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Feasibility of optically detected cyclotron resonance to study electron mobility in ultrapure GaAs

M. Kozhevnikov
Division of Engineering and Applied Sciences, Harvard University, 9 Oxford Street, Cambridge, Massachusetts 02138

~Received 12 April 2000!

While the optically detected cyclotron resonance~ODCR! technique is a widely applied technique for the
study of semiconductors, the effect of cyclotron resonance~CR! on the carrier capture and recombination
processes is not well understood. We report on a comparative study of microwave CR and ODCR in photo-
excited ultrapure GaAs at low temperatures. We found that the ODCR spectrum is broader and thus gives
lower electron mobility than the CR spectrum under the same experimental conditions. To explain the discrep-
ancy, a rate-equation model is developed for the dependence of the exciton density on the microwave power
~free-electron temperature! under the CR conditions. A good agreement between the experimental data and the
model calculations was obtained by assuming the exciton formation rate dependence on the hot-electron
temperature.
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I. INTRODUCTION

The optically detected cyclotron resonance~ODCR! tech-
nique is a widely applied extension of the conventional
clotron resonance~CR! technique for study of semiconduc
tors. In ODCR, the photoluminescence~PL! amplitude
change by applied microwave~mw! or far-infrared ~FIR!
power is monitored as a function of the frequency
magnetic-field strength. In conventional CR experiments,
direct mw or FIR absorption of the whole sample is me
sured, and therefore it can be difficult to distinguish betwe
the contribution from different structures presented in o
sample. Thus, to study layered structures, it can be adva
geous to use ODCR where the effect of the applied mw
FIR radiation on specific PL bands is measured. In so
cases, ODCR gives even longer momentum relaxation ti
than those obtained CR in the dark, due to the photoneu
ization of ionized impurities by photoexcited free carriers.1–3

In addition, the mw or FIR absorption of carriers under C
conditions can lead to a selective triggering or quenching
different recombination processes, thus giving an enhan
optical resolution compared to photoluminescence meas
ments. The ODCR technique was successfully applied
study the band parameters~effective mass and mobility! in
bulk semiconductors4,5 and semiconductor nanostructures,6–8

as well as to study recombination mechanisms3,9–11 and
quantum oscillations.8,10,12,13

In most cases, the ODCR is studied at FIR frequencie
the quantum limit, where a high magnetic field is used
order to study bulk and nanostructured semiconductors,
ally with relatively low mobility.4,12,14–16In contrast, a CR/
ODCR study at microwave frequencies requires low m
netic fields (B,1 T).5,11,17,18This experimental condition is
termed ‘‘classical’’ CR/ODCR, as the carrier transport c
be described by a classical equation of motion. It has a n
ber of distinctions from the FIR CR/ODCR case~usually
requiring 1,B,20 T), where the carrier Landau quantiz
tion is important, and the scattering processes are affecte
the magnetic-field strength.19,20

Several mechanisms are usually considered to explain
effect of the free-carrier heating by mw~FIR! power on the
PRB 620163-1829/2000/62~12!/8062~6!/$15.00
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PL modulation:3,7 ~i! carrier trapping rate dependence on t
carrier temperature,~ii ! impact ionization of bound-carrier
by hot free carriers, and~iii ! thermal coupling, where the
accelerated free carriers release their energy to the la
which affects the PL. Which of the above ODCR mech
nisms is dominant depends strongly on the nature of the
transition monitored and on the experimental condition3

For example, the threshold dependence of the PL signa
the mw power applied was observed in the case
modulation-doped GaAs/AlGaAs heterostructures, and
was interpreted in terms of the impact ionizatio
mechanism.21 Similarly, mw and FIR ODCR was studied i
epitaxial InP and GaAs, and the effect of donor-bound ex
ton PL quenching was attributed to the bound-exciton imp
ionization by hot electrons generated at CR conditions.2,22 In
contrast, in doped GaAs/AlxGa12xAs quantum wells,7 the
threshold mw field indicative of the impact ionizatio
mechanism was not observed, and it was concluded tha
underlying physical mechanism of mw-modulated PL is
thermal heating of the lattice~the mw-modulated PL spectra
shape is the temperature derivative of the PL spectrum!. In
photoexcited undoped GaAs/AlxGa12xAs quantum wells23

and bulk GaAs and CdTe,24 the excitonic PL quenching by
the intense FIR radiation was attributed to carrier heat
without significantly heating the lattice. Smooth reduction
the free-exciton luminescence was observed in pure G
~with impurity concentrationNI;631013cm23) under an
applied mw field, and it was attributed to the reduction of t
exciton formation rate, while the impact ionization of fre
excitons is feasible at high mw and excitation powers.22

