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Comparative cyclotron resonance and luminescence study of photoexcited particles
in mixed type-I–type-II GaAs/AlAs multiple quantum wells
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We report on the photoluminescence~PL! and photoinduced microwave absorption~PMA! of the elementary
excitations in GaAs/AlAs undoped quantum wells~QW’s! in the temperature range 2,TL,30 K. Mixed
type-I–type-II QW’s are used, since separate two-dimensional electron and hole gases are formed~in the wide
and narrow QW’s, respectively! by photoexcitation with densities in the range 109,ne<531010 cm22. The
PL spectra show transitions due to (e1:hh1)1S excitons (X) and@(e1:hh1)1S1e# negatively charged exci-
tons (X2). The PMA dependence on magnetic field that is applied perpendicularly to the QW planes shows
cyclotron resonances~CR! due to electrons andX2 in the wide wells and heavy holes in the narrow wells. The
CR traces are analyzed and yield the cyclotron effective mass, momentum relaxation rate, and relative density
of the charged particles. The PL and PMA spectra are found to correlate well when observed at the same
temperature and microwave power. The electron andX2 masses and relative intensities are analyzed in terms
of weak in-plane particle localization. It is found that, at low temperatures, a large fraction of the electrons and
X2 are localized by interface potential fluctuations.@S0163-1829~97!07528-0#
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I. INTRODUCTION

The near-band-gap optical transitions of photoexci
quantum wells~QW’s! that contain a two-dimensional elec
tron gas ~2DEG! depend on its density. Dope
GaAs/GaxAl12xAs QW’s that have a high-density 2DEG
(ne>1011 cm22) show a photoluminescence~PL! spectrum
that is due to the recombination of unbound holes with f
electrons.1,2 In QW’s that contain a 2DEG withne
,531010 cm22 and at low temperatures, the photoexcit
e-h pairs form excitons whose binding energy and oscilla
strength depend onne .

3–5 The absorption and PL spectra
the mixed phase, consisting of the 2DEG and the excito
were studied both experimentally3,5–7 and theoretically.4,8,9

Recent studies10–13 showed that, in addition to the
(e1:hh1)1S exciton (X), this mixed phase sustains still an
other kind of particle: trion (X2)—a bound@(e1:hh1)1S
1e# exciton-electron complex. TheX2 binding energy with
respect toX is DEX25EX22EX51.15 eV in GaAs wells of
;200 Å width. Its energy levels, dependence on a magne
field applied perpendicularly to the QW plane, observed
PL spectra, verified its identification.2,14 It was argued11 that,
in modulation-doped QW’s, theX2 is localized by potential
fluctuations that arise from the donor layer spatial fluct
tions. This was based on correlating the vanishment of th
conductivity with the appearance of theX2 PL line. Posi-
tively charged excitons (X1) were observed14,15 in the
PL spectra of intentionally undoped andp-doped
GaAs/Al0.33Ga0.67As multiple QW’s ~MQW’s!. TheX1 ori-
gin in undoped QW’s was suggested to be in holes com
560163-1829/97/56~4!/2044~8!/$10.00
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from background acceptors usually found in the barriers
can thus be stated that charged excitons are intrinsic ex
tions of QW’s that contain very low densities of either ele
trons or holes.

One of the methods used to study charged carrier tra
port properties~effective mass and mobility! in semiconduct-
ing QW’s is the cyclotron resonance~CR!. This is done ei-
ther at microwave ~mw! or at far-infrared ~FIR!
frequencies.16,17 The mw CR study requires low magnet
fields (B,1 T) and has a number of distinctions from th
FIR CR measurements~usually requiring 1,B,20 T!.
Samples with a very high carrier mobility have to be used
order to satisfy the mw CR conditionvct>1 at low mag-
netic fields~vc5eB/m* is the cyclotron frequency andt is
the momentum relaxation time of the charged particle!. Also,
a large number of occupied Landau levels are involved in
mw CR, since the energy separationDE5\vc between ad-
jacent Landau levels is usually smaller than both the car
Fermi energy (EF) and the thermal energy (kBTL). Indeed,
assuming a low electron density ofne;231010 cm22, TL
55 K andB;0.09 T ~the electron CR magnetic field at th
mw frequency of 35.6 GHz that is used in this work!, we
obtain DE;0.15 meV, EF;0.7 meV, and kBTL
;0.4 meV. This means thatn54–6 Landau levels are ei
ther fully or partially filled, and the CR band shape is det
mined by electron excitations from several Landau levels
corresponds to a cyclotron radius ofr cr5 l BA2n11
;1800 Å, wherel B5A\/eB is the magnetic length. This
experimental condition is termed ‘‘classical’’ CR (\vc
,kBTL). On the other hand, when well-defined carrier tra
2044 © 1997 The American Physical Society
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56 2045COMPARATIVE CYCLOTRON RESONANCE AND . . .
sitions from the uppermost filled to the next empty Land
level occur, as is the case of FIR CR, the quantum limi
obtained (\vc@kBTL).

