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We studied the microwave cyclotron resonai€®) of photoexcited free and weakly localized electrons
and holes in undoped GaAsAGa, ;As multiple quantum wellSMQW'’s) of various well widths. The
photoinduced microwave absorption was measured at a frequeney,gf35.6 GHz and at various lattice
temperatures in the range @f =4.2-300K. The interband excitation intensity was very low, so that the
density of photogenerated electrons and holes was of the orde= &’ cm™2. In all the studied QW’s, an
electron CR was observed, while a heavy hole CR was measured only in narrow QW’s. By model fitting the
CR line shape, the electron and hole cyclotron masses and the electron scattering rate depernfieacel on
on the microwave power were obtained. Assuming that the electron in-plane mobility,as proportional to
the inverse scattering rate, we find that it varies in the range of (0.8468)cn?V ! sec * for 100 A and 200
A MQWrs. This is less than the mobility measured in modulation doped QW’s of similar widths. We present
a detailed analysis of the temperature dependence of the electron scattering rate by combining the electron-
phonon, electron-impurity, and electron-interface roughness scattering rates. The latter is found to be an
important scattering mechanism in undoped MQW's at low temperatures. The CR analysis also shows that the
electron cyclotron mass variém the range of 0.055—0.0%®) with increasing eitheil| or the microwave
power. These variations are interpreted in terms of weak electron localization in large area, in-plane potential
fluctuations arising from interface roughnegS0163-18209)06547-9

. INTRODUCTION els is usually smaller than the thermal enerlgyT, ).** This
experimental condition is termed “classical CR,” as the car-

Electron scattering processes in a two-dimensid@8l)  rier transport can be described by a classical equation of
semiconductor system were first studied in Si inversionrmotion. On the other hand, the FIR CR usually requires
layers®? Then, with the advent of improved growth tech- 1<B<20T, and then the carrier Landau quantization is im-
niques, modulation doped GaAs heterostructuregre  portant(quantum limij. In the classical case, the line shape
shown to have a very high dc mobility of the two- of the mw power absorption dependenceRinassuming a
dimensional electron gg@DEG) at low lattice temperatures linearly polarized mw radiation having a frequensyand an
(T_<20K). In these quantum structures the charge carrierélectric-field strengttE(w), is given by*
impurity scattering is reduced by having a large spacer sepa-
rating the dopants layer from the 2DEG or two-dimensional
hole gas(2DHG), and by the screening of the random elec-
trostatic potential fluctuatiorfs®

. Measuring the mob_iIity of a very low der)sity, photoex- Here, w.=eB/m* is the cyclotron frequency), m*, and
cited 2DEG(or 2DHG) in an undoped MQW is much more . are the density, effective mass, and momentum relaxation
difficult than in the case of high densities in @ modulation-;me (at microwave frequencigf the charge carrier, re-
doped heterostructure. One of the most powerful methods fo§pectively. Clearly, the required condition in order to ob-
the study of charge carrier scattering mechanisms in seMkeryve a resonancelike CR trace as given by @gis w.r
conductors is the cyclotron resonan@R) techniqué>’ So =1, Consequently, only samples with very high carrier mo-
far, conventional CR has been studied in dopedility satisfy this mw CR condition under low magnetic
semiconductorg? while optically detected CRODCR) has  fields?4
been studied in both doped and undoped samft¥sin The classical and quantum CR limits differ also in the
most cases, CR is studied in the quantum Iffnit where relaxation times of the carriers. The classical CR relaxation
high magnetic fields and far infrar€BIR) radiation are used time, r, [deduced from Eq(1)] is expected to be roughly
in order to overcome the large linewidth encountered in bulkequal to that deduced from dc conductivity measurements, as
and QW samples with relatively low mobility. observed in high mobility GaAs/fkGa, ;As heterojunctions

A CR study at microwave(mw) frequencies in Ill-V  with various electron concentratiot&The reason is that un-
semiconductors requires low magnetic field3~(1T), so  der mw CR conditions, the carriers are moving in large cy-
that the energy separatidno . between adjacent Landau lev- clotron orbits and thenr is mainly sensitive to back

1+ (w?+ wg)rz
[1+(w2—w§)72]2+4w§7'2'

ne’r )
P(B)=F|E(w)| 1)
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scattering®> On the other hand, the relaxation time that is 2004/200A GaAs/Ga,_Al, As MQW
deduced from FIR CR line shape and from Shubnikov—de —
Haas measuremen@isamely, the “quantum lifetime” or the T,=42K —EkﬁE
Z:Ie;trrglrg; 6ergenstate lifetimes sensitive to scattering into i (el:hhl)l’lS el:mnpis | oL