The expression for the mw~FIR! power absorption@see
Eq. ~4! below# is frequently used to describe the ODCR lin
shape in order to estimate the carrier effective mass and
mobility.3,5,7,24 However, the ODCR measurements provi
only indirect information on the transport properties of ph
togenerated charged carriers since the exciton photolumi
cence modulation is monitored in the ODCR and not
direct mw ~FIR! power absorption. Discrepancies betwe
the CR and ODCR line shapes were observed in sev
experiments.7,22,25,26While the discrepancy between the m
bilities extracted from the ODCR and from the magn
8062 ©2000 The American Physical Society
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totransport and Shubnikov–de Haas measurements
GaAs/AlxGa12xAs quantum wells was explained by diffe
ences in the experimental conditions~carrier scattering may
depend on the optical and mw~FIR! intensities!,7 our previ-
ous study of photoexcited mw CR/ODCR experiments
undoped bulk GaAs and GaAs/AlGaAs quantum wells sh
unambiguously that the carrier mobilities extracted from
simultaneously taken CR and ODCR linewidths a
different.25,26

In this paper, we report on a study of the effect of carr
heating in the mw field on the recombination processes
ultrapure GaAs at low temperatures by using photoindu
mw CR and ODCR spectroscopy. We found that the ex
tonic photoluminescence spectra weaken gradually unde
plied mw irradiation, and this PL quenching is most efficie
at the CR conditions. The ODCR spectrum monitored at
free exciton luminescence band is broader than the CR s
trum under the same experimental conditions. In order
gain a better understanding of the optical and transport p
erties, a model based on the main dissociation
generation-recombination processes governing electron
exciton dynamics is developed, and it explains well the
served results in terms of the exciton formation rate dep
dence on carrier temperature.

This paper is laid out as follows: In Sec. II, the expe
mental setup, the samples used and the experimental re
are presented. In Sec. III we present the rate equation m
for the photoexcited exciton and unbound electron densit
and analyze the experimental and model data.

II. EXPERIMENTAL PROCEDURE AND RESULTS

Ultrapure 10-mm GaAs layers were grown by vapor pha
epitaxy ~sampleA! and molecular-beam epitaxy~sampleB!.
From our previous study,25 we estimated the electron mobi
ity to be ;23106 cm2/V s in the purest sampleA ~with re-
sidual impurity concentrationNI;1.531013cm3) and;0.9
3106 cm2/V s in sample B (NI;331013cm23) at TL
52.2 K. The samples were placed at the antinode of the
electric field in an 8-mm waveguide mounted in
immersion-type dewar. A stabilized, 35.6-GHz Gunn dio
was used as the mw source. The incident mw powerPmw
was continuously varied by an electrically controlled atten
ator so that the power incident on the sample was in
range ofPmw51024250 mW. The mw radiation measure
by the diode detector was modulated by the photoexcita
of the sample and the modulation signal was proportiona
the photoinduced mw absorption~PMA! by the photoexcited
free electrons. For cyclotron resonance measurements, a
ternal dc magnetic fieldB was applied parallel to the@001#
direction and was swept over the range 0–1 T~the mw elec-
tric field was polarized perpendicularly toB!. The sample
was illuminated by laser light~from a He-Ne or a tunable
dye laser! through a pinhole in the waveguide. The photo
minescence~PL! signal was measured simultaneously w
the PMA signal.

Figure 1 presents the PL spectra~in the exciton region! of
samplesA andB at Pmw50. The PL spectra consist of fre
exciton~exciton polariton! ~X! and excitons bound to neutra
donor (D0,X), ionized donor (D1,X), and neutral accepto
(A0,X). The free exciton band is the dominant band amo
on

e

r
in
d
i-
p-
t
e
c-
o
p-
d
nd
-

n-

ults
el
s,

w

e

-
e

n
o

ex-

-

g

the no-phonon excitonic transitions. For comparison, the
excitation spectrum of sampleB monitored at 1 LO-phonon
sideband~PSB! of the free exciton band is also shown in Fi
1. As was expected, there is no Stokes shift between
excitation and recombination spectra of the free exciton.