The main purpose of this paper is to report on a compa
tive study of the low-temperature photoinduced microwa
absorption~PMA! and PL spectra in QW’s containing a low
density photoexcited 2DEG. The PMA dependence on
magnetic field~applied perpendicularly to the QW plane!
provides information on the charged particles: electro
holes, and negatively charged excitons (X2), through their
CR. The PL spectra are due to the radiative recombinatio
theX, X2, and holes interacting with the 2DEG. Therefor
our comparative study yields information on the state of
the particles present in the mixed phase consisting of
low-density photoexcited 2DEG,X, andX2. This study was
carried out mainly on mixed type-I–type-II GaAs/AlA
QW’s ~MTQW’s! and, for reference, on conventional~type
I! MQW’s. The particular property of the MTQW’s tha
makes them so useful in this research is the possibility
photoexcite spatially separated 2DEG and two-dimensio
hole gas~2DHG!. In addition, the gas density is easily co
trolled by the excitation intensity. Apart from a clear iden
fication of the mixed phase constituents, our study provi
information on the degree of electron andX2 localization in
the QW plane.

The paper is laid out as follows: In Sec. II, the structu
of the quantum wells, the experimental methods, and
experimental results are presented. In Sec. III, we analyze
correlation between the photoinduced microwave absorp
and the photoluminescence spectra, the charged particl
fective masses, and their momentum relaxation rates. Se
IV is a summary of this paper.

II. QUANTUM-WELL STRUCTURES, EXPERIMENTAL
PROCEDURE, AND RESULTS

Our study was conducted mainly on mixed type-I–type
GaAs/AlAs quantum wells~MTQW’s! grown on ~001!-
oriented GaAs substrates by molecular-beam epit
~MBE!.18 The MTQW consists of 30 periods of alternatin
wide ~198 Å! and narrow~26 Å! GaAs wells that are sepa
rated by 102-Å-wide AlAs barriers. The reason for choos
this structure is that under photoexcitation into the narr
wells of the MTQW’s @laser energyEL.Eg(e1-hh1)N
;1.9 eV], electrons transfer rapidly (;30 psec) into the
wide wells, forming a 2DEG there.19,20 The holes tunnel
slowly ~;5 msec at a lattice temperatureTL,10 K! and,
thus, a separate 2DHG forms in the narrow wells. The 2D
density is controlled by the laser intensity (I L) in the range
109<ne<531011 cm22.13,21We also studied a conventiona
~type I! GaAs/AlAs MQW that is used as a reference samp
It consists of 25 QW’s of 202 Å width that are separated
100-Å-wide AlAs barriers. This MQW was also grown on
~001!-oriented GaAs substrate by MBE.

The samples~with their substrate either thinned down
about 50mm or completely removed by etching! were placed
in a 35.6-GHz microwave cavity~at the antinode of the mw
electric field!. The cavity was mounted in an immersion-typ
Dewar and the sample temperature was varied in the ra
TL52–30 K. A stabilized Gunn diode was used as a m
source, and the power incident on the sample was varie
u
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the range 0,Pmw<50 mW. The mw power reflected from
the sample was modulated by the photoexcitation, and
modulation signal~measured by a lock-in amplifier! was pro-
portional to the mw power absorbed by the sample~amount-
ing to only <5% of the incident power22!. An external dc
magnetic field was applied perpendicularly to the QW plan
and its intensity was swept over the range 0<B<1 T. The
sample was photoexcited with either a He-Ne laser~EL
51.96 eV, I L,10 mW/cm2! or a dye laser ~1.4<EL
<1.7 eV, I L,10 mW/cm2!. Both the exciting laser beam
and the PL emission traveled perpendicularly to the Q
planes through a pinhole in the mw cavity. The PL sign
was measured simultaneously with the PMA signal. The
citation was modulated by using an acousto-optic head
frequency varying in the range of 10-105 Hz.