We report on a mw CR study of very low density-free and g 0
weakly localized electrons and holes in photoexcited, un- _g l Y
doped GaAs/A| Ga, As MQW'’s at variousT, in the range 5 L {iEg(el-hhl) N
4.2-300 K. The objectives of this paper digto demon- - I | S PN
strate the conditions under which the method of photoin- g I
duced microwave absorptiofPMA) and its excitation o | ' ; - (e1:hh3)1S
(PMAE) spectroscopy is very useful for the detection of a £ Eml"‘ ' N Eg(el-hh3)
very low density of photoexcited electrons and holes in ’J {" /
QW'’s, and(ii) to analyze the mw CR line shape and from it~ [------~

to extract the temperature dependence of the electron relax- 0=+ S
ation time andin-plang cyclotron effective mass. 1620 1525 E1 '5_30 _1'535 1540 \1/'545 1550
This paper shows that the electron relaxation time at mw xcitation energy (eV)

frequency and at low temperatures is smaller in GaAs FIG. 1. The photoluminescend®L) and its excitation(PLE)

MQW's than that measured in bulk GaAs of the same qual'spectra observed with no microwave irradiation at

|ty_. Th_e ex_penmental temperature dep_endence of the rela>$-L:100 mW/cn?. The PLE spectrum is monitored &,. The
ation time is compared with the theoretically calculated SCatyhotoinduced microwave absorption excitati?MAE) spectrum
tering rates, using the models of electron-phonon, electrongas obtained at P,,,=5mW with photomodulation ~at
impurity, and electron-interface  roughness scattering _—900 Hz.

processes. We then conclude that electron scattering by the

spatially fluctuating QW interface potential is of major im- he photoexcitation of unbound electrons and holes. The
portance even in wide QW's. The analysis of the electrony,qylated mw radiation signal that is reflected from the
cyclotron mass dep_errdence on the temperature and. MY¥funger and is measured by the diode dete¢amd is pro-
power indicates that it is subjected to weak in-plane |°Ca“2aportional to the mw power absorbed by the photoexcited
tion trrat is prqbably due to large area interface islands. _ samplé is the measured PMA. The spectrum obtained by
This paper is laid out as follows: In Sec. II, the experi- monitoring the PMA signal while scanning the photoexcita-
mental setup, the samples_ used, and the_ experimental resgﬂrén energy is the PMAE spectrufthis spectrum is a coun-
are preeented. A.n anelysrs of the experrmental data and,”t%rpart of the PLE spectrumFor cyclotron resonance mea-
discussion are given in Sec. lll. Section IV concludes thisg rements. an external dc magnetic fil@dwas applied
paper. In the appendix, we compare some ODCR measurey,qa|ie| to the[001] direction and was swept over the range
ments with those observed by the conventional mw CRy_1 T The mw electric field was polarized perpendicularly

method. to B, and the absorbed mw power was measured as a func-
tion of magnetic field intensity.
Il. EXPERIMENTAL PROCEDURE AND RESULTS Flgure 1 shows the PL, PLE, and PMAE SpeCtra of the

L,=200 A MQW (measured aB=0). Such spectra were

The undoped GaAs/pkGa; As MQW's (of various measured for all the MQW structures studied here and are
well widths) were grown on(001)-oriented GaAs substrates used in order to characterize them, by comparing the mw
by molecular beam epitaxy. Each sample consists of 25 wellabsorption with the interband optical transitions, as ex-
with 200 A wide Al sGa,-As barriers. Detailed results are plained in Sec. IIl.
presented here for MQW'’s with well widths &f,= 50, 100, Figure 2 shows the PMA dependence Brobserved for
and 200 A. The sample was placed at the antinode of the mthe 200 A MQW for variousT, . Only an electron CR band
electric field in an 8-mm waveguide that is short circuited byis observed for this MQW, and its linewidth increasesTas
a plunger at one end. The mw radiation of 35.6 GHz redincreases. Generally, the PMA signal may be due to free
flected from the plunger was directed onto a diode detectogarriers that are excited in the QW’s as well as in the GaAs
by a circulator. The incident mw poweP,,,, was continu-  buffer layer and substrate. We observed that the PMA inten-
ously varied by an electrically controlled attenuator so thasity increases when the magnetic field satisfies the electron
the power incident on the sample was in the range ofCR condition(B~0.09 T at the mw frequency of 35.6 GHz
Pmw=0.1-50 mW. The waveguide was immersed either inas shown in the inset of Fig. 2. Since this PMA increase
liquid He or in cold He gas, and the temperature was variedccurs for photoexcitation in the QW spectral region only,
in the range off =4.2—-300 K. The sample was illuminated we conclude that the CR signal is due only to electrons con-
by laser light(from a He-Ne or a tunable dye lag¢hrough fined to the QW's.
a pinhole in the waveguide. The light intensitywas suffi- A similar (but broaderelectron CR band was observed in
ciently low so that the photogenerated free electron densitthe 100 A MQW. In addition to the electron CR band, this
was of the order oh,<10®cm 2 for I, <10mW/cnf. The  MQW shows another CR band with a resonance field, which
laser beam was modulated at a frequency varying in thés very sensitive tdP,,,, as shown in Fig. 3. The analysis,
range off ,,,=10 Hz—1 MHz. given in the next section, indicates that this CR band is due