Under applied mw irradiation, we observed a stro
quenching of the excitonic bands. Figure 2 shows the de
opment of the excitonic and 1 LO-PSB PL signals of sam
A for three values of incident mw power. While the fre
exciton PL band undergoes about a fourfold decrease
Pmw525 mW, its linewidth remains essentially the same.
contrast, we observed a significant broadening of the 1 L
PSB band asPmw increases. By fitting the 1 LO-PSB lin
shape with the expression (E2E1)exp$2(E2E1)/kBTex%,

27

whereE15Eg2Eex2\vLO andTex is the exciton tempera
ture, we calculated that the exciton temperature increase
5.6 K at Pmw525 mW. Note that even atPmw50, the ex-
tracted Tex53.6 K is above the bath temperature (TL
52.2 K) because of the effective exciton-hot electron int
actions at above-band-gap excitation.28 The exciton tempera-
ture increase does not show itself as a free exciton PL bro
ening because the radiative recombination of free excit
occurs only from luminescent states near the bottleneck
gion where excitonlike polaritons convert into photonlik
polaritons.29

We compared the electron CR~PMA dependence onB!
and ODCR~PL dependence onB! traces of both samples a
TL52 K ~for the samePmw and I L for each sample!, as
shown in Fig. 3. The ODCR trace was monitored at the f
exciton band. The level of mw irradiation was kept to

FIG. 1. The low-temperature photoluminescence spectra of~a!
sampleA and ~b! sampleB. ~c! For comparison, the PL excitation
spectrum of sampleB, monitored at 1 LO-phonon sideband~PSB!
of free exciton band is also shown.
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8064 PRB 62M. KOZHEVNIKOV
extremely low~severalmW! to eliminate nonlinear electron
heating processes in CR spectra. One can see that for
samples, the ODCR spectrum is broader than the CR s
trum.

III. MODEL AND ANALYSIS

To analyze the experimental results, we use a rate e
tion model for the time evolution of the electron~n! and free
exciton (nex) densities. This model includes the ma
generation-recombination and dissociation processes gov
ing electron and free exciton dynamics30,31 ~for simplicity,
the bound-exciton related transitions are implicitly includ
into the free exciton recombination time!:

dn

dt
5G2gn21anex1bnnex2

n

t1
, ~1a!

dnex

dt
5gn22anex2bnnex2

nex

t2
. ~1b!

HereG(E)5a(E)I L(E)/E is the free-electron generatio
rate at the above-band-gap photoexcitation~with energyE!,

FIG. 2. The exciton PL and (1 LO)X PSB spectra of sampleA
for three values of incident mw power atTL52.2 K and I L

510 mW/cm2. The exciton temperaturesTp , extracted from the
(1 LO)X PSB line shapes, are indicated near the fitting curves~thin
solid lines!. The inset shows the free exciton PL quenching~solid
squares! as a function of the incident mw power. The calculat
nex

0 (Pmw) dependencies are shown forb051025 cm3 s21 ~solid
line! andb05331024 cm3 s21 ~dotted line!, and theTe(Pmw) de-
pendence is shown by dashed line, usingNI51.531013 cm23 and
G51020 photons/cm3 s.
oth
c-

a-

rn-

where a(E) is the absorption coefficient. Excitons a
formed at a rate ofgn2, whereg is the bimolecular exciton
formation coefficient.a5gN exp(2Eex/kBTL) is the exciton
thermal dissociation coefficient, whereN is the effective re-
duced density of states. The termbnnex describes the impac
ionization rate of excitons by hot electrons, whereb is the
impact ionization coefficient. The electron and exciton to
recombination rates are given by the termsn/t1 andnex/t2 ,
where t1 and t2 are their respective recombination time
The model parameters used in the calculations are sum
rized in the Table I.

The steady-state solution of Eqs.~1!, (dn/dt5dnex/dt
50), gives the following expressions for the excito
density:32

nex
0 5t2G2

t2C1

2t1C2
FA11

4Gt1C2~11t2a!

C1
2 21G , ~2!

whereC15t2(a2bt1G)11 andC25gt11bt2 .
We assume that the main effect of the electron heating

the exciton density is due tog and b dependences on th
hot-electron temperature. Under electron heating, there
variations in the free-electron energy-distribution functio
and the mean value of the electron energyEe increases with
the electric-field strength«. Assuming that the hot electron
have a Maxwellian distribution function with an effectiv
electron temperatureTe52Ee/3kB , b may be approximated

FIG. 3. ~a! Experimentally observed normalized CR~dashed
lines! and ODCR~solid lines! traces for both samples. The CR da
were observed by direct monitoring the PMA signal, while t
ODCR data were observed monitoring the free exciton PL band~b!
Calculated CR spectra@given by P(B)] and ODCR spectra@given
by unex

0 u(B)] for two impurity concentrations atTL52 K and G
51019 photons/cm3 s using model parameters of Table I.
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TABLE I. Parameter values used in the model calculations.