The main investigation was done on the MTQW whe
the excitations studied were theX, X2, and 2DEG that are
created in the wide QW’s as well as free holes generate
the narrow QW’s. The excitations of the wide wells are i
troduced here by their PL and PL excitation~PLE! spectra.
Figure 1~a! shows the PL spectra of the MTQW observed
2 K under photoexcitation into the narrow wells@EL
.Eg(e1-hh1)N;1.9 eV#. A single PL band is observed
with a broadening of its low-energy tail asI L increases. Fig-
ure 1~b! shows that under microwave irradiation and for lo
I L , a second PL band appears~at ;1.15 meV higher en-
ergy!. These two PL bands were identified asX ~the high-
energy band! andX2 ~the low-energy band!.13,21Under pho-
toexcitation below the narrow well band gap@Figs. 1~c! and
1~d!#, theX andX2 bands are also observed, with relativ
intensities that depend on eitherI L or Pmw. Note that a weak
low-energy band appears below theX2 band. It shifts toward
low energy and disappears with mw power increase.

In order to further examine the effect of the 2DEG pre
ence in the wide wells of the MTQW on the PL spectra a
on the PMA dependence onB, we used the two-beam pho
toexcitation modulation technique. The MTQW sample
irradiated by two laser beams, both impinging on the sa
spot. A cw beam atEL151.96 eV generates a 2DEG in th

FIG. 1. PL spectra: ~a! Excited atEL.Eg(e1-hh1)N and for
three laser intensities.~b! SameEL as in~a!, with and without mw
irradiation. ~c! Excited atEg(e1-hh1)W,EL,Eg(e1-hh1)N and
for two laser intensities.~d! SameEL as in ~c!, with and without
mw irradiation.
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2046 56M. KOZHEVNIKOV et al.
wide QW’s. Another, modulated beam, withEL251.54 eV,
mainly generatese-h pairs in the wide QW’s. Then, only th
modulated PL and PMA signals are detected by the lock
amplifier, and the results are shown in Figs. 2 and 6.

Figures 2~a! and 2~b! show the photomodulated PL spe
tra for different intensitiesI L1 and at two temperatures.I L2 is
set so that both theX andX2 PL bands are observed.~Under
these conditions both thee- andX2-CR bands are observe
in the PMA dependence onB, as discussed below.! Figure
2~a! shows that, asI L1 increases, theX-band disappears
whereas theX2 band broadens. The photomodulated P
spectrum, monitored atEm in the low-energy side of the
X2 band, shows strong excitonic bands for lowI L1 and a
steplike spectrum, characteristic of a QW with 2DEG,
high I L1 . Figure 2~b! shows that, atTL>20 K, the transfor-
mation with increasingI L1 of theX band into the 2DEG PL
occurs without the appearance of an intermediateX2 phase.

As will be discussed in Sec. III, the PMA is due to th
photoexcited electrons (e) andX2 in the wide QW’s and to
heavy holes~hh! in the narrow QW’s. Figures 3~a!–3~e!
show the PMA dependence on magnetic-field strength~ap-
plied perpendicularly to the QW plane!, measured under th
same excitation conditions and at different temperatures.
corresponding PL spectra are shown in Figs. 3~f!–3~j!. In
order to analyze the line shape of the PMA dependence
B, we use the following expression for the power absorpt
of linearly polarized mw radiation having a frequencyv and
an electric-field strengthE(v) ~that is due to an electron
rotating in the magnetic fieldB! in the classical case:23

PMA~B!5
ne2t

m*
uE~v!u2

11~v21vc
2!t2

@11~v22vc
2!t2#214vc

2t2
.

~1!

FIG. 2. ~a! The photomodulated PL spectra excited simul
neously into the wide QW’s~at EL251.54 eV! with additional cw
excitation into the narrow QW’s~at EL151.96 eV!. The corre-
sponding PLE spectra, monitored atEm , are also shown.~b! Same
as in ~a!, but atTL525 K.
n

r

he

on
n

Herevc5eB/m* is the cyclotron frequency,n, m* , and
t are the density, effective mass, and momentum relaxa
time of the charged particle, respectively. Then each trac
fitted by adding several curves~depending on the number o
observed resonances!, which are calculated according to E
~1! and are shown by dashed lines in Figs. 3 and 4. Th
sum is shown by a dotted line that virtually overlaps t
experimental trace. Note that forTL.8 K @Figs. 3~b!–3~e!#

-

FIG. 3. Magnetic-field dependence of the photoinduced mic
wave absorption@~a!–~e!# and PL spectra@~f!–~j!# measured at five
different temperatures. The deconvolution into electron, hole,
trion cyclotron resonances@in ~a!–~e!# and into exciton and trion
bands@in ~f!–~j!# is shown by dashed lines. The dotted lines~virtu-
ally overlapping the experimental curves! are the fitted sums of al
components.