The mw radiation absorption by the MQW increases byto the QW's heavy hole¢hh).
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T P, =0.5mW hh-CR
. P_=05mW

PMA intensity (arb.units)

1.520 1.525 1.530 1.535
Excitation energy (eV)

PMA intensity (arb.units)
PMA intensity (arb.units)

0.0 0.2 014 016 08 1.0
B (Tesla)

B (Tesla)

o ) ~ FIG. 3. The magnetic-field dependence of the photoinduced mi-

FIG. 2. The magnetic-field dependence of the photoinduced migrowave absorption measured in the 100 A MQW sample for five
crowave absorptiofPMA) measured at five different temperatures yalues of incident mw power &t =100 mW/cnf andE, =1.59 eV.
(solid curveg. The deconvolution into an electron cyclotron reso- The dotted line is a guide to the eye indicating the hh-CR peak shift
nance(CR) band originating from the MQW and a very broad CR jth Py
band originating from the GaAs buffer layer and substiféieth
calculated using Eq(1)] are shown by dashed lines. Their sum is A. MQW characterization by comparing microwave absorption
shown by the dotted line that virtually overlaps the experimental and photoluminescence excitation spectra
trace. The insert shows the PMAE spectrdBat0 andB~0.09T

(magnetic-field strength of the electron TR Electronic characterization of undoped MQW samples is

usually done by exciton PL and PLE spectroscopies. The

The PMAE spectra of the 200 A and 100 A MQW's show PLE spectrum is closely relatgtut is not identical to the

distinct QW-related features over the entire studied tempere2PSOrption spectrum. It is simpler to measure because it does
ture range (4 T_<300K). In contrast, the low-temperature not require GaAs substrate removal typical characteriza-

PMAE spectra of the 50 A MQW reveal a strong substrate-tion is presented in Fig. 1: The PLE spectrum of the 200 A

induced mw absorption at photoexcitation below theMQW shows distinct (e1:hh1S and (el:1hi1S exciton
(e1:hh11S exciton band. Figure 4 shows such spectra obPands, and th&y(el-hh] andEy(e1-1h] band-gap onsets.

served at three temperatures and f@B=0 and
B=0.09T and the corresponding PLE spectra. Comparing
them clearly shows that, at low temperatures, the PMA sig-
nal is mainly due to free electrons in the GaAs substrate and
buffer layer and that the MQW contribution to the PMA
signal becomes dominant only far =20 K. This problem I =
could be overcome by using samples with their substrate N T

50A/200A GaAs/Ga, Al ,As MQW

P,=2mW (@ T,=42K
I,= 100 mW/em®
o= 30 kHz

removed by chemical etching. Figure 5 shows it by display- g0 ' B T
ing B-dependent PMA traces of a 50 A MQW sample with 3 :EmE’ B:gogT .

its substrate removed. They reveal both an electron CR and a 8 [\ o

hole CR atT, =5.5K. However, the hole CR is observed at 2

low temperatures only under strong microwave power and £ P
high laser intensity. Y L

IIl. ANALYSIS AND DISCUSSION

In this section we first discuss how the experimental re-
sults are used for MQW characterization by comparing the
excitation spectra of the photoinduced microwave absorption
and of the photoluminescence. Then we analyze the CR line-
shape variation with temperature and microwave power in
order to learn on electron scattering mechanisms in MQW'S  FIG. 4. The PMAE spectra of the 50-A MQW measured at
and on the effects of weak in-plane localization on the elecB=0 andB=0.09 T, and at three temperatures. The corresponding
tron and hole cyclotron masses. PLE spectramonitored atE,,) are also shown for comparison.

