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We report on the photoluminescen@d.) and photoinduced microwave absorpti&®@MA) of the elementary
excitations in GaAs/AlAs undoped quantum we{W's) in the temperature range<2T| <30 K. Mixed
type-I-type-1l QW's are used, since separate two-dimensional electron and hole gases ardifotheedide
and narrow QW's, respectivelyoy photoexcitation with densities in the range®&h,<5x 10'° cm™2. The
PL spectra show transitions due tel(¢hh1)1S excitons ) and[(el:hh1)1S+e] negatively charged exci-
tons (X7). The PMA dependence on magnetic field that is applied perpendicularly to the QW planes shows
cyclotron resonance€R) due to electrons and™ 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 electrondndmasses 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
X~ are localized by interface potential fluctuatiofS0163-18287)07528-0

[. INTRODUCTION from background acceptors usually found in the barriers. It
can thus be stated that charged excitons are intrinsic excita-
The near-band-gap optical transitions of photoexcitedions of QW’s that contain very low densities of either elec-
guantum wellfQW's) that contain a two-dimensional elec- trons or holes.
tron gas (2DEG) depend on its density. Doped One of the methods used to study charged carrier trans-
GaAs/GaAl,_,As QW's that have a high-density 2DEG port propertiegeffective mass and mobilityn semiconduct-
(ne=10'" cm™?) show a photoluminescend®L) spectrum ing QW’s is the cyclotron resonan¢€R). This is done ei-
that is due to the recombination of unbound holes with fregher at microwave (mw) or at far-infrared (FIR)
electrons?> In QW’'s that contain a 2DEG withn, frequencies®!’ The mw CR study requires low magnetic
<5x10* cm 2 and at low temperatures, the photoexcitedfields (B<1 T) and has a number of distinctions from the
e-h pairs form excitons whose binding energy and oscillatofFIR CR measurementgusually requiring XB<20T).
strength depend on,.3~° The absorption and PL spectra of Samples with a very high carrier mobility have to be used in
the mixed phase, consisting of the 2DEG and the excitonsyrder to satisfy the mw CR condition.7=1 at low mag-
were studied both experimentalfyr” and theoretically:®®  netic fields(w.=eB/m* is the cyclotron frequency andis
Recent studiéd'® showed that, in addition to the the momentum relaxation time of the charged partioddso,
(el1:hh1)1S exciton (X), this mixed phase sustains still an- a large number of occupied Landau levels are involved in the
other kind of particle: trion X™)—a bound[(el1:hh1)1S mw CR, since the energy separatiait =% w. between ad-
+ e] exciton-electron complex. Thé~ binding energy with  jacent Landau levels is usually smaller than both the carrier
respect toX is AEy-=Eyx-—Ex=1.15 eV in GaAs wells of Fermi energy Eg) and the thermal energyk{T, ). Indeed,
~200 A width. Its energy levels, dependence on a magneticassuming a low electron density of~2x10'%cm™2, T,
field applied perpendicularly to the QW plane, observed in=5 K andB~0.09 T (the electron CR magnetic field at the
PL spectra, verified its identificatidn'* It was arguedf that, ~mw frequency of 35.6 GHz that is used in this wprkve
in modulation-doped QW's, th¥ ™~ is localized by potential obtain  AE~0.15 meV, Eg~0.7 meV, and KkgT_
fluctuations that arise from the donor layer spatial fluctua-~0.4 meV. This means that=4-6 Landau levels are ei-
tions. This was based on correlating the vanishment of the dier fully or partially filled, and the CR band shape is deter-
conductivity with the appearance of thé PL line. Posi- Mmined by electron excitations from several Landau levels. It
tively charged excitons X*) were observed® in the corresponds to a cyclotron radius aof,=Ilgy2n+1
PL spectra of intentionally undoped ang-doped ~1800A, wherelg=\#%/eB is the magnetic length. This
GaAs/Al 3G gAs multiple QW's (MQW'’s). The Xt ori-  experimental condition is termed “classical” CR#A @,
gin in undoped QW'’s was suggested to be in holes coming<kgT,). On the other hand, when well-defined carrier tran-
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sitions from the uppermost filled to the next empty Landau GaAs/ AlAs/ GaAs (198A / 1024 / 26A) MTQW, T,=2K
level occur, as is the case of FIR CR, the quantum limit is @BLoeeV @Ftstev
obtained w.>kgT,). AT
The main purpose of this paper is to report on a compara-

