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Two-dimensional (2D) and three-dimensional (3D) behavior of electron gas (plasmons) in selec-
tively doped GaAs/Al„Ga, „As multiple-quantum-well (MQW} structures have been studied in de-

tail ~ith the use of Raman scattering, utilizing coupled plasmon-LO-phonon modes as an indica-
tion of the dimensionality of the plasmons. Raman scattering ~as measured at room temperature
for two types of the MQW structures in which each well is either doped or modulation doped with

electrons. Two Raman modes are observed besides the LO-phonon peaks in the spectra, and the
modes are assigned to the intersubband quasi-2D plasmons coupled with LO phonons due to the
dependence of the peak frequencies on the mell thickness and the electron density. Charge transfer
from the Al„Ga, ,As barriers into the wells in the modulation-doped MQW structure is estab-
lished by comparing the Raman spectrum of the MQW structure with that of the thick
Al„Gal „As reference layer with the same Al content and doping density as those of barriers.
Also, transition from quasi-2D to 3D character of the plasmons with decreasing barrier thickness is
discussed on the shifts of the frequencies of the coupled intersubband-plasmon-LO-phonon modes
to those of the coupled 3D-plasmon-LO-phonon modes.

I. INTRODUCTION

There has been increased interest in the physical prop-
erties of the electron system which is confined at the sin-
gle interface of heterojunctions and in the potential well
of layered heterojunctions. The discrete energy levels are
formed by the quantization effects of the confining wells
in these systems because of the band-gap discontinuities
between the two difkrent materials. ' The confined elec-
trons are in quantized levels for motion along the direc-
tion perpendicular to the heterojunction but are free to
move in a plane parallel to the heterointerface. The be-
havior of the electrons is similar to that of an idealized
two-dimensional (2D} electron gas (plasmons}. ~ The
quasi-20 electron gas has been extensively studied in the
modulation-doped GaAs/Al„Ga, ,As superlattice sys-
tem because of the possibility of achieving very high mo-
bility. In the modulation-doped system, the charge
carriers are transferred from the donors of the selectively
doped Al„Ga& „As layers into the energetically lower
conduction band of the GaAs layers, giving rise to a de-
pletion of the electrons in the Al„Ga& „As layers and to
accumulation in the GaAs layers. The electron mobility
can be increased by the reduced ionized impurity scatter-
ing due to the spatial separation of the ionized donors
and the mobile electrons.

Experimental studies of the quasi-20 plasmons have
been carried out by means of transport, magnetic trans-
port, ' and optical measurements such as far-infrared ab-
sorption and light scattering. ' ' Among these
methods, inelastic light scattering is useful for the investi-
gation of the elementary excitations as a spectroscopic
tool. Surstein, Pinczuk, and Mills' have theoretically
discussed inelastic light scattering by charge carrier exci-

tations in 2D plasmas, and have pointed out the high sen-
sitivity of resonant inelastic light scattering for the single
particle and collective charge excitations of the layered
plasmas. Their predictions were conlirmed experimental-
ly by the observation of light scattering from intrasub-
band and intersubband plasmons at GaAs/Al„Ga, „As
heterostructures. "'

As is well known, plasmons are coupled to
longitudinal-optical (LO} phonons in polar semiconduc-
tors. '~ The coupling between three-dimensional (3D)
plasmons and LO phonons has been studied by Raman
scattering in ZnS-type binary alloys such as n-ty~pe GaAs
(Ref. 15), n-type Inp (Ref. 16), and p-type GaAs. ~ 's The
3D-plasmon —LO-phonon coupling has also been mea-
sured in the mixed crystals of n-type Al„Ga, ,As (Refs.
19 and 20) and p-type Al„Ga, „As (Ref. 18). In degen-
erate binary semiconductors, two coupled 30-
plasmon-LO-phonon modes denoted by I.+ participate
in the Raman scattering. ' The third Raman line denot-
ed by 1.0 has been observed in the above ternary mixed
crystals. ' The frequencies and dampings of the cou-
pled modes depend on the carrier concentration, wave
vector, and the alloy composition for the mixed crystals.