0 - T = T ". "I T T I- T
1.59 1.60 1.61 1.62 1.63 1.64 1.65 1.66
Excitation energy (eV)
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etched 50A/200A GaAs/Ga, Al As MQW >0 =
L ® L =200
¢-CR hh-CR I (mW/em’) = n Lw=10(13 0.1
& L=50A
) — D bulk GaAs
'To =
—_ 2 104 =
i<} ° S
k= —9 ................... a
_g ~ 1 _sss®wmo o2 .optical a.\,
5 = e i~ phonon <;
20 T T T deformation | =
2 potential
.5 14 ; A
§ 2 100 200
& |(b) 1,= 100 mW/em® S
P (mW)= B FIG. 6. The temperature dependence of the electron inverse re-
~ laxation time and mobility for the three MQW’s studied here and
| - 7 for the bulk GaAs sampléhe bulk GaAs data were taken from Ref.
---------- 18 7). The values were obtained from CR tracas in Fig. 2 by using
--------- 45 Eqg. (1). Also shown are the total model fitting curves obtained
00 0 041 02 03 0.4 using Eq.(3) for the 100 A and 200 A MQW'’s as well as for the

bulk GaAs samplésolid lineg, and the temperature dependence of
each scattering rate given in Table | with parameters corresponding

FIG. 5. The magnetic-field dependence of the photoinduced mit® the 100 A MQW.
crowave absorption measured 8=5.5K, E, =1.662¢eV, and
fmoq=30 kHz in a 50 A MQW sample having its substrate removed.line-shape analysigy using Eq.(1)], is shown in Fig. 6 for
(a) For three different photoexcitation intensitiéb) For four dif-  all three studied MQW's. For the 50 A MQW sample, the
ferent incident mw power values. 7~ 1 values are shown only foF, >20K since electron lo-

) . . calization in the QW precludes observation of the CR signal
It is well known that as the QW width decreases, the exciton, lower T, . For comparison, also shown is X(T,) of a

PL and PLE bands broaden and, concurrently, the Stoke&u”( GaAs having the same quality as the QWitise GaAs

shift between their peaks increases. This is due 10 exCitof o avey  The following general observations can be
localization in tail states resulting from potential quctuauonsmade:(i) At high temperaturesT, =100K), 7~ 1(T,) of all

of the interface roughned$in the present case of the 200 A MOW o th | determined b |
MQW, the (el:hhllS exciton band has the same width in its Q S converge to the same vaiue, determined by polar
PL and PLE spectra and no Stokes shift between them. BoffiPtical-phonon scatteringsee below. (i) At low tempera-
PL and PLE spectra show a spl#1:nh11S exciton band tUres, the MQW's7 (T, increases with decreasirigy

(AE~0.3meV). This is interpreted to be due to excitons@Nd is always higher than that of the bulk sample. This ob-
moving over large area “interface islands-*Thus, we con- servation is consistent with the theoretlc_al analysis discussed
clude that in the 200 A-wide MQW, the excitons are essenbelow: in GaAs MQW's, neglecting the interface roughness
tially free. scattering process, the low-temperature electron-phonon
We now consider the fact that a PMA signal is observedscattering rate is always higher than that of bulk GaAs of the
in the undoped MQW. This means that free carriers are phosame quality.
toexcited alongside the excitons. The PMAE spectrum mea- The 7 1(T,) that is extracted from the electron CR line-
sures the interband transitions that produce unbound e-fhape analysis is identified as the electron momentum relax-
pairs, whereas the PLE spectrum measures those of boumtion rate. The model used here in order to fit the experimen-
pairs (excitong. As clear(though broadgrexciton bands are tal data assumes that the total momentum relaxation rate is

also observed in the PMAE spectrum, we conclude that exgiven by the sum of the inverse-relaxation times for each
citons dissociate after their photoeXCItatlon. In the fO”OWIng electron Scattering mechanigilatthiessen’s rule

papet® we analyze this observation in detail and show that
excitons are thermally dissociated at high temperatures and a TN T)=37 X TD. 2)
nonthermal Auger-like exciton dissociation process occurs at

low temperatures®~>° o _ This approach has been used to obtain the relative contri-
We observe that the excitonic features in the low-pytions of the main electron scattering mechanisms in many
temperature PMAE spectra are enhanced under Righ  semiconductor bulk materials and in GaAs MQW'’s at low
and for a magnetic field value equal to the electron CR fieldemperatured?® These scattering mechanisms are the fol-
(inset of Fig. 2. The reason is that electron heating by the|gwing: (i) Electron-acoustic phonon scattering via the piezo-
mw field increases the exciton impact ionization féte, glectric interaction and deformation potential, and
yielding a higher density of unbound electrons and holes. gjectron-LO phonon scattering via the Blich interaction.
(i) Electron-background impurity scattering, that in QW's
refers to in-well impurities.(iii) Electron-remote impurity
scattering that is mainly of importance in the case of modu-
The experimental temperature dependence of the electrdation doped heterostructurev) Electron-interface rough-
inverse relaxation timey 1(T,), extracted from the CR ness scattering in the case of QW's.