tive study of the low-temperature photoinduced microwave
absorptionPMA) and PL spectra in QW’s containing a low-
density photoexcited 2DEG. The PMA dependence on the g
magnetic fleld(app“ed perpendiCUIarly to the QW plane 154 1526 1528 1.5'3-0 ) 1524 1526 158 1530
provides information on the charged particles: electrons, § |we-ise 7 @histey .
holes, and negatively charged excitoné {j, through their ’ S
CR. The PL spectra are due to the radiative recombination of
the X, X™, and holes interacting with the 2DEG. Therefore,
our comparative study yields information on the state of all
the particles present in the mixed phase consisting of the | _ T e \\ﬁ
|OW-denSIty phOtOGXCIted 2DEG(' andx— ThIS Study was 1.524 1.526 1528 1.530 1.524 1.526 1528 1.530 1.532
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carried out mainly on mixed type-lI-type-ll GaAs/AlAs oton energy (eV)
QW’s (MTQW's) and, for reference, on convention@pe FIG. 1. PL spectra: (a) Excited atE, >Ey(el-hh1), and for

I) MQW'’s. The particular property of the MTQW's that three laser intensitiegb) SameE, as in(a), with and without mw
makes them so useful in this research is the possibility tarradiation. (c) Excited atEgy(el-hhl),<E <Eg(el-hh1l)y and
photoexcite spatially separated 2DEG and two-dimensiongbr two laser intensities(d) SameE, as in(c), with and without
hole gas(2DHG). In addition, the gas density is easily con- mw irradiation.
trolled by the excitation intensity. Apart from a clear identi-
fication of the mixed phase constituents, our study provideshe range & P,,,<50 mW. The mw power reflected from
information on the degree of electron aXd localization in  the sample was modulated by the photoexcitation, and the
the QW plane. modulation signaimeasured by a lock-in amplifiewas pro-
The paper is laid out as follows: In Sec. I, the structureportional to the mw power absorbed by the san{pl®ount-
of the quantum wells, the experimental methods, and théng to only <5% of the incident powéf). An external dc
experimental results are presented. In Sec. lll, we analyze th@agnetic field was applied perpendicularly to the QW planes
correlation between the photoinduced microwave absorptioand its intensity was swept over the range B<1T. The
and the photoluminescence spectra, the charged particle efample was photoexcited with either a He-Ne laggy
fective masses, and their momentum relaxation rates. Section1.96 eV, 1, <10 mW/cnf) or a dye laser(1.4<E,
IV is a summary of this paper. <1.7 eV, |, <10 mWi/cnf). Both the exciting laser beam
and the PL emission traveled perpendicularly to the QW
planes through a pinhole in the mw cavity. The PL signal
was measured simultaneously with the PMA signal. The ex-
citation was modulated by using an acousto-optic head at a
Our study was conducted mainly on mixed type-l—type-Ii frequency varying in the range of 10-16iz.
GaAs/AlAs quantum wells(MTQW’s) grown on (001)- The main investigation was done on the MTQW where
oriented GaAs substrates by molecular-beam epitaxyhe excitations studied were the X~, and 2DEG that are
(MBE).'® The MTQW consists of 30 periods of alternating created in the wide QW'’s as well as free holes generated in
wide (198 A) and narrow(26 A) GaAs wells that are sepa- the narrow QW's. The excitations of the wide wells are in-
rated by 102-A-wide AlAs barriers. The reason for choosingtroduced here by their PL and PL excitatidPLE) spectra.
this structure is that under photoexcitation into the narrowFigure 1a) shows the PL spectra of the MTQW observed at
wells of the MTQW's [laser energyE, > Eg(el-hhl)y 2 K under photoexcitation into the narrow wellE,
~1.9 eV], electrons transfer rapidly~@30 psec) into the >Eg(el-hhl}~1.9 eV]. A single PL band is observed,
wide wells, forming a 2DEG ther®:?° The holes tunnel with a broadening of its low-energy tail &g increases. Fig-
slowly (~5 msec at a lattice temperatufig <10 K) and,  ure 1(b) shows that under microwave irradiation and for low
thus, a separate 2DHG forms in the narrow wells. The 2DEG_, a second PL band appedia ~1.15 meV higher en-
density is controlled by the laser intensity Y in the range  ergy). These two PL bands were identified Xs(the high-
10°<n,<5x 10" cm 2.132We also studied a conventional energy bandandX ™~ (the low-energy band®?* Under pho-
(type ) GaAs/AlAs MQW that is used as a reference sampletoexcitation below the narrow well band gffigs. 1(c) and
It consists of 25 QW’s of 202 A width that are separated byl(d)], the X and X~ bands are also observed, with relative
100-A-wide AlAs barriers. This MQW was also grown on a intensities that depend on eithgror P,,,,,. Note that a weak