The coupling between intersubband plasmons and LO
phonons has been found in the low-temperature polarized
spectra of GaAs/Al„Ga, „As heterostructures with lay-
ered electron gas, which were measured by resonant
inelastic-light scattering. "' ' ' In the measurements,
the excitation photon energy was close to the energy sep-
aration between the spin-orbit spht valence band and the
lowest conduction band at the I point. In the depolar-
ized spectra, a peak due to spin-Nip single-particle inter-
subband excitation has been observed. "' In addition,
intrasubband quasi-20 plasmon hke the idealized 20
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plasmon has also been observed in the spectra with the
excitation energy close to the lowest conduction-band en-

ergy 24

As mentioned above, inelastic light scattering is a ver-
satile method for the investigation of electron gas at
semiconductor interfaces. The behavior of 2D plasmons
is quite difFerent from that of 3D plasmons. ' ' ' Using
the experimental results of 3D plasmons in Al„boa, „As
and quasi-2D plasmons in GaAs, it is possible to analyze
the behavior of electron gas in the GaAs/Al, Gai „As
layered structures.

In this paper, we study in detail the coupled
intersubband-plasmon-LO-phonon modes in doped and
modulation-doped GaAs/Al„Ga, „As multiple-
quantum-well (MQW) structures by Raman scattering at
room temperature. The assignment to the coupled modes
is performed on the peak frequencies in the spectra from
the MQW structures with difi'erent well thicknesses and
electron densities. By comparing these results with Ra-
man spectra from a thick n-type Al, Ga, ,As layer,
charge transfer from doped Al„Ga, „As barriers into
undoped GaAs wells is demonstrated spectroscopically.
In addition, transition of the dimensionality of the
plasmons by reducing the barrier thickness is investigated
using the doped MQW structures with difi'erently
separated wells. Since the intersubband plasmons can
propagate along the heterointerfaces via the long-range
Coulomb interaction alone, the plasmons are strongly
damped for the propagation. 6 We have successfully ob-
served the coupled intersubband-plasmon-LO-phonon
modes in the room-temperature Raman spectra by em-
ploying heavily doped MQW structures.

This paper is organized as follows. In the next section
the experimental procedure is described. In Sec. III we
analyze the coupled intersubband-plasmon-LO-phonon
modes. In Sec. IV experimental results are presented and
discussed. We conclude in Sec. V by summarizing our re-
sults.

II. EXPERIMENT

The GaAs/Al„Ga, „As MQW structures were grown
on Cr-doped (001) semi-insulating GaAs substrates by
molecular-beam epitaxy using a Varian MBE GEN II
system. The system provides multilayer structures with
weH-de6ned layers ranging from as thin as a few mono-
layers to as thick as hundreds of angstroms. The excel-
lent uniformity in layer thickness, doping, and aHoy com-
position over a large ares is reproducibly obtainable by
precisely controlling beam Auxes and rotating the sub-
strate holder.

The MQW structures were accompanied with the thick
Si-doped n-type GaAs and AI„Ga, „As layers named
reference layers to estimate the electron densities and the
alloy compositions in the MQW structures. An -0.5-
pm-thick undoped GaAs buN'er layer was first grown on
the substrate. After a 1.0-1.S-pm-thick Si-doped n-type
Al„Ga, „As reference layer, an -0.5-pm-thick Si-doped
n-type GaAs reference layer, a 1.0-1.5-pm-thick un-
doped Al„Ga, „As layer, and 0.3-0.5-pm-thick MQW
structures were successively grown at a substrate temper-

ature of 700-730'C. Two types of selectively doped
MQW structures were constructed. One is the doped
MQW in which wells are selectively doped with Si. The
other is the modulation-doped MQW in which barriers
are selectively doped with Si. The well thickness (Lz)
ranges from 110 to 150 A., and the barrier thickness (L~ )

ranges from 10 to 70 A. In order to obtain an unchanged
Al content in the Al„Gai „As barrier and reference lay-
ers, and keep the doping density in the MQW and the
reference layers at constant the temperatures of Ga, As,
Al, and Si sources were fixed during growth. The Al con-
tent was 0.2-0.3, and the doping density was
2g 10"-4X10"cm-'.

