV, only
three peaks can be observed at smallhese are related to
the plasmonlike mod€&,3) and the coupled plasmon-phonon
modes(1,2) and (1.2). At large q, these peaks disappear,
but the intrasubband plasmon-phonon mdatig) becomes

IV. CONCLUSIONS

We have investigated the inelastic light scattering due to
coupled plasmon-phonamodes in amultisubbandQ2DEG
realized in5-doped semiconductors. Our study stressed the
broadening effectsinduced by impurity scatteringon the
relevant. When we further increase the calculated scatter- Raman spectrum and we have calculated the overal| features

of the spectrum which could be observed in realistic experi-

ing spectrum remains similar to the structure j6£ 6 meV. N )
Finally we discuss the electron density dependence of th@enta_l situations. I_:or Sm‘f"" broaden!ng, we have found a
very rich structure in the light scattering spectrum. All the

light scattering spectrum for two wave vectors and two level-

. - . . o eaks due to different intra- and intersubband modes can be
?;)Ozdjg'gglg'dgrf; f '%l:]r(;a (?E))shqolvg ;hfosRim"iq '?(t)?nilt'es agbserved. At smaldj, the intersubband modes have the larg-
e

—2468 and 18 102cm-2 . The thin and thick curves are est scattering strength. But the scattering due to the intrasub-
the,rés’ulis fory=1.5 and y:' 10 meV, respectively. With band modes of the lowest sub_band_becomes very pronounced
increasing electron.density, tme=2, 3, ,and 4 subbaﬁds be- for largeq. For Iarge_ broaden_lng \.N'dths’ which corresponds
gin to be occupied = 0.93, 2.67, and 8.33102 cm 2, closely to the experimental S|tuat|on, most of the modes are
respectively. FoN=10 cm 2, four subbands are occu- strongly damped. Only.a few scattering peaks clearly observ-
pied. Then the contribution from the=4 subband becomes f’:\ble with a large full Wl.dth at half maximum. However, the
prominent. In the calculation, we now have to consider influence of the damping is not very pronounced for the

four-subband model. In Fig.(8), we see that the intrasub- %hononlike modes which are close to the LO-phonon fre-

band scattering is very weak. For=1.5 meV, we can ob- quency. FoN,=2x 10" cm ", the phononlike mode from

serve the scattering peaks due to the coupled intersubbart1r<]je intersubband1,2) can be seen clearly at smajl For

s . large g, only the intrasubband modd,l) is relevant. For
plasn.wn.-phon(.)n rnodes. Ia,bleleddny (1_'2)’ al: (,1j2) ’ a’f‘: high electron density systems, the phonon-like mode from
(1,3);a5: (1,4);01: (2,3);01 2 (2,3)'; D21 (2,4);b3: (24)') jntersubband2,3) becomes important at smajl We hope

and c,: (3,4). The scattering due to intersubband modes,r results will provide useful information and stimulate fur-
from two adjacent subbands, such as (1,2) and (2,3), is Sigper experimental study.

nificant. For high electron density,= 10" cm~2, the inter-
subband mode (3,4) also becomes pronounced. When
=10 meV, most scattering peaks merge together and the
scattering spectrum assumes a simple structure with a few This work was partially sponsored by the Conselho Na-
broad peaks. However, the scattering peaks due to theional de Desenvolvimento Cigfito e Tecnolgico (CNPg
phononlike modes, which are closedgg, are not strongly and the Funda@ de Amparo aPesquisa do Estado deda
affected. Fog=5x10° cm™ 1, the peak from the intrasub- Paulo(FAPESB. G.Q.H. was supported by CNRBrazil).
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