FIG. 4. Magnetic-field dependence of the photoinduced mic
wave absorption for three values of incident mw power.~a!–~c!
Photoexcitation into the wide wells~at EL51.54 eV!. ~d!–~f! Pho-
toexcitation into the narrow wells~at EL51.96 eV!. The deconvo-
lution into separate cyclotron resonances is shown by dashed l
The dotted lines are the fitted sums of all components. In fitt
curves ~d!, ~e!, and ~f!, an offset level~shown by the horizontal
dashed lines! must be included. Note that for photoexcitation in
the wide wells, all the lines are narrower than those observed u
photoexcitation into the narrow wells.
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the fit requires an additional broad curve peaking at lowB
(,0.1 T) and having a lowvct (,1).

The PL spectra are similarly fitted by using a Voigt lin
shape function, namely, a Lorentzian-Gaussian convolu
@ IPL(E)5*G(E8)L(E2E8)dE8#, for each PL band. The
best fit to the PL spectra is obtained by taking theX2 line
shape to be a Lorentzian and theX line shape to be a
Gaussian.21 The results of the PL spectra fitting are shown
the dashed curves for each band and by the dotted curve
their sum@Figs. 3~f!–3~j!#.

The effect of increasingPmw on the PMA dependence o
B is shown in Figs. 4~a!–4~c! ~for the case of photoexcitatio
into the wide QW’s! and in Figs. 4~d!–4~f! ~for photoexcita-
tion above the narrow-well band gap!. The fitting procedure
is the same as that used in Fig. 3. As observed in the
spectra@Figs. 1~b! and 1~d!#, theX2-CR intensity decrease
with increasingPmw, while the e-CR intensity becomes
dominant. Note that under photoexcitation withEL
.Eg(e1-hh1)N , the CR bands are broader than those
served for excitation atEL,Eg(e1-hh1)N , and these band
ride on an additional, broad ‘‘background’’ signal. It is als
observed that for the formerEL , as I L increases, thee-CR
intensity increases relative to that of theX2-CR, and both

FIG. 5. The PLE spectrum monitored atEm and the photoin-
duced microwave absorption excitation~PMAE! spectra obtained
under low ~a! and high~b! levels of incident mw power. The PL
spectra excited atEL51.54 eV are also shown. The PMAE spect
are observed atB50 and with an applied magnetic-field strength
thee-CR andX2-CR ~0.09 and 0.5 T, respectively!.
n

for

L

-

show increased broadening~not shown!.
Since the PMA intensity depends on the charged part

~e, hh, andX2! densities while that of the PL depends on t
X andX2 densities, it is of interest to compare the excitati
spectra of the PMA and PL@denoted PMAE and PLE, re
spectively, in Figs. 5~a! and 5~b!#. The PMAE spectra of Fig.
5~a! are measured atB50 and at the two magnetic-field
strengths corresponding to the peak of thee- and X2-CR
bands and for lowPmw. The excitation spectra of Fig. 5~b!
are observed under intense mw irradiation.~The PL spectra
taken under the same conditions are also shown.! While all
excitation spectra show bands peaking at the (e1:hh1)1S
and (e1:lh1)1S excitons, there are clearly differences b
tween the PLE and PMAE spectra. These will be discus
in Sec. III.

The effect of increasing the 2DEG density in the wi
QW’s by exciting into the narrow QW’s on the photomod
lated CR traces is shown in Fig. 6. In this experiment
two-beam excitation is used~as in Fig. 2!. As the intensity of
L1 increases, thee-CR increases relative to theX2-CR, and
both bands broaden. At highI L1 ~lowest curve!, the photo-
modulated part of the PMA signal cannot be separated fr
its cw part and no clearly resolved CR bands are observ

Finally, we note that the PL spectra of the type-I MQ
~used as a reference! did not show a line due to charge
excitons. The PMA dependence on magnetic field showe
clear e-CR and a weak and broad background absorpti
We thus conclude that, in our set of samples, the MTQ
structure is essential for obtaining charged excitons un
resonant excitation into the wide QW’s.

III. ANALYSIS

In this section we analyze the experimental data along
following lines: ~1! The PMA dependence on magnet
field is compared with the PL spectra in order to ident
each component of the cyclotron resonance traces;~2! the
e andX2 effective-mass variation withTL andPmw is ana-
lyzed in terms of weak in-plane localization;~3! the effect of

FIG. 6. Magnetic-field dependence of the photomodulated
crowave absorption observed under photoexcitation into the w
QW’s at EL251.54 eV ~solid curve!. The other four curves were
obtained with an additional excitation into the narrow QW’s
EL151.96 eV.
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2048 56M. KOZHEVNIKOV et al.
in-plane particle localization on the relative intensity of t
CR and PL bands;~4! the e andX2 momentum relaxation-
time dependence onTL .