The Raman experiments have been performed in the
usual backscattering con5guration at room temperature.
The 488.0- and 514.5-nm lines of a Spectra Physics model
164 Ar-ion laser were used as exciting light sources. The
results presented are those obtained with the 514.5-nm
line (0.2-0.3 W). The diameter of the laser beam on the
samples was focused to about 200 JMm. The scattered
light was analyzed with a Jobin-Ybon RAMANOR U-
1000 double monochromator with a resolution of 0.4
cm ', and detected by a cooled RCA 6aAs
photocathode-type photomultiplier equipped with
photon-counting electronics. The detected counts were
stored in a Tracor Northern TN-1710 multichannel
analyzer with typical integration time of 0.4 s and then
recorded on an X-Fplotter.

III. THEORY

The frequencies of the coupled intersubband-
plasmon-LO-phonon modes in a selectively doped MQW
heterostructure are determined by the zero of the real
part of the dielectric function. '3 ~" The coupled modes
between different wells interact through the Coulomb
force. If we assume that only the ground subband is oc-
cupied by electrons, as is usually the case experimentally,
and consider only the transition between the first excited
subband and the ground subband, the dielectric function
of the MQW structure is described in the following
form i

co& 6
e(co)=e„+

1 —co /cd& co —cooi

where e, is the transverse-optical (TO) -phonon frequen-
cy, e„ is the high-frequency dielectric constant,
eo ——co&/aP, is the static dielectric constant (co& is the LO-
phonon frequency), coo, is the subband splitting between
the first excited subband and the ground subband, and co'
is the efFective plasma frequency. In Eq. (1),

2/$g 6)OI
cop = Vo)

fi

where Vo& is the Coulomb interaction for the ground and
the Srst excited subbands between dilerent quantum
wells, and n, is the electron density in each quantum well.

For small in-plane and in5rute normal components of
the wave vector in which layering efFects dominate,
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Intersubband excitations are shifted to higher energies
because of depolarization eFects. ' The shifted excita-
tions are given by

where Lo, is the Coulomb integral of the wave functions
of the ground and the erst excited subbands, Zo& is the
dipole matrix element, and qt and q~ are the in-plane and
normal components of the wave vector, respectively. ~

From the condition e(co) =0, we obtain the frequencies of
the coupled modes Iz.

Alo 2Gao sAs MQW structures with a constant

n, =1g10' cm as a function of ~0,. In the calcula-
tion, Lo, is roughly approximated to depend linearly on

Lz with the relation of Lo, -0.11Lz (A). With in-

creasing coo, , the I+ mode shifts from the I.O-phonon
frequency position to the higher frequency side and the
I mode approaches the I.O-phonon frequency position
from the lower-frequency side, crossing the coo, value at
co, . At large subband splitting, co;+ -~'. '

The n, dependence of ~;+ is classi5ed into three re-
gimes: the large subband splitting regime (coo, & col ), the
intermediate subband splitting regime (co, &coo, &col),
and the small subband splitting regime (coo, & co, ). Figure
2 shows how co;+ and coo& change with increasing n, for
GaAs/Alo2Gao sAs MQW with coo& ——15, 35, and 40
meV. In the regime coo, co&(=36 meV), the I+ mode
shifts from coo, to the higher-frequency side, the I mode
shifts from ~I to co„and ~, -coo& in the wide range of n, .
In the regime eo, (=33 meV)&coo, &co&, the I+ mode
starts from ~I for the higher frequency side, the I mode
shifts from coo, to co„and co; -coo, in the limit of small

n, and ~;+-coo& in the limit of large n, . In the regime

coo, & co„ the I mode shifts for the higher frequency side
from uo, to co„and coo, approaches cu;+ from co;

~42 ~2 +~42

Equations (2) and (4) indicate that co;z depend on both
coo& and co~, i.e., well thickness and electron density.