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

(00)-oriented GaAs substrate by MBE. low-energy band appears below tke band. It shifts toward
The samplegwith their substrate either thinned down to low energy and disappears with mw power increase.
about 50um or completely removed by etchipgere placed In order to further examine the effect of the 2DEG pres-

in a 35.6-GHz microwave cavitiat the antinode of the mw ence in the wide wells of the MTQW on the PL spectra and
electric field. The cavity was mounted in an immersion-type on the PMA dependence d, we used the two-beam pho-
Dewar and the sample temperature was varied in the rangeexcitation modulation technique. The MTQW sample is
T, =2-30K. A stabilized Gunn diode was used as a mwirradiated by two laser beams, both impinging on the same
source, and the power incident on the sample was varied ispot. A cw beam aE, ;=1.96 eV generates a 2DEG in the
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GaAs/AlAs/GaAs (1984/102A/26A) MTQW GaAs/ AlAs/ GaAs (198A /1024 / 264) MTQW, E;=17¢V, |, =ImW/cm®
4
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__________ (eLIhDIS FIG. 3. Magnetic-field dependence of the photoinduced micro-
0 L Srveannd wave absorptiofi(a)—(e)] and PL spectrf(f)—(j)] measured at five
1_5'25 1.5'30 1_5'35 different temperatures. The deconvolution into electron, hole, and
h v trion cyclotron resonancesn (a)—(e)] and into exciton and trion
Photon energy (eV) bandsfin (f)—(j)] is shown by dashed lines. The dotted lirfeistu-
. . ally overlapping the experimental curyesre the fitted sums of all
FIG. 2. (8 The photomodulated PL spectra excited S'm”“a'components.

neously into the wide QW'sat E, ,=1.54 e\) with additional cw
excitation into the narrow QW’sat E, ;=1.96 e\}. The corre-
sponding PLE spectra, monitoredB&t,, are also shownb) Same
as in(a), but atT =25K.

Here w.=€eB/m* is the cyclotron frequency;, m*, and
T are the density, effective mass, and momentum relaxation
time of the charged particle, respectively. Then each trace is

wide QW’s. Another, modulated beam, wikh ,=1.54 ev, fitted by adding several curvédepending on the number of
mainly generates-h pairs in the wide QW's. Then, only the Observed resonangesvhich are calculated according to Eq.
modulated PL and PMA signals are detected by the lock-if1) and are shown by dashed lines in Figs. 3 and 4. Their
amplifier, and the results are shown in Figs. 2 and 6. sum is shown by a dotted line that virtually overlaps the
Figures 2a) and 2b) show the photomodulated PL spec- experimental trace. Note that fdi, >8 K [Figs. 3b)—3(e)]
tra for different intensitie$, ; and at two temperaturek., is
set so that both th¥ andX™ PL bands are observedJnder GaAs/AlAs/GaAs (198A/1024/26A) MTQW, T,=5K, |, =TmW/cm?
these conditions both thes andX™-CR bands are observed rersav [Erseev]
in the PMA dependence oB, as discussed belowFigure , : @t | 4 R
2(a) shows that, ad,; increases, theX-band disappears,
whereas theX™ band broadens. The photomodulated PLE
spectrum, monitored &E,, in the low-energy side of the
X~ band, shows strong excitonic bands for Iéy and a
steplike spectrum, characteristic of a QW with 2DEG, for
high | ;. Figure Zb) shows that, af | =20 K, the transfor-
mation with increasing, ; of the X band into the 2DEG PL
occurs without the appearance of an intermediatephase.
As will be discussed in Sec. lll, the PMA is due to the
photoexcited electronsef andX™ in the wide QW’s and to
heavy holes(hh) in the narrow QW’s. Figures (8)—3(e)
show the PMA dependence on magnetic-field strerigth AN ) -
plied perpendicularly to the QW plahemeasured under the R
same excitation conditions and at different temperatures. The Magnetic field (T)
corresponding PL spectra are shown in Fig€)-33(j). In

. FIG. 4. Magnetic-field dependence of the photoinduced micro-
order to analyze the line shape of the PMA dependence ORave absorption for three values of incident mw pow@—(c)

B, we use the f(_)”OW'ng expression fo,r the power absorptlorPhotoexci’[ation into the wide wellat E, =1.54 e\j. (d)—(f) Pho-

of linearly polarized mw radiation having a frequengyand  pexcitation into the narrow wellgt E, =1.96 e\). The deconvo-

an electric-field strengtfE(w) (that is due to an electron |ution into separate cyclotron resonances is shown by dashed lines.

rotating in the magnetic fiel®) in the classical cas€: The dotted lines are the fitted sums of all components. In fitting

curves(d), (e), and (f), an offset level(shown by the horizontal

dashed linesmust be included. Note that for photoexcitation into

[1+(w?— wg) 7-2]2+4w§7-2 ' the wide wells, all the lines are narrower than those observed under
(1) photoexcitation into the narrow wells.
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b 4 B obtained with an additional excitation into the narrow QW’s at
\
1

EL1: 1.96 eV.

show increased broadenirigot shown.