A. Identification of the photoexcited particles

The two PL bands, denotedX andX2, that are shown in
Fig. 1, were previously identified13,20 as due to the radiative
recombination of (e1:hh1)1S excitons and@(e1:hh1)1S
1e] negatively charged excitons, respectively. As Fig. 1~a!
shows, photoexcitation into the narrow QW’s@at EL
.Eg(e1-hh1)N#, gives rise only to theX2 band at TL
52 K. With increasing photoexcitation intensity (I L
>30mW/cm2), X2 develops into a broad band that is cha
acteristic of the 2DEG-hh recombination.11,12 According to
the experimentally determined21 relation ne(I L) we deduce
that, in this case, the 2DEG density isne.531010 cm22.
However, as Figs. 1~c! and 1~d! show, in the case of the
MTQW, even resonant excitation in the spectral range of
wide-well band gap@atEg(e1-hh1)W;1.53 eV] generates a
low-density (<1010 cm22) 2DEG. These electrons are man
fest in the X2 PL band and in thee-CR line @at B
;0.09 T, Figs. 3~a!–3~e! and 4~a!–4~c!#. This definite ob-
servation of a 2DEG indicates that a GaAs/AlAs MTQ
excited nearEg(e1-hh1)W differs from a conventional type-
MQW. We do not observe any charged exciton PL in o
type-I MQW’s. This means that electron-hole generati
without spatial separation of the electrons and the holes
sults in efficient exciton formation. Only when some pho
excited electrons and holes are spatially separated, an ex
can bind an additional electron and formX2. The MTQW
structure provides such an efficient electron-hole separa
since even below band gap photoexcitation can gene
e-h pairs in the narrow wells. Comparing the relative inte
sities of theX andX2 PL bands@Figs. 1~a! and 1~c!# clearly
shows that under photoexcitation into the wide QW’s of t
MTQW, the efficiency ofX2 generation is much lower tha
that of direct excitation into the narrow QW’s. A possib
mechanism for creating excess electrons in the wide w
under excitation atEL,Eg(e1-hh1)N might be either carrier
photoexcitation out of deep impurity centers or a two-s
photoexcitation. Both processes must occur in the nar
QW’s. It is noted that Osborneet al.15 did observeX1 PL in
undoped type-I MQW and suggested that the excess h
arise from background carbon acceptors~that are present in
their QW barriers!.

The results of the two-beam experiments, presented
Fig. 2~a! further support this analysis. IncreasingI L1 ~exci-
tation into the narrow wells! results in a 2DEG density in
crease. Then, theX band disappears, whereas theX2 band
first broadens and then transforms into a broad PL band c
acteristic of a 2DEG-hh recombination.11,12At high tempera-
tures @TL>20 K, Fig. 2~b!# and under relatively lowI L1 ,
both (e1:hh1)1S and (e1:lh1)1S PL bands are observe
~and noX2 band!. The photomodulated PLE spectrum~at
low I L1 and TL55 K! shows very-well-resolved excito
bands. At highI L1 , the PLE spectrum is characteristic of
high-density 2DEG~an inhomogeneously broadened st
function!, as shown in Fig. 2~a!. We thus establish thatX and
X2 as well as 2DEG are photoexcited in the wide wells a
their relative PL intensity can be varied by varyingI L1 .
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We now turn to analyze the effects of the mw irradiatio
In general, mw absorption by free carriers can be divid
into nonresonant absorption~for example, atB50! and reso-
nant absorption~at the CR conditions!. Equation~1! shows
that the mw absorption atB50 is nonzero for mobile carri-
ers. This results in nonresonant carrier heating, and they
pact activate excitons from localized into delocaliz
states.24,25 In addition, carrier heating by mw absorption a
fects both their scattering and recombination rates.26,27Reso-
nant mw absorption, apart from providing efficient carri
heating, is usually used for carrier identification, since
CR magnetic field is proportional to the carrier effecti
mass. The curve-fitting analysis of the CR traces shown
Figs. 3 and 4 indicates that there are at most four CR ba
with relative intensities that depend on the experimental c
ditions. The CR band atB;0.09 T is observed in both
MTQW’s and in our type-I MQW’s and is due to electrons.28

The CR band atB;0.5 T is attributed toX2, since its
quenching with increasing temperature or with increas
mw power is similar to that of theX2 PL band.