Figure 1 shows the calculated ro;~ in GaAs/
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FIG. 1. Calculated shifts of the frequencies co;+ of the cou-
pled intersubband-plasmon-X. O-phonon modes I~ in a
GaAs/A)0 zGao, As MQW structure (Lz ——200 A and

n, =1X10' cm ) as a function of the subband splitting ~0&.
The emective plasmon frequency ~~ and the depolarization Seld
subband sphtting co~ are also given. The frequencies of the LO
and TG phonons in GaAs are denoted by col and u„respective-
ly.
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FIG. 2. The dependence of the calculated frequencies ~;~ of
the coupled intersubband-plasmon-LO-phonon modes in a
GaAs/Ala tGao sAs MQW structure {Lz——200 A} on the elec-
tron density n, . The subband splitting u» is classified into three
regions: mo& ~~I, m, ~coo& &coI, and coo& ~m, .
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A. Coupled intersehhand-ylssmon-I. O-IIhonon Inodes

Figure 3(a) shows the Raman spectrum from an un-

doped GaAs/AlozqGaosoAs MQW heterostructure (I.z
—150 A, I.s-50 A). Above five periods in the MQW
structure are excited by the incident laser light with the
penetration depth of -1000 A. Three LO-phonon peaks,
one denoted LO at 291 cm ' and two others denoted
GaAs-LO at 282 cm ' and AlAs-LO at 373 cm ', are
observed in the undoped sample. The LO represents the
LO phonons of pure GaAs, the GaAs-LO and the A1As-
LO represent two branches of the LO phonons of
Alo 2Gao sAs. In contrast, two additional peaks denoted
Iz appear in the spectrum from the doped
GaAs/Alo zGao sAs structure (n, -3X 10' cm 2) in Fig.
3(b}. The value of n, was estimated from I.z and the car-
rier concentration n in the thick n-type GaAs reference
layer, where n was determined by the frequencies of the
coupled 30-plasmon-LO-phonon modes. ' The I+
mode (625 cm ') at the higher frequency side is broad
and weak, and the I mode (273 cm ') at the lower fre-

quency side is close to the peak of GaAs-like LO phonons
of Ale zGaosAs (Ref. 33), as seen in Fig. 3(b). The I+
modes are also observed in the modulation-doped MQW
structure. Figures 4(a) and 4(b) show the Raman spectra

GQASIAg 0poGog 80As MQ%'

(Lg l5OA, La 5OA l

from an undoped and a modulation-doped GaAs/
Alo z7Gao 73As MQW structure (I.z -130 A, I-~ -70 A),
respectively. The features of the I+ (745 ctn '}and I
(276 cm ') modes in Fig. 4(b) are very similar to those in
Fig. 3(b).

The comparison of the spectra of the selectively doped
MQW [Figs. 3(b) and 4(b)] with those of the undoped
MQW [Figs. 3(a) and 4(a)] indicates that the I+ modes
are induced by the degenerate quasi-2D carriers in the
GaAs we11s. Figure S shows the Raman spectra from a
modulation-doped MQW structure excited by two
different laser lines. The sample is the same as the one
used for Fig. 4(b). When the wavelength of the excitation
line is changed from S14.5 to 488.0 nm, the frequencies of
the I+ and I modes shift to the higher frequency side
by 8 and 0.8 cm ', respectively, and the damping of the
I+ mode increases from —130 to —150 cm '. This
wave-vector-dependent behavior leads to an interpreta-
tion of the I+ modes as the two branches of the coupled
quasi-2D-plasmon- LO-phonon modes. Furthermore,
it is noted that the I mode in Figs. 3(b) and 4(b) exists
at the position between the LO (291 cm ') and TO (268
cm '} phonons. The frequency position is forbidden for
the coupled 2D-plasmon-LO-phonon modes with a
smaller wave vector, ' ' ' but it is allowed for the cou-
pled intersubband-plasmon-LO-phonon modes in the
wells with the subband splitting coo, larger than co„as
shown in Fig. 2. The splitting energies for Figs. 3(b) and
4(b) are evaluated to be 374 and 477 cm ', respectively,
and these values are larger than co, . Accordingly, the I
mode is assigned to the lower branch of the coupled
intersubband-plasmon- LO-phonon modes. The I+
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the second-order phonon. modes.