Since the PMA intensity depends on the charged particle
(e, hh, andX™) densities while that of the PL depends on the
X andX™ densities, it is of interest to compare the excitation
spectra of the PMA and P[denoted PMAE and PLE, re-

0 ey g T y T T T T spectively, in Figs. &) and 8b)]. The PMAE spectra of Fig.
1.525 1.530 1.535 1.540 5(a) are measured a@B=0 and at the two magnetic-field
Photon energy (eV) » strengths corresponding to the peak of #theand X -CR

bands and for lowP,,. The excitation spectra of Fig(i
FIG. 5. The PLE spectrum monitored Bf, and the photoin- are observed under intense mw irradiatiohhe PL spectra
duced microwave absorption excitatiéRMAE) spectra obtained taken under the same conditions are also shpwihile all
under low(a) and high(b) levels of incident mw power. The PL excitation spectra show bands peaking at te&:fih1)1S
spectra excited &, =1.54 eV are also shown. The PMAE spectra and (€1:1h1)1S excitons, there are clearly differences be-
are observed @& =0 and with an applied magnetic-field strength of tween the PLE and PMAE spectra. These will be discussed
the e-CR andX™-CR (0.09 and 0.5 T, respectively in Sec. lll.

The effect of increasing the 2DEG density in the wide
the fit requires an additional broad curve peaking at Bw QW'S by exciting into the narrow QW's on the photomodu-
(<0.1T) and having a loww,7 (<1). lated CR traces is shown in Fig. 6. In this experiment, a

The PL spectra are similarly fitted by using a Voigt line- tWo-beam excitation is useds in Fig. 2. As the intensity of
shape function, namely, a Lorentzian-Gaussian convolutiok1 increases, the-CR increases relative to the” -CR, and
[1p(E)=fG(E')L(E—E’)dE'], for each PL band. The both bands broaden. At high, (lowest curve, the photo-
best fit to the PL spectra is obtained by taking ¥ie line ~ Modulated part of the PMA signal cannot be separated from
shape to be a Lorentzian and the line shape to be a its cw part and no clearly resolved CR bands are observed.
Gaussiarf! The results of the PL spectra fitting are shown by ~ Finally, we note that the PL spectra of the type-l MQW

the dashed curves for each band and by the dotted curves f6¢Sed as a referengelid not show a line due to charged
their sum[Figs. 3H)—3()]. excitons. The PMA dependence on magnetic field showed a

The effect of increasing,,,, on the PMA dependence on clear e-CR and a weak gnd broad background absorption.
B is shown in Figs. &)—4(c) (for the case of photoexcitation We thus conclude that, in our set of samples, the MTQW
into the wide QW'$ and in Figs. 4d)—4(f) (for photoexcita- structure is e_:ss_entlal for obtgmlng charged excitons under
tion above the narrow-well band gafThe fitting procedure ~ "€Sonant excitation into the wide QW's.
is the same as that used in Fig. 3. As observed in the PL

spectrd Figs. 1b) and 1d)], the X" -CR intensity decreases Il ANALYSIS
with increasingP,,, while the e-CR intensity becomes '
dominant. Note that under photoexcitation witk, In this section we analyze the experimental data along the

>E4(el-hhl)y, the CR bands are broader than those obfollowing lines: (1) The PMA dependence on magnetic
served for excitation a <Eg(el-hhl)y, and these bands field is compared with the PL spectra in order to identify
ride on an additional, broad “background” signal. It is also each component of the cyclotron resonance tra(®sthe
observed that for the formdf, , asl, increases, the-CR e andX™ effective-mass variation witlif, and P, is ana-
intensity increases relative to that of tie -CR, and both lyzed in terms of weak in-plane localizatiof8) the effect of
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in-plane particle localization on the relative intensity of the We now turn to analyze the effects of the mw irradiation.
CR and PL bands(4) the e and X~ momentum relaxation- In general, mw absorption by free carriers can be divided

time dependence on, . into nonresonant absorptidfor example, aB=0) and reso-
nant absorptioniat the CR conditions Equation(1) shows
A. Identification of the photoexcited particles that the mw absorption &=0 is nonzero for mobile carri-