A comparison between the various excitation spectra p
vides important information on free-carrier photogenerati
Figure 5 shows that both the PMAE and PLE spectra rev
strong (e1:hh1)1S and (e1:lh1)1S excitonic bands as wel
as an absorption onset atEg(e1-hh1)W . While it is clear that
the exciton bands are dominant in the PLE spectra, th
appearance in the PMAE spectra indicates that the str
absorption is followed by a nonthermal exciton dissociat
and spatial separation of the electron and hole. Howeve
contrast to the PLE case, the PMAE spectra show that
carriers are generated even forEL,E @(e1:hh1)W1S# of the
wide QW’s. This means that free carriers are photoexci
out of deep traps.

We observe differences in the relative intensities of
PMAE spectra measured atB50, B;0.09 T, and B
;0.5 T. ~B;0.09 T and B;0.5 T are the e-CR and
X2-CR fields atTL55 K, respectively, as seen in Figs.
and 4.! At low mw power, when only theX2-CR band is
observable in the PMA dependence onB, the PMAE spec-
trum, observed under thee-CR field, coincides with that ob-
served atB50. On the other hand, the PMAE spectrum o
served under theX2-CR field is stronger, as shown in Fig
5~a!. At high mw power@Fig. 5~b!#, the e-CR is the most
pronounced band in the PMA dependence onB, and this
leads to a PMAE spectrum that is stronger than those
served atB50 and 0.5 T. Thus, an increasede or X2 reso-
nant heating increases the photoexcitation efficiency of th
particles. This might be due to their increased mobility
they are activated from in-plane localizing regions~see be-
low!.

The PL spectra@shown in Fig. 1~d!# contain two addi-
tional weak bands, one of them at;1.530 eV and the othe
is in the range of 1.525–1.527 eV. The latter shifts to lo
energy and disappears with mw power increase. We attrib
this low-energy PL band to the recombination of localiz
electrons~the effects of carrier localization will be discusse
later!. The high-energy band appears only at high mw pow
and, thus, it is assigned to free exciton recombination. T
exciton delocalization under high power mw irradiation
confirmed by comparing the PL and the PLE spectra, sho
in Fig. 5~b!. The PLE spectrum monitored at the low-ener
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56 2049COMPARATIVE CYCLOTRON RESONANCE AND . . .
X2 tail ~at Em!, shows strong excitonic bands and the on
of the (e1-hh1) continuum. The absence of a Stokes s
between the PL at 1.530 eV and the (e1:hh1)1S exciton
peak in the PLE spectrum is taken as evidence that it is
free exciton PL band.

B. Effective masses of the charged particles

The CR curve fitting yields the cyclotron mass of thee,
hh, andX2, and the momentum relaxation time of thee and
X2. ~The hh signal is too weak for a reliable analysis of
broadening.! The extracted cyclotron masses as a function
temperature are shown in Fig. 7~a!. We attribute the two
lowermost CR’s~at B;0.09 T andB;0.37 T! to electrons
in the wide QW’s and to heavy holes in the narrow QW
respectively. The reasons are as follows:~a! Both of these
CR bands persist up to high temperatures (TL.30 K). ~b!
We calculated the effective masses~using the eight-band
model of Baraff and Gershoni29!. The calculatedme ~for a
200-Å-wide QW! andmhh ~for a 26-Å-wide QW! are shown
by dashed lines and are very close to the values extra
from the experiment.~c! The calculatedmhh for a 200-Å QW
does not agree with the observed CR value and, moreov

FIG. 7. Temperature dependence of the charged particles pa
eters~deduced from the photomodulated microwave absorption
pendence onB! that are photoexcited in the MTQW and obtain
by fitting the CR traces@as in Figs. 3~a!–3~e!#: ~a! CR masses of
e andX2 in the wide wells and hh in the narrow wells. The dash
lines are the calculated electron effective mass in the wide Q
~lower line! and heavy-hole effective mass in the narrow QW
~upper line!. ~b! The inverse momentum relaxation times ofe and
X2 as a function of temperature.
t
ft

e

f

,

ed

, it

is expected to be temperature dependent~in the range 2
,TL,30 K! due to the hh1 and lh1 band anticrossing.

The heaviest cyclotron mass is that of theX2 in the wide
QW’s. It increases smoothly from 0.43m0 to 0.59m0 with
TL or Pmw increase up to those values that theX2-CR is
unobservable. We know that the hh1-lh1 subband anticro
ing results in in-plane effective masses that show a singu
ity like variation for low ki ~,1.53106 cm21 for dW
5200 Å!, namely, for very low in-plane energies@DE(ki)

<3 meV#. Therefore, the smooth variation ofmcr
X2

with TL
~or Pmw! means thatX2 should be considered as a compl
having its own dispersion30 that is more strongly affected b
in-plane potential fluctuations~due to interface roughness!
than by the constituent hh dispersion.