GQAs~ASo. gyG00.ypAs MQVV

( Lz-13OA, La-7OA)

Uhcloped
As

-LO
A&As-LO

( I I

300 280
J3

h

900 800
(0)

M

IsJI-

l I I l I I

7'00 600 500400 300 200

GoAs-LO

moou(otion oopeo gt LO &

{ns-3xio' urn )

I~

AlAs- LO

H ! ~oe zeo a601,

I I I I I I I

900 800 700 600 500 400 300 200

FREQUENCY SHIFT (cm-~)

FIG. 4. Raman spectra of {a) undoped and (1) modulation-
doped GaAs/Alo, 7Gao 7,As MQW structures with Lz —130 A
and L -70 A.



37 BEHAVIOR OF ELECTRON GAS IN SELECTIVELY DOPED. . .

rnodulatiOn doped

GOAs/Ak 02y600ypAs MON

(Lz-i&OA, Ls -roh)
(n -3x10~2c.rn 2)

H

i AEAs-LO

514.5nrn

daPed 6aAslAZasd6aasaAs MOW

(I3s-3xlo cm, Ls-5OA )
LO~

LO

0
Lz -15OA

A/As-LO

48S.Onm

I I

900 SOO 700 600 5QQ 400 300
(o)

GOAs-LO )
!

UJ

(MK& 280 280

U I

1QQQ 900 800 760 600 500400 KQ 2QQ

(o)
GOAs-t 0

R' 6aAs-LO
LLj

Lz -&)OS

I+
xr

LoI

300 2SO 260

310 300 290 280270 280 250 240
(b)

FREQUENCY SHIFT (cmi)

I I I I

1000 900 800 700600 500 400 300 200
(b)

FREQUENCY SHIFT (cmi)
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wavelengths (A, ). The spectra are shown in (a) the high-

frequency and (b) the low-frequency ranges. The sample is the
same as that for Fig. 4(b).

FIG. 6. Raman sPcctfa of doPcd GaAS/Alp pGap IpAs MQW
structures with (a) Lz-150 A and (b) -110 . I.z and n, are
Sxed at -50 A and -3X10'2 cm, respectively. The sample
with J.z -150A is the same as that for Fig. 3(b).

mode corresponds to the upper branch of the coupled
modes. The LO-phonon peaks in Figs. 3(b), 4(b), and 5
originate from the depletion layers.

In order to confirm the above-described assignment to
the coupled mode, we have examined dependence of the
I+ modes on both the subband sphtting a3ot and the elec-
tron density n„which is analyzed in Sec. III. coat

changes sensitively with Iz. The spectra of two different

MQW structures with selectively doped —1SO-A- and
—110-A-thick wells are compared in Fig. 6. L and n,
are fixed at -50 A and -3X 10' cm, respectively, for
the two structures. The sample with Lz —150 A is the
same as that is used for Fig. 3(b), and it is also used for
Fig. 7, as described below. Figure 6 shows also the ex-
panded spectra for the neighborhood of the LO phonons
of GRAs and Alo 2Gao SAs. Thc Ig modes for Lz —150
A are clearly observed with a distinct separation from the
A1As-like and the GaAs-like LO-phonon peaks, respec-
tively, while for Lz-110 A the I+ mode weakens and
the I mode appears as a shoulder close to the GaAs-like
LO phonons. Changes in the frequencies of the coupled
modes are apparent, as shown in Fig. 6. %'hen I.& de-
creases from 150 to 110 A, the I+ mode shifts markedly
to the higher-frequency side by 215 crn ' from 630 to
845 cm ', and the I mode shifts by 6 cm ' from 273 to
279 cm '. The measured frequency shifts to the higher-
frequency side with decreasing well thickness, i.e., in-

clcas1ng subband spllttlng, arc agreement %1th thc results
predicted theoretically in Fig. 1.

As illustrated in Figs. 2, m,. increases with n, in the
MQW structures with a given a3at &ro„but on the con-
trary ro; decreases with increasing n, in the MQW
structures with coo& pea, . Figure 7 shows the spectra of
doped GaAs/Ala zoGaa soAs MQW structures with
different n, (3X10' and 5X10' cm ) and a fixed di-
mension of Lz —1SO A and Ls-50 A. The value of
-370 cm ' is larger than ro, . The I+ modes shift to the
higher-frequency side from 625 to 711 cm ' with increas-
ing n, . In contrast, the I mode shifts to the lower-
frequency side from 273 to 270 cm ', and appears clearly
at n, -5 X 10Iz cm z [Fig. 7(b)]. Thus, the change in n,
agrees well with the theoretical predictions.