B . ers. This results in nonresonant carrier heating, and they im-
The two PL bands, denotéiandX ™, that are shown in  nact activate excitons from localized into delocalized

Fig. 1, were previously identifiéd**as due to the radiative gtate2425 | addition, carrier heating by mw absorption af-
recombination of €1:hh1)1S excitons and[(el:hh1)1S  fects photh their scattering and recombination rdééReso-
+e€] negatively charged excitons, respectively. As Fi)1 nant mw absorption, apart from providing efficient carrier
shows, photoexcitation into the narrow QWHat E  heating, is usually used for carrier identification, since the
>Eg(el-hh1)], gives rise only to theX™ band atT. ~ CR magnetic field is proportional to the carrier effective
=2K. With increasing photoexcitation intensityl (  mass. The curve-fitting analysis of the CR traces shown in
=30 uWi/cnr), X~ develops into a broad band that is char- Figs. 3 and 4 indicates that there are at most four CR bands
acteristic of the 2DEG-hh recombinatiéh.? According to  ith relative intensities that depend on the experimental con-
the experimentally determin&drelationne(I_) we deduce itions. The CR band aB~0.09 T is observed in both
that, in this case, the 2DEG density ig>5x10"cm™.  MTQW’s and in our type-l MQW’s and is due to electrofis.
However, as Figs. (£) and Xd) show, in the case of the The CR band aB~0.5 T is attributed toX~, since its
MTQW, even resonant excitation in the spectral range of thuuenching with increasing temperature or with increasing
wide-well band gapat E4(el-hh1),y~1.53 eV] generates a mw power is similar to that of th&~ PL band.

low-density (<10'° cm™?) 2DEG. These electrons are mani- A comparison between the various excitation spectra pro-
fest in the X~ PL band and in thee-CR line [at B vides important information on free-carrier photogeneration.
~0.09 T, Figs. 8a)—3(e) and 4a)—4(c)]. This definite ob- Figure 5 shows that both the PMAE and PLE spectra reveal
servation of a 2DEG indicates that a GaAs/AlAs MTQW strong €1:hh1)1S and (1:1h1)1S excitonic bands as well
excited neaEy(el-hhl), differs from a conventional type-I as an absorption onsetB&g(el-hhl),. While itis clear that
MQW. We do not observe any charged exciton PL in ourthe exciton bands are dominant in the PLE spectra, their
type-l MQW'’s. This means that electron-hole generationappearance in the PMAE spectra indicates that the strong
without spatial separation of the electrons and the holes, reabsorption is followed by a nonthermal exciton dissociation
sults in efficient exciton formation. Only when some photo-and spatial separation of the electron and hole. However, in
excited electrons and holes are spatially separated, an excitaontrast to the PLE case, the PMAE spectra show that free
can bind an additional electron and foit. The MTQW  carriers are generated even fr<E [(el1:hh1),1S] of the
structure provides such an efficient electron-hole separatiowide QW’s. This means that free carriers are photoexcited
since even below band gap photoexcitation can generateut of deep traps.

e-h pairs in the narrow wells. Comparing the relative inten- We observe differences in the relative intensities of the
sities of theX andX™ PL bandgFigs. Xa) and Xc)] clearly = PMAE spectra measured aB=0, B~0.09 T, and B
shows that under photoexcitation into the wide QW's of the~0.5T. (B~0.09 T and B~0.5T are thee-CR and
MTQW, the efficiency ofX™ generation is much lower than X™-CR fields atT, =5 K, respectively, as seen in Figs. 3
that of direct excitation into the narrow QW'’s. A possible and 4) At low mw power, when only theX™-CR band is
mechanism for creating excess electrons in the wide wellsbservable in the PMA dependence Bnthe PMAE spec-
under excitation a; <E,(el-hhl)y might be either carrier trum, observed under treCR field, coincides with that ob-
photoexcitation out of deep impurity centers or a two-stepserved aB=0. On the other hand, the PMAE spectrum ob-
photoexcitation. Both processes must occur in the narrowerved under th&X ™ -CR field is stronger, as shown in Fig.
QW's. It is noted that Osbornet al'® did observeX™ PLin  5(a). At high mw power[Fig. 5(0b)], the e-CR is the most
undoped type-l MQW and suggested that the excess holggonounced band in the PMA dependence Banand this
arise from background carbon accept(isat are present in leads to a PMAE spectrum that is stronger than those ob-

their QW barriers served aB=0 and 0.5 T. Thus, an increasedr X~ reso-
The results of the two-beam experiments, presented inant heating increases the photoexcitation efficiency of these
Fig. 2(a) further support this analysis. Increasihg (exci-  particles. This might be due to their increased mobility as

tation into the narrow wellsresults in a 2DEG density in- they are activated from in-plane localizing regicisee be-
crease. Then, th¥ band disappears, whereas thie band  low).