We observe that the in-planemcr
e varies in the range of

0.065m0<mcr
e<0.070m0 , whenTL increases from 2 to 30

K. ~For a 200-Å GaAs QW, the calculated value of the i
plane electron effective mass isme*50.068m0 at the bottom
of thee1 subband.! It has been previously observed in var
ous QW structures16,31,32thatmcr

e is not equal to the effective
mass of the free in-plane particle. This was attributed to e
tron localization in the ‘‘interface islands’’ that arise from
random potential fluctuations~remote donors or interface
fluctuations31,32!.

In order to provide an intuitive understanding of the i
plane localization effect on both thee-CR and X2-CR
bands, we use the simple single-particle localization mode33

wherein the random fluctuations are introduced by a finite
of harmonic-oscillator potentials with different characteris
frequenciesv0 . For charged particles, confined in such p
tentials and under an applied magnetic field, the electric
pole transitions occur at a shifted cyclotron frequencyv
given by

vcr
25vc

21~vo f
2 2voi

2 !, ~2!

wherevcr5eB/mcr , vc5eB/m* , mcr andm* are the cyclo-
tron and effective carrier masses, respectively,\vo f and
\voi are the final- and initial-state energies of the harmo
oscillator, respectively. In the case of free carriers,mcr
5m* . An intermediate state between full localization a
free in-plane motion is that of a particle that is free to mo
over a large ‘‘interface island’’~an area which is abou
pr cr

2 !. Thus, we explain the observedmcr variation withTL
~or Pmw! by avoi→vo f frequency shift when the carrier i
promoted from ‘‘islands’’ with relatively strong localization
to those with lesser localization (voi.vo f). This model re-
quires that the length scalel of the potential fluctuations
must be larger than the carrier cyclotron radius, in order
satisfy the criterionvct.1. For l,r cr , the carrier is too
localized to be observed in mw CR (vct,1). For l@r cr ,
the potential fluctuation perturbation will be the same
both initial and final states of the CR transition, and t
localization effect would not be observed.

C. Relative intensities of the CR and PL band

The CR curve fitting@Fig. 3~a!# shows that forTL.8 K
there appears a CR band that is due to low-mobility~lm!
electrons (vct<1) in addition to that of high-mobility~hm!
electrons (vct;5). For TL<5 K, only the CR due to the

m-
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hm electrons is observed. This means that at lowTL a large
fraction of the electrons are localized by in-plane poten
fluctuations, so that they are not observable in the mw C
@In the model described by Eq.~2! this means that the occu
pied oscillators have largevoi leading to l,r cr , vct,1.#
This is the reason for observing thee-CR andX2-CR bands
with comparable intensities at lowTL ~although the photo-
excitede density is orders of magnitudes higher13,21!. Then,
with increasingTL , lm electrons are thermally activated in
localized states with much smallervo f and thus contribute to
the CR signal. Similarly, for excitation at EL
.Eg(e1-hh1)N , the ‘‘background’’ PMA signal@presented
in Figs. 4~d!–4~f! by a virtually horizontal line# is attributed
to a large density of lm electrons. Figure 8 shows the rela
intensities of the hm and lme-CR bands@integrated area
under the CR trace that is extracted from the curve fitting
Fig. 3 using Eq.~1!# as a function of inverse temperatur
Both the hm and the lme-CR intensities increase with in
creasing temperature with an activation energy of;1 meV.
It is thus taken as an average localization energy. We n
that a similar analysis of thee-CR intensity dependence o
temperature for 50 Å-GaAs/Ga0.7Al0.3As MQW’s ~Ref. 28!
@where only a broad band (vct;1.5) is observed# yields an
activation energy of;2 meV. This is consistent with a pre
vious study16 that shows an electron localization energy
crease with QW width decrease. Although the activation
ergy of ;1 meV for hm electrons correlates with theX2

binding energy (EX2;1.15 meV), it is more plausible to
relate it to interface fluctuation in-plane islands since th
density is much higher than that ofX2. A similar analysis of
X2-CR intensity dependence onTL , shown in Fig. 8, yields
an activation energy~for X2 vanishment! of D50.5 meV.
We note that theX2 binding energy, obtained from the spe
troscopic data is more than twice the value of theX2 acti-
vation energy. Such a difference is frequently found in co
paring spectroscopic and thermal binding energies and
be due to opening up of additional channels forX2 dissocia-
tion.