Above experimental data confirm that the two addi-
tional modes denoted I+ in the Raman spectra of doped
and modulation-doped GaAs/Al„Ga, „As MQW struc-
tures with high electron densities are the coupled
intcrsubband-plasmon-LO-phonon modes. In the fol-
lowing sections, these results are applied to study the
charge transfer from barriers into wells and the transition
of dimensionahty of e1ectron gas with decreasing barrier
thickness in the GaAs/Al„Ga, „As MQW structures.

S. Charge transfer from barriers into wells

The potential barrier at the interface between GaAs
and Al„Ga, „As layers occurs mainly in the conduction
band, and therefore the bottom of the conduction band in
the GaAs layer is lower energetically than the shallow
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donor state in the Al„Ga( „As layer. ' Such an energy
diff'erence causes a transfer of charge carriers from the
shallow donors of the barriers into the wells in a
modulation-doped GaAS/Al, Ga, „As MQW structure.
As a result, the barriers are depleted and the electrons are
accumulated in the wells. The 2D character of the accu-
mulated electrons are demonstrated by Shubnikov-de
Haas measurements. ' In this section, we analyze spec-
troscopically the charge transfer using the above Raman
results.

Figures 8(a) and 8(b) show the Raman spectra of a
modulation-doped GaAS/Alp 27Gap 13AS MQW (Lz
—130 A and Ls -71 A) and a 1.5-)(zm-thick Si-doPed n

type Alpz7Gap73As reference layer, respectively. The
spectra in the frequency range below 500 cm ' are en-
larged in Fig. 9. Since the MQW and the reference layer
were grown successively on the same substrate under the
6xed beam Auxes of Al, Cira, As, and Si during growth,
the Al content and Si doping density are the same as
thoSC 111 thC Alp 37Gap 73AS rCfCrCllcC layCr. In Flg. 8(a)
the coupled intersubband-plasmon-IG-phonon modes
I+ are observed at 745 and 276 cm ', respectively, be-
sides the LO-phonon peaks, as identified in the above sec-
tion. On the other hand, in Fig. 8(b) three additional
peaks denoted I.+ ahd L,o are observed besides the two
LO-phonon branches of Alo z&Gao 73As. The frequencies
of the I.O-phonon peaks of Al„Ga, „As are coincident
in Fig. 8, showing the same alloy composition of the bar-
riers and the reference layer. The frequency of the broad
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FIG. 8. Raman spectra of a modulation-doped
GSAS/Aio z7Geo q3As MQW structure (Lz —130 A, and Ls -70
A) and a n-tyPC Alo z7Gao qzAs reference layer. The MQW and
n type -AIo»Geo»AS reference layer are doped with the same Si
doping density (n-2X10" cm '}. The arrows denoted I.~
and I.o represent the coupled 30-plasmon-LO-phonon modes.

L+ mode is much higher than that of the A1As-like LO
phonons (377 cm '), and the frequencies of the sharper
L p and L modes are close to those of A1As-like (360
cm ') and GaAs-like TO (266 cm ') phonons. These
characteristics lead to the assignment of the L+ and Lp
modes to the three branches of the coupled 3D-
plasmon-I. O-phonon modes. ' ' The carrier concentra-
tion in the reference layer is determined to be -2X10'
cm from the peak frequency of the L+ mode. Al-

though the barriers have the same Si doping density as
that in the Alp 31Gap 73AS reference layer, the L+ and Lp
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I )LQ
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terence foyer
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FIG. 9. Spectra in Fig. 8 are expanded for the frequency
range belo~ 400 cm
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FIG. 11. Spectra in Fig. 10 are expanded for the frequency
range below 500 cm

modes vanish completely in the spectrum of the MQW
structure, as shown in Figs. 8(a) and 9. If the electrons in
the barriers partly transfer into the wells, and the elec-
trons remain in the barriers, the coupled modes should
shift to the lower-frequency side. ' ' However, no indi-
cations of the three branches of the coupled 3D-
plasmon-LO-phonon modes were observed in the fre-
quency range below 500 cm '. This means that the elec-
trons are transferred from the Si donors in the barriers
into the wells with the complete depletion of the barriers,
and the accumulated electrons exhibit the 2D character.