first broadens and then transforms into a broad PL band char- The PL spectrgshown in Fig. 1d)] contain two addi-
acteristic of a 2DEG-hh recombinatidh*?At high tempera-  tional weak bands, one of them at.530 eV and the other
tures[T =20 K, Fig. Ab)] and under relatively low,, is in the range of 1.525-1.527 eV. The latter shifts to low
both (€1:hh1)1S and (1:1h1)1S PL bands are observed energy and disappears with mw power increase. We attribute
(and noX~ band. The photomodulated PLE spectru@t this low-energy PL band to the recombination of localized
low I ; and T, =5K) shows very-well-resolved exciton electrongthe effects of carrier localization will be discussed
bands. At highl 1, the PLE spectrum is characteristic of a later). The high-energy band appears only at high mw power,
high-density 2DEG(an inhomogeneously broadened stepand, thus, it is assigned to free exciton recombination. The
function), as shown in Fig. @). We thus establish that and  exciton delocalization under high power mw irradiation is
X~ as well as 2DEG are photoexcited in the wide wells andconfirmed by comparing the PL and the PLE spectra, shown
their relative PL intensity can be varied by varyihg . in Fig. 5(b). The PLE spectrum monitored at the low-energy
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GaAs/ AlAs/ GaAs (198A /102A / 26A) MTQW is expected to be temperature depend@mtthe range 2
<T_<30K) due to the hhl and Ih1l band anticrossing.

061 (@ o °© ¢ The heaviest cyclotron mass is that of &e in the wide

o QW's. It increases smoothly from 0.4 to 0.59m; with

or T, or P,,, increase up to those values that tKe-CR is
0.4 1 X o unobservable. We know that the hh1-lhl subband anticross-
ing results in in-plane effective masses that show a singular-

~ |wwm = =& . e ity like variation for low k, (<1.5x10° cm™* for dy,

> =200 A), namely, for very low in-plane energi¢d E(k,)

<3 meV]. Therefore, the smooth variation ofyx. with T,
1 - (or P means thaX™ should be considered as a complex
having its own dispersidfi that is more strongly affected by
in-plane potential fluctuation&ue to interface roughnéess
(b) than by the constituent hh dispersion.
b We observe that the in-planeg, varies in the range of
0.065my<mg=<0.070ny, whenT_ increases from 2 to 30
K. (For a 200-A GaAs QW, the calculated value of the in-
plane electron effective massrig; =0.068n, at the bottom
of theel subband.It has been previously observed in vari-
oL )y ous QW structuré§3132thatm¢, is not equal to the effective
I’ & (li), mass of the free in-plane particle. This was attributed to elec-
tron localization in the “interface islands” that arise from
o random potential fluctuationgremote donors or interface
05 ——T——T T fluctuations>33.
5 10 15 20 25 30 In order to provide an intuitive understanding of the in-
Temperature (K) plane localization effect on both the-CR and X™-CR
bands, we use the simple single-particle localization métlel,
FIG. 7. Temperature dependence of the charged particles pararwherein the random fluctuations are introduced by a finite set
eters(deduced from the photomodulated microwave absorption deef harmonic-oscillator potentials with different characteristic
pendence omB) that are photoexcited in the MTQW and obtained frequenciesw,. For charged particles, confined in such po-
by fitting the CR trace$as in Figs. 8a)-3(¢)]: (a) CR masses of tentials and under an applied magnetic field, the electric di-

lines are the calculated electron effective mass in the wide Qw'ﬁiven by

(lower line) and heavy-hole effective mass in the narrow QW'’s
(upper line. (b_) The inverse momentum relaxation timeseofind wgr: w§+(w§f—w§i), 2)
X~ as a function of temperature.

m
m
m

[e]
o m e

g o2

0.0 - ———————F————

—~ 15

101 (sec'1
o]

wherew,=eB/m;,, w.=eB/m*, m, andm* are the cyclo-

X~ tail (at E,;,), shows strong excitonic bands and the onse ron and effeptlve carrier masses, respectlvély;of and .
w,; are the final- and initial-state energies of the harmonic

of the (e1-hh1l) continuum. The absence of a Stokes shift” ™ ° . !
between the PL at 1.530 eV and thel¢hh1)1S exciton oscillator, respectively. In the case of free carrieng,