FIG. 8. Relative intensities of the high-mobility and low
mobility e-CR bands andX2-CR band as a function of the invers
temperature. The activation energies are deduced from the de
dence: ln@I(TL)#52D/kBTL1const ~with a positive slope for
X2-CR!.
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The in-plane localization effect can also be observed
the photomodulation frequency (vmod) dependence of the PL
and CR band intensities, shown in Fig. 9. Both decrease w
increasingvmodand under low photoexcitation intensity. It i
interpreted as follows: Photogenerated unpaired electr
in the wide QW’s are localized by random potential fluctu
tions that have a continuous distribution ofv0 . At low TL ,
the electron lifetime in its localized states (t1) is long com-
pared to the free-electron lifetime. Under lowI L , both the
PL and CR intensity dependence onvmod can be fitted by34

I ~vmod!;
1

@11~vmodt1!
2#1/2

, ~3!

with t1;431025 sec. AsI L increases, the localizing state
are saturated. This results in a shortert1 ~;1025 sec for
I L51.2 mW/cm2! for the CR bands and in a PL intensity th
is independent ofvmod, since it results mainly from free
X2 ~as was reported in Ref. 21!.

D. Electron and trion momentum relaxation times

Finally, the CR line-shape fitting@Eq. ~1!# yields the car-
rier momentum relaxation times. Figure 7~b! shows the tem-
perature dependence of (1/t)e and (1/t)X2 for the low-
density 2DEG case. As the temperature increases toTL
;12 K, both relaxation times decrease slightly, then incre
rapidly for 12,TL,20 K. Defining the corresponding in
plane mobilities at 35.6 GHz andTL55 K, we obtainme
;33105 cm2 V21 sec21 and mX2;53104 cm2 V21 sec21,
respectively. For comparison, in ultrapure bulk GaAs, a v
high electron mobility of;1.53106 cm2 V21 sec21 ~at TL
55 K! was deduced from the mw CR line shape by using
same experimental technique.35 In the bulk GaAs case the
electron mobility is determined by acoustic-phonon~piezo-
electric interaction! and neutral-impurity scatterings. Sinc
the MTQW is nominally undoped, the fivefold decrease
its mobility relative to that of ultrapure bulk GaAs can b
attributed mainly to interface roughness scattering and to
carrier-carrier scattering. The latter is explained bye-X2

en-

FIG. 9. Excitation modulation frequency dependence of the re
tive e-CR andX2-CR intensities and of the relativeX andX2 PL
band intensities. The dashed lines are the fitting curves obtaine
using Eq. ~3! with t15431025 sec ~low I L! and t151.5
31025 sec~high I L!.
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scattering21 and by scattering of hm and lm electrons in t
wide QW’s. In addition, it is plausible to assume thate or
X2 scattering is taking place by the holes~mobile or local-
ized! in the narrow QW’s. Note that the carrier-carrier sc
tering rate greatly increases with 2DEG density increase.
deed, as Fig. 4 shows, the observed CR bands u
photoexcitation into the narrow QW’s are much broader~by
a factor of;3! than those observed under photoexcitat
into the wide QW’s. The two-beam excitation experimen
~Fig. 6! also show an increased broadening of both elect
and trion CR bands with increased photoexcitation inten
into the narrow QW’s.

IV. CONCLUSIONS

We reported on a comparative study of the lo
temperature PMA and PL spectra in a GaAs/AlAs MTQ
system, in which spatially separated 2DEG and 2DHG
optically photoexcited, and their density is controlled by t
photoexcitation intensity. At moderate photoexcitation inte
sities, we found the existence~in the wide QW’s! of the
mixed phase consisting of a low-density photoexcited 2D
(ne,531010 cm22) and much lower densities ofX and
s,
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X2. While the interband~PL! transitions probe theX and
X2 components of the mixed phase, the PMA dependenc
the magnetic field~applied perpendicularly to the QW plane!
probes thee andX2 components in the wide QW’s and th
hh in the narrow QW’s through their CR’s. The effect
increasing the lattice temperature or the electron tempera
~by microwave heating! on the cyclotron mass shift and o
the relativee-CR andX2-CR intensities is explained by par
ticle localization in the ‘‘interface islands’’ of the random
potential fluctuations. In our study, we used only one mic
wave frequency and tuned the CR with the magnetic field
order to better understand the type of localizing poten
~harmonic-oscillator potential or Coulomb binding pote
tial!, we plan to carry out similar CR experiments over
wide range of microwave frequencies.
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