The other example of the charge transfer is shown in
Figs. 10 and 11. The spectrum of the -1.0-)um-thick
Alo 2)Gao»AS reference layer shows clearly the Lz and

Lo modes. On the other hand, for the modulation-doped

When the separation between the adjacent wells is very
small, the wave functions of electrons overlap between
the welh, resulting in the formation of broad energy in-
stead of quantum states. For the small separation be-
tween wells, the behavior of plasmons becomes effectively
three-dimensional. 3 The transition from quasi-2D to 3D
behavior of the plasmons is expected to be observed in
the Raman spectra as the change in the frequencies of the
coupled plasmon-LO-phonon modes.

Figure 12 shows the Raman spectra of two types of
doPcd GaAs/Alo 2pGao soAs MQW structures with
Lz-100 A and differen barrier thickness (Ls-10 A
and -SO A), and of a 0.5-pm-thick Si-doped n-type
GaAs reference layer. The spectra in the lower-
frequency range in Fig. 12(a) are enlarged in Fig. 12(b).
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FIG. 12. (a) Remen spectra of a doped GaAS/AID 2oGS0 ~s
MQW structure (Lz —150 A) with Le —50 A and & 10 A, and
an n-type GaAs reference layer. The two MQW structures and
the n-type Gahs reference layer are doped with the same Si
doping density (n -2X10' cm ). (b) Expanded spectra for
the lower-frequency range of Fig. 12I,'a).

MQW structure, the coupled 3D-plasmon-LO-phonon
IIlodcs va11lsll a11d IIlstcad thc Ig IIlodcs appeal, as showII
in Figs. 10(a) and 11. The broad I+ mode peaks at the
high frequency of 710 cm ', and the I mode appears at
279 cm ' as a shoulder close to the GaAs-Hke I.O pho-
nons.

As described above, the transfer of electrons between
the barriers and the vveHs are spectroscopically estab-
lished by the disappearance of the 3D plasmons and the
appearance of the quasi-2D plasmons through the cou-
pling with the LO phonons.

Tre&eltian Of fhtaeuslanality of Iluaal-2D eleCtran cr~&
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The three sample structures were grown successively on
the same substrate and the Si doping density w'as kept at
constant (n -2X10 cm ) in the structures. For the
MQW structure with L~ —50 A, the coupled
intersubband-plasmon-LO-phonon modes I+ are seen at
625 and 274 cm ', respectively. In the quantum wells
where the alloy composition of the barrier and n, are
fixed, co;+ should be unchanged for difFerent barrier
thickness, because ~,.+ have no dependence on barrier
thickness, as indicated in Eqs. (2)-(5). However, for the
very thin barrier (L~ & 10 A), although the doping densi-
ty is the same value as that in the MQW structure with
L~ -50 A, the coupled modes shift to the lower frequen-
cies of -550 and 270 cm ', respectively, as denoted by
I+ in Fig. 12. In addition, the frequencies of I~ modes
are nearly equal to those of the 39-plasmon-LO-phoaon
coupled modes L+ in the thick n typ-e GaAs layer with
the same doping density (the frequencies of the L+ modes
in Fig. 12 are 544 and 268 cm '). These results suggest
that the I+ modes are due to the coupling between the
3D-like plasmons propagating across the barriers and the
LO phonons. This interpretation is supported by a
theoretical result, as discussed below. Theoretical calcu-
lation on a Kroning-Penny-type model shows that
Alo. ppGao 7sAs barriers with the layer thickness less than
25 A broadens signiScantly the lowest electronic state in
the quantum wells due to the formation of the mini-
band. The formation of the miniband grows the con-
duction across the layers and establishes 3D behavior of
plasmons. Das Sarma and Quinn have pointed out that
the dimensionality of layered electron gas in superlattices
changes from 2D to 3D behavior as the coupling between
the layers increases with decreasing the quantity qlS,
where S is the superlattice period. In the strong cou-
pling (q1S &&1) situation, the plasmon is essentially a 3D
plasmon, in the weak couphng (q1S »1) situation, the
plasmon is a 2D plasmon, and in the intermediate
(qlS-1) situation the plasmons of the superlattice have
intermediate character between 2D and 3D plasmons. At
the excitation wavelength of 514.5 nm, qua=0. 4X10
cm '. Then, for the MQW structure with Lz —100 A
and L~ & 10 A, S 5 110A, and therefore q~IS