- . . N
peak in the PLE spectrum is taken as evidence that it is th?_m S An mtermgdlgte state betwegn full chal|zat|on and
free exciton PL band ree in-plane mation is that of a particle that is free to move

over a large “interface island”(an area which is about
wrﬁr). Thus, we explain the observen,, variation with T
B. Effective masses of the charged particles (or Prw) by @ wei— wo¢ frequency shift when the carrier is
" ) promoted from “islands” with relatively strong localization
The CR curve fitting yields the cyclotron mass of #81€ those with lesser localizationof,;> wq,). This model re-
hh, andX™, and the momentum relaxation time of h@nd  q,jires that the length scaleof the potential fluctuations
X" (The hh signal is too weak for a reliable analysis of its y,st pe larger than the carrier cyclotron radius, in order to
broadening. The extracteo_l cyc_lotron masses as a function O%atisfy the criterionw.7>1. ForI<r,,, the carrier is t00
temperature are shown in Fig(aJ. We attribute the two localized to be observed in mw CRo{r<1). Forl>r,,
lowermost CR's(at B~0.09 T andB~0.37 T) 10 electrons o potential fluctuation perturbation will be the same for
in the wide QW's and to heavy holes in the narrow QW's, oy jnitial and final states of the CR transition, and the
respectively. The reasons are as followsa) Both of these localization effect would not be observed.
CR bands persist up to high temperatur@s > 30 K). (b)
We calculated the effective masséssing the eight-band
model of Baraff and Gershafy). The calculatedn, (for a
200-A-wide QW andmy,, (for a 26-A-wide QW are shown The CR curve fitting Fig. 3(a)] shows that forT >8 K
by dashed lines and are very close to the values extractdtiere appears a CR band that is due to low-mobility)
from the experiment(c) The calculatean,,, for a 200-A QW  electrons . 7<1) in additionto that of high-mobility(hm)
does not agree with the observed CR value and, moreover, @ectrons @.7~5). For T .<5K, only the CR due to the

C. Relative intensities of the CR and PL band
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] GaAs/AlAs/GaAs (198A/102A/264) MTQW GaAs/AlAs/GaAs (198A/1024126A) MTQW, E =154 eV, T=5K
2 ® 1™ (aImeV) T O — — . .
2 B 1" (a=lmev) % N 3
I . .'"‘I,_ =/ \\A E\\\.
:: ] @ e e —A—1_ (from CR) = A
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FIG. 9. Excitation modulation frequency dependence of the rela-
FIG. 8. Relative intensities of the high-mobility and low- tivé &-CR andX™-CR intensities and of the relativé and X~ PL
mobility e-CR bands an& ~-CR band as a function of the inverse band intensities. The dashed lines are the fitting curves obtained by

temperature. The activation energies are deduced from the depeHsingisEq- (3) with 7,=4x10"°sec (low 1) and 7=1.5
dence: Ifil(T)]=—A/kgT +const (with a positive slope for <10 sec(high ).

X7-CR).
The in-plane localization effect can also be observed in

. . the photomodulation frequenc dependence of the PL
hm Qlectrons is observed. This means thaF at Towa large . andeR band intensitiesc,] show%,](Ii“r)]d)Fig.pg. Both decrease with
;Irl?((::ttijc;:ic?rtsthgoetlr?;:r?hnes agfe l%?Igzbesir?/ét')?e'F}E‘Tﬁepr%t\zngaRincreasingwmod and under low photoexcitation intensity. It is

' - (hey : interpreted as follows: Photogenerated unpaired electrons
LIn the model described by E() this means that the occu- in the wide QW'’s are localized by random potential fluctua-

pied oscillators have large, leading tol <re, wc7<1.] = iong that have a continuous distribution of. Atlow T,
This is the reason for observing theCR andX''-CR bands the electron lifetime in its localized states,} is long com-

with comparable intensities at low, (although the photo- pared to the free-electron lifetime. Under Idy, both the

excitede density is orders of magnitudes high&?). Then, PL and CR intensity dependence ap,.4 can be fitted by’
with increasingT, , Im electrons are thermally activated into ©

localized states with much smaller; and thus contribute to 1
the CR signal. Similarly, for excitation atE, I (@mod) ~ 1r 175,
>E4(el-hhl)y, the “background” PMA signa(presented [+ (®moq71)"]

in Figs. 4d)—4(f) by a virtually horizontal lingis attributed \yith 7, ~4x 1075 sec. Asl, increases, the localizing states
toa Ia_rge density of Im electrons. Figure 8_shows the relative,re saturated. This results in a shorter (~ 105 sec for
intensities of the hm an_d Ine-CR bands[integrated area | =1.2 mwi/cn?) for the CR bands and in a PL intensity that
upder the_ CR trace that is extra}cted fr.om the curve fitting ofg independent ofv,.g, Since it results mainly from free
Fig. 3 using Eq.(1)] as a funquon o.fllnvgrse tempgratgre. X~ (as was reported in Ref. 21

Both the hm and the Ine-CR intensities increase with in-
creasing temperature with an activation energy-df meV.