B (Tesla)

B. Electron scattering mechanisms and their temperature
dependence
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TABLE I. Summary of electron scattering mechanisms and their rates in two-dimensions.

Type of scattering Expression for * Parameters
3w om* Veg (e —e T fiw o=236.7 meV(from Ref. 27
Polar optical phonons Lo =% '
P P 2321242 T, )12l oo/keTL— 1) (T, (from Ref. 23 x(T)=1 for T, <150K
. _ 3EIM*ksT,
Acoustic-phonon deformation potential—————  (from Ref. 23 E,;=7.64eV(from Ref. 7
213psLyy
23/2( m* kB)l/2e2K2TL

Acoustic-phonon piezoelectric potential (from Ref. 22 K?=3.59x 10 2 (from Ref. 7

3m3%2¢ soTé/z

m*eN(ZD) J’ 7 (1—cos®)dO (from Ref. 2
5 773 7 rom Ref. 2,
lonized impurities m(ee0) o , (@+a) Np=2.5x 10"cm™2 (this work)
m*e

where qS:m

(at low tempeatures

Neutral impurities aNZP (our assumption a=0.75x< 10° cnsec’* (this work)

o [e(qp 47 (omRef.26. 34

JE,  h2m? A~25 A (this work)

where F=mzm and €(q)=1+4qJq

m*(AA)2| o f m(1-cosf)e TN
h3

Interface roughness

The electron-phonon scattering in bulk semiconductors isvhereE; is the donor ionization energy amdi-=2kgT, pop
governed by momentum conservation, whereas in the 20k the 2D effective number of states in the conduction band
case this requirement is relaxed. However, for wide QW’s,for GaAs,N:=0.48< 10T, cm™?).

Pricé?” showed that while the electron motion is confined in The surface roughness scattering process was studied in-

(disregarding the interface modesHis model calculations surface of metafS and thereafter in Si inversion layes.

indicate that the electron momentum relaxation rate due tQ. . ) . 2
acoustic phonons scattering via both the piezoelectric interci-hIS subject has been reviewed by Arelcal,” who showed

action and the deformation potential is enhanced in MQWghat interface roughness scattering is not important in GaAs
as compared with bulk GaAs. On the other hand, the electrofodulationn-doped heterostructures with electrostatic field
momentum relaxation rate due to polar optical phonon scatconfinement. This theory was adopted by Saletkal** to
tering in 2D systems is assumed to be the same as in bulke case of interface roughness scattering due to quantum-
material? well width fluctuations. It was shown that in this case inter-
Electron scattering by background impurities is usuallyface roughness scattering is very importéaten dominant
neglected in the low-temperature mobility estimates ofand depends on both the height and the lateral extension of
modulation-doped QW'’s due to screening. However, we fingpq potential fluctuations.
that this type of scattering is significant in the undoped, high-" ¢ theoretical expressions for the scattering rate of each
quality MQW's studied here, as well as in bulk GaAs of the process, as well as the parameters used in the data fitting or

m lity. There is no simple analytic expression for th . . . .
Egckzgouuiéy ion?zgd-simgus}ityp (sac?;\t';?/itn;ergt: sisno thg tzgextracted from it, are summarized in Table I. The following

case-* We thus use the approach developed in Refs. 1 and ZYMPOols are usedl — electron temperaturesg — Boltz-
The electron scattering by neutral background impurities ignann constaniw o — LO phonon frequency; — static di-
taken to be temperature independent, as in the bulk casdectric constants, — permittivity of free spaces.. — opti-
where this scattering is usually described by the Erginsogal dielectric constantK? — electromechanical coupling
formula® constant,E; — deformation potential constang, — crystal
The temperature-dependent concentrations of the ionizeglensity,s — averaged velocity of sound=2k sin(4/2) — the
and neutral donord); andNy=Np—N;, respectively(Np  magnitude of the 2D transfer wave vectog, — screening
is the total donor concentratiprare estimated as in the bulk wave-vector parametes, — interface roughness height, —
case’ but using the 2D conduction-band density of statesnterface roughness correlation length;- interface scatter-