~ 0.04. This
value of q~~S supports theoretically the 3D character of
plasmons in the strong coupling situation for the sample
with L~ &10 A. Note that the frequencies of the Iz
modes are not completely in agreement with those of the
L+ modes, i.e., the I+ modes are situated at the slightly
higher frequency sides compared with the I+ modes.
These small differences in the frequencies indicate the
slight admixture of 2D character with 3D character in
the plasmons, as predicted ia the case of the finite q~S. 7

Kirillov, %'ebb, and Eckstein have recently studied the
transformation from quasi-2D to 3D behavior of electron
gas in an n-type GaAs/Al„Ga, „As MQW structure
with homogeneous doping of both GaAs and
Al„Ga, „As layers by Raman scattering. They have
observed the appearance of the coupled 3D-
plasmon —LO-phonon modes in the MQW structure with
Lz ——L~ =10-20 A and 300—5000 A, and the disappear-
ance of the coupled modes in the structures with

Lz ——L~ =50 and 100 A, and they have conjectured the
reappearance of the coupled modes for Lz L——~ =10—20
A due to the transition from quasi-2D to 3D character of
the plasmons. However, they have found ao peaks of the
quasi-2D plasmon related modes in the Raman spectra.
On the other hand, we have found the quasi-2D intersub-
band plasmons coupled with the LO phonons for the
MQW structure with Lz -50 A, in addition to the 3D
plasmons for Lz &10 A, as described above. Thus, our
results provide a clear evidence of the change in dimen-
sionahty of the plasmon with decreasing the barrier
thickness.

V. CONCLUSIONS

%e have investigated in detail the collective excitations
in doped and modulation-doped GaAs/Al„Ga, „As
MQW structures with high electron densities by Raman
scattering. The two lines denoted I+ were observed be-
sides the LO phonons in the room-temperature spectra
for Lz ——110-160 A and Lz ——50-70 A. The broad. I+
mode is situated at the higher-frequency side, separating
from the A1As-like LO phonons of A1„6a, „As. On the
other hand, the narrower I mode is situated at the fre-
quency position between the LO and TO phonons of
GaAs, which is forbidden for the coupled 3D-
plasmon-LO-phonon modes with small wave vectors.
Also, the I+ modes have the peak frequencies dependent
sensitively on both Lz and the carrier density, and the
modes were assigned to the coupled quasi-2D-
intersubbarid-plasmon-LO-phonon modes on the agree-
ment of the experimental results with the theoretical pre-
dlctlorl.

The Iz modes were utilized to study charge transfer
from Si-doped barriers into undo ped wells in
modulation-doped MQW structures. The spectra of the
MQW structures were compared with those of thick n-

type Al„Ga, „As reference layers with the same Al con-
tents and Si doping densities as those in barriers. Three
branches of the coupled 3D-plasmon-LO-phonon modes,
which are clearly observed in the Al„Ga& „As reference
layers, disappear in the spectra of the MQW structure
and instead the I+ modes appear. These results establish
spectroscopically the charge transfer from the barriers
into the wells.

For a doped MQW structure, the coupled
plasmon-LO-phonon modes shift to the lower frequency
side with decreasing L, when L& ~ 10 A, the modes ap-
proach the frequencies of the coupled 3D-plasmon-LO-
phonon modes in the thick GaAs reference layer with the
same doping deasity as that in the doped wells. The fre-
quency shifts indicate the transformation from quasi-2D
to 3D behavior of plasmoas when the barrier becomes
thin enough to tunnel electrons with strong coupling be-
tween wells.
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