It is thus taken as an average localization energy. We note
that a similar analysis of the-CR intensity dependence on Finally, the CR line-shape fittingeqg. (1)] yields the car-
temperature for 50 A-GaAs/GaAl, As MQW'’s (Ref. 29 rier momentum relaxation times. Figuréyy shows the tem-
[where only a broad bando(. 7~ 1.5) is observeplyields an  perature dependence of ¢} and (1f)yx- for the low-
activation energy of-2 meV. This is consistent with a pre- density 2DEG case. As the temperature increased,to
vious study® that shows an electron localization energy in- ~12 K, both relaxation times decrease slightly, then increase
crease with QW width decrease. Although the activation enrapidly for 12<T <20 K. Defining the corresponding in-
ergy of ~1 meV for hm electrons correlates with thé plane mobilities at 35.6 GHz an@i, =5 K, we obtain u,
binding energy Ex-~1.15 meV), it is more plausible to ~3x10° cm?V tsec?! and uy-~5%x10* cn?V~tsec?,
relate it to interface fluctuation in-plane islands since theirespectively. For comparison, in ultrapure bulk GaAs, a very
density is much higher than that ¥f". A similar analysis of  high electron mobility of~1.5x10° cm?V lsec?! (at T,

X~ -CR intensity dependence dn , shown in Fig. 8, yields =5 K) was deduced from the mw CR line shape by using the
an activation energyfor X~ vanishmentof A=0.5 meV. same experimental technigtieln the bulk GaAs case the
We note that th&X™ binding energy, obtained from the spec- electron mobility is determined by acoustic-phoniezo-
troscopic data is more than twice the value of ¥ie acti-  electric interaction and neutral-impurity scatterings. Since
vation energy. Such a difference is frequently found in comthe MTQW is nominally undoped, the fivefold decrease of
paring spectroscopic and thermal binding energies and mays mobility relative to that of ultrapure bulk GaAs can be
be due to opening up of additional channelsXor dissocia-  attributed mainly to interface roughness scattering and to the
tion. carrier-carrier scattering. The latter is explained ™

©)

D. Electron and trion momentum relaxation times
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scattering* and by scattering of hm and Im electrons in the X~. While the interbandPL) transitions probe th& and
wide QW'’s. In addition, it is plausible to assume tleabr X~ components of the mixed phase, the PMA dependence on
X~ scattering is taking place by the hol@sobile or local- the magnetic fieldapplied perpendicularly to the QW plane
ized) in the narrow QW's. Note that the carrier-carrier scat-probes thee andX™ components in the wide QW's and the
tering rate greatly increases with 2DEG density increase. Inhh in the narrow QW'’s through their CR’s. The effect of
deed, as Fig. 4 shows, the observed CR bands undémicreasing the lattice temperature or the electron temperature
photoexcitation into the narrow QW's are much broadsr  (by microwave heatingon the cyclotron mass shift and on

a factor of ~3) than those observed under photoexcitationthe relativee-CR andX ™ -CR intensities is explained by par-
into the wide QW's. The two-beam excitation experimentsticle localization in the “interface islands” of the random
(Fig. 6) also show an increased broadening of both electrompotential fluctuations. In our study, we used only one micro-
and trion CR bands with increased photoexcitation intensitywave frequency and tuned the CR with the magnetic field. In

into the narrow QW'’s. order to better understand the type of localizing potential
(harmonic-oscillator potential or Coulomb binding poten-
V. CONCLUSIONS tial), we plan to carry out similar CR experiments over a

) wide range of microwave frequencies.
We reported on a comparative study of the low-

temperature PMA and PL spectra in a GaAs/AlIAs MTQW
system, in which spatially separated 2DEG and 2DHG are
optically photoexcited, and their density is controlled by the
photoexcitation intensity. At moderate photoexcitation inten- The work at Technion was done in the Barbara and Nor-
sities, we found the existendgn the wide QW’s of the  man Seiden Center for Advanced Optoelectronics. It was
mixed phase consisting of a low-density photoexcited 2DEGsupported by the Israel Science Foundaiifmunded by the
(nNe<5x10* cm™?) and much lower densities ok and Israel Academy of Science and Humanijies
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