(p2p=m*/mh?): ing strength, andE, — electron confinement energy.
The calculatedr~(T,) for the 100 A and the 200 A
N = 2Np 3) MQW'’s and for bulk GaAs are shown in Fig. 6 by solid
: 8N E. ’ lines.(The bulk GaAs calculation is taken from our previous
1+ \/1+ _Dexp{ : ] study.” Also, the temperature dependencies of each scatter-
c KeTL ing rater; *, calculated for the 100 A MQW, are presented
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0.08 MQW's. In order to compare the experimentally obtained
g’ 1= 10 mW/cm’ glectron effective mass \_/aluemZ,) with theolretical predic—.
.5 P =05mW e %0 o tions, we used the following procedure: the in-plane effective
E ™ ebe © OO mass is calculated by the second derivative of the subband
2 .".D _______ dispersionEy(k;) that was calculated using the eight-band
£ IS model of Baraff and Gershofi. The temperature depen-
g 0075 g™ 200A-MQW dence of the effective mass is obtained assuming that the
= Qo ® experiment electron thermal kinetic energy is given byE,)=kgT,
z 7T caleulations =Ey(k) — Eo(ky=0). This relation determineska value for
g 100A-MQW a givenT, . In addition to the conduction band nonparabo-
E 0 experiment licity, we take into account the polaron effect that is nearly
= caleulations three times stronger in two-dimensional systems than in the
0'060 20 40 60 S0 100 120 corresponding bulk materiaf$.The estimated mass increase
T (K) due to the polaron effect is 1/(1—mwa/8), which is ~3% for

the 2D GaAs-based system, where0.07 is the dimension-

FIG. 7. The temperature dependence of the electron cyclotroteSS Frailich coupling constant for GaAs. Then, the effective
mass obtained by fitting the CR traces for 200 A MQW and 100 Amass dependence on temperatang(T,), is given by
MQW. The dashed and solid lines are the calculated electron effec-
tive mass dependence on temperature for 200 A MQW and 100 A 1 ( Ta

MQW, respectivelyusing Eq.(4)]. P 1 e
e

1 9%(Ey)
e @

separately in Fig. 6. In these calculations, we disregard N , .
screening, since the photogenerated electron density is very FOr TL>30K, the calculatedng (T,) increases linearly
low. The interaction coefficients for the electron-acousticWith approximately the same slope as the experimengal
phonon scatteringg; ,K?2) were taken from our CR study of values do. However, there are discrepancies between the cal-
bulk GaAs’ For the interface roughness potential, name|yculated effective mass absolute \_/alues and_the experimental
the “interface landscape,” we assume a distribution of “is- values (of ~2.5%), and the obtained experimental depen-
lands” with height (along the growth directionof one  dence orl is steeper than the calculated one, Ter<30 K.
mono|ayer and average Siz@iamete)‘ of A. With A Moreover, in the limit of low temperatures, we observe that
=2.83A, the calculated average potential fluctuatiostis ~ the cyclotron mass decreases whep decreases, whereas
=(2E,/Ly)A. This givessE=0.28, 1.62, and 7.9 meV for the calculated band-edge in-plane mass .values have an in-
Lw=200, 100, and 50 A, respectively. These values agre¥erse dependence. At =4.2K, the experimental electron
well with the observedel:hh11S exciton PL linewidths. cyclotron masses are 0.089, 0.067n,, and 0.05&,, and
Thus, in the fitting procedure we used only two free paramihe calculated values are 0.068, 0.07(m,, and 0.07#,
eters:Np and A (same values for both 200 A and 100 A for the 200 A, 100 A, and 50 A MQW's, respectively. This

MQW'’s). A good agreement is obtained between the experitnéans that there is another physical mechanism that strongly
mental data and the model calculations with affects the cyclotron masses at low temperatures. We argue

Np~2.5x1083cm 3 and A~25 A. This value of volumetric Now that it is the weak electron localization at interface is-

background donor concentration is consistent with that oblands. _

tained for MBE grown bulk GaAs of the same qualitps An electron cyclotron mass decrease relative to the band-
for the interface roughness scattering, the valudof25 A~ €dge effective mass value has been observed prev:i;l)lstsly by
for the potential fluctuation lateral size is similar to other FIR CR in GaAs/A} {GayAs quantum structure$:*"
estimate$*?81t indicates that the short-range components ofThis effect was attributed to weak electron localization at

the interface roughness potential are limiting the electrodnterface islands that arise from long-range potential
mobility at microwave frequency. fluctuations®® According to the model described in Refs. 12

From the fitting procedure, we found that the interface@nd 34, the binding potential in a given interface island is
roughness-limited electron mobility is 1.3x 10’ cm?/Vsec ~ assumed to be described by a harmonic oscillator function of
for the 200 A MQW and~4x 10° cn?/Vsec for the 100 A  the electron in-plane coordinates. This results im@ de-
MQW. Thus, we conclude that in the 200 A MQW, the low- crease with increasing localization enef§yNote that the
temperature electron Scattering is main|y due to acoustiL‘OC&”ZﬁtiOﬂ model described in Refs. 12 and 34 requires that
phonons and background impurities, as in the case of bullhe length scale of the potential fluctuations that determine
GaAs. On the other hand, in the 100 A MQW, the low- the localization must be larger than the electron cyclotron

temperature electron momentum relaxation rate is deteradius(~1000 A), in order to satisfy the criteriom 7> 1.
mined by the interface roughness scattering. Since the electron localization potential increases with de-

creasingL,y, we expect the localization effect an, to be
strongest in the 50 A MQW and negligible in the 200 A
MQW. This is consistent with the observed mass decrease
trend mentioned above. Moreover, the temperature depen-
Fitting the CR line shapes by El) also yields the car- dence of the 50 A MQW PMAE spectra, shown in Fig. 4,
rier cyclotron mass. Figure 7 shows the electron cyclotrorindicates that the QW exciton bands appear only at
mass as a function of temperature for the 100 A and 200 AT, =20 K. We make the simplifying assumption that the av-

C. Weak localization effect on the electron and hole effective
masses
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— T T r effective masses for the three MQWsbtained by using Eq4)].

The steep heavy hole effective mass increase is due to the hhl and
Ih1l band anticrossing.

FIG. 8. The mw power dependence of the electron parameters
obtained by fitting the CR traces for the 200 A and 100 A MQW's: The calculatedmf(T.) is shown in Fig. 9 for all three
(8) CR masseg)) inverse momentum relaxation times. The dashedMQW structures. Afl =4.2K, the experimentally obtained
and dotted lines are guides to the eye for the 200 A and 100 A:yclotron hh masses am2P=0.21m) for the 100 A MQW
MQW's, respectively. andm{'=0.15m, for the 50 A MQW. The calculated values

erage electron localization energy due to the long-range pdre: my,=0.20m, and mj,=0.19m,, respectively. The dis-
tential fluctuationgthat is produced by one monolayer inter- crepancy obtained for the 50 A MQW is attributed to a weak
face fluctuationsis the sameSE=(2E,/Ly)A as that of the hh localization, according to the same model described
short-range potential fluctuations. Then, this estimate exabove for electron localization.

plains well the observation that at low temperatugiesT, The calculatedn}(T,) increases very steeply with in-
~0.4meV atT,_ ~5K) the electrons are strongly localized in creasingT, . This is due to the heavy hole and light hdlle)

the 50 A MQW, but not in the 200 A MQW, whereas at subband anticrossing that results in a singularity like varia-
higher temperature&gT, ~8.6 meV atT, ~100K) they are  tion of the in-plane effective masses for Idgy. As Ly in-
essentially free to move in the QW plane regardless of thereases, the hhl-lhl subband anticrossing occurs at lawer
QW width. and, consequently, at a lower intrasubband enéngynely,

IncreasingP ,, (at T, =4.2 K) has a similar effect om$, ~ lower T;). The absence of a hole CR in the 200 A MQW is
as that of increasind, , but an opposite effect on the scat- thus attributed to an insufficient magnetic field range over
tering rate extracted from the CR traces, as shown in Fig. e entire experimental temperature range, since the calcu-
for the 200 A and the 100 A MQW's. Thent, increase latedmy, singularity occurs already & ~4-5K.
indicates that the electrons become less localized. de- In the 100 A MQW, the hole CR field increases with a
creases since only the electrons are heated without a concuUPmw increase(Fig. 3), and this is explained by mw-induced
rent lattice heating, as in ultrapure bulk GaASherefore, hole heating. The hh CR trace is too weak to be reliably
the phonon- and ionized-impurity-related scattering proditted by Eqg.(1) for a momentum relaxation rate extraction.
cesses are less effective under higRgg,. Also, the varia- However, the cyclotron mass can be estimated from the CR
tions inm and 7~ * are greater in the 100 A MQW than in magnetic field(the dotted line in Fig. 3 is a guide to the eye
the 200 A MQW. These observations confirm the strongefor such an estimajeUsing the calculatethy(T,) shown in
electron localization in the 100 A MQW than in the 200 A Fig. 9 and assuming that the effective hole temperatlifg) (
MQW, in consistence with the temperature dependence meéicreases witlP,,,,, we obtain from the hole CR field that, at
surements. T =4.2K, Tyyincreases up te-17 K, for P,,,=40 mW.

The PMA intensity dependence on magnetic field reveals In the (etched 50 A MQW sample, the hh CR is observed
that, in addition to the electron CR band, a second band igt low temperatures only under hidhy,, and highl, . Note
observed at a higher magnetic field in the 100 A MQW andthat theP,,, increase results only in a small hh CR field shift
in the (substrate-etched0 A MQW (Figs. 3and & (Inthe  at T =5.5K, as shown in Fig. 5. This result is consistent
200 A MQW, only the electron CR band is obseryethis  with the calculationgFig. 9), wherein them},, value in the
second CR band is weak, relative to the electron CR band i60 A MQW increases noticeably only fay >20 K. Concur-
the 100 A MQW, and its resonance field is very sensitive tarent with the hh CR appearance, we observed that the elec-
Pmw. @s shown in Fig. 3. In the 50 A MQW, this second CRtron CR field increases. Such a shift corresponds to a cyclo-
band is only moderately shifted with mw power increase. Werron mass variation fronmg,=0.055m to mﬁr:o,oesm,
attribute this additional CR band to the hh CR, based on th&his observation again shows that mw heating activates both
following analysis: mf(T.) is calculated using the same electrons and holes out of the shallow spatial potential fluc-
procedure(described aboveas for them? (T,) calculation. tuations where they are weakignd separate)ylocalized.
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200A/200A GaAs/Ga, ,Al, ,As MQW that the localized carriers can be activated into free states by
either thermal heating or mw heatifipat affects mainly the
free carriers

The hh-mass dependence on well width and on tempera-
ture is analyzed in terms of its singularity like dependence on
hole energy that results from the hh1-lhl subband anticross-

ing.
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FIG. 10. A comparison between the electron CR and ODCR APPENDIX: OPTICALLY DETECTED
traces atl =2mwWicn?, E =1.54eV, andP,,=1mW. The CYCLOTRON RESONANCE

ODCR trace is monitored at the1:hh1 1S exciton band.
When samples consisting of an epilayer grown on a thick

GaAs substrate are studied, difficulties arise in obtaining the
CR of QW-confined carriers since, under illumination, mi-
The photoinduced microwave absorption, its excitationcrowave absorption is photoinduced in the entire sample.
spectrum, and the classical electron and hole CR are studiethen, ODCR is advantageous since the effect of microwave
in undoped GaAs/Al:Ga, /ASMQW's, using combined mi- irradiation is selected by monitoring a specific PL band.
crowave and optical techniques. The temperature and micrddowever, the ODCR measurements provide only indirect in-
wave power dependence of the electron and hole cyclotroformation on the momentum relaxation rates of photogener-
masses and their momentum relaxation rates are extracteded charged carriers since the exciton photoluminescence
from the CR line-shape analysis. A detailed analysis of thanodulation by the mw radiation is monitored in the ODCR
momentum relaxation rate dependencies is presented for tlad not the direct carrier PMA.
100 A and 200 A MQW’s by adding the rates due to various We compared the CR and ODCR traces of the 200 A
electron scattering mechanisms. The main conclusions afdQW at T, =4.2K for the sameP,,,,, and |, , as shown in
that in all undoped MQW's, the electron scattering rates ard-ig. 10. The ODCR trace was monitored at the (el:hisl)1
higher than those of bulk GaAs layers of similar crystal qual-exciton band. The electron ODCR is broader than its direct
ity. In the narrower MQW'’s, short-range interface roughnessCR, and this shows that the momentum relaxation rate, ex-
scattering dominates over electron-acoustic phonon anttacted from the ODCR linewidth, is larger than that deduced
electron-impurity scattering. from the CR linewidth. The reason is that there is a basic
The PMAE spectra and the cyclotron mass dependence dtifference between the CR and ODCR methods: ODCR re-
temperature and mw power are interpreted in terms of weakults from theT, dependence on the magnetic field strength
carrier localization. The analysis suggests that, at low temwhen heating is caused by the microwave irradiation, and
peratures, the photoexcited electrons and holes in undopdrbm the hot electron effect on the exciton recombination
GaAs/Al Ga -As MQW's are (separately localized by processes. Since the PL intensity is not proportional to the
long-range, in-plane potential fluctuation arising from mono-electron temperatur&,,*>¢ the ODCR line-shape analysis
layer interface fluctuations. The localizing potential strengthof undoped MQW'’s does not provide a reliable estimate of
increases with QW width decrease, but it is sufficiently weakr~(T,), and hence of the electron mobilify.
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