Parameter This work From references

Electron recombination timet1 (s) 131027 131027 ~Ref. 22!
;231026 ~Ref. 32!

Exciton recombination timet2 (s) 531029 (4 – 5)31029 ~Refs. 33 and 34!
Exciton impact ionization coefficientb0 (cm3 s21) 1025 ;1025 ~Ref. 35!

231024 ~Ref. 22!
Exciton formation coefficientg0(cm3 s21) 1025 ;531025 ~Ref. 36!

;1024 ~Ref. 22!
1027– 1025 ~Ref. 37!

Exciton binding energyEex (meV) 4.1 4.1~Ref. 38!

N5S2pmemhkBTL

h2~me1mh!
D3/2

~cm23!

2.731013TL
3/2 usingme50.067m0

mh50.2m0
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by b5b0 exp(2Eex/kBTe), where b05paB
2ne , aB is the

exciton Bohr radius andne is the electron velocity.39 In con-
trast tob, g decreases with the carrier temperature.22,40,41In
our model, we adopt theg;Te

23/2 dependence from Ref. 2
and write it in the formg5g0(TL /Te)

3/2.
The electron temperature dependence on the electric-

strength« can be found from the balance equation42

dTe

dt
5

2

3kB
P~v,B!2

Te2TL

te
, ~3!

where te is the energy relaxation time andP(v,B) is the
electric-field power absorbed per electron. In the case of
early polarized microwave radiation with frequencyv, the
microwave power absorption per electron due to its rotat
in the magnetic fieldB is given in the classical case by43

P~v,B!5
e2t

m*
u«~v!u2

11~v21vc
2!t2

@11~v22vc
2!t2#214vc

2t2 . ~4!

Here vc5eB/m* is the cyclotron frequency,m* and t
are the effective mass and momentum relaxation time~at
microwave frequencies! of the charge carrier, respectivel
The P(v,B) dependence given by Eq.~4! is usually used to
fit the experimentally observed CR traces in order to extr
the carrier effective mass and its momentum relaxat
time.3 According to this expression, in order to observe
resonancelike CR trace,vct>1. Consequently, only sample
with a very high carrier mobility can satisfy the mw C
conditionvct>1 at low magnetic fields.

To solve Eq.~3! for Te , thet andte dependencies onTe
should be considered. AtTe,50 K, the electron-energy re
laxation is due to the electron-acoustic phonon and elect
ionized impurity scattering.39 In pure GaAs, the electron
phonon interaction is dominant and is primarily via t
piezoelectric potential. In this case,te

215tpe
21(2m* s2/

kBTL),44 wheretpe is the electron momentum relaxation tim
due to the electron-acoustic phonon interaction via the pie
electric potential and s is a sound velocity
~s54.733105 cm/s in GaAs!. From our previous study,25

tpe
21553109TL /Te

1/2, and, thus te5bTe
1/2, where b

'1029 K21/2s. The low-temperature electron mobility i
undoped GaAs crystals with residual impurity concentrat
ld

-

n

ct
n

n-

o-

n

of .1013cm23 is limited by neutral-impurity scattering with
t215cNI

25, where c is a constant @c5(4 – 8)
31024 cm3 s21 from Ref. 25#. Since the electron-energy
relaxation rate is much larger than the rate of electr
density variation, we can approximate the electron tempe
ture by the value obtained from the steady-state solu
dTe /dt50:

Te5TL1
K2

2 F11A11
4TL

K2 G , ~5!

whereK52bP(v,B)/3m* with t5(cNI)
21.

Figure 4 shows the calculatedTe dependence on the mag
netic field for severalPmw values atTL52.2 K ~the incident
mw powerPmw is related to the mw field strength« by the
standard expression for rectangular waveguide45!. One can
see that the resonance increase ofTe strengthens asPmw
increases. Note that atB50, Te also increases with thePmw
increase, but this increase is much weaker than that at the
condition.

FIG. 4. The calculated electron temperature dependence on
applied magnetic-field strength for four applied mw powers, us
TL52 K, NI5331013 cm23 and model parameters of Table I.
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Substituting theTe(B,Pmw) dependence of Eq.~5! into
the expressions forb and g in Eq. ~2!, we obtain a direct
dependence ofnex

0 on the appliedPmw and B. The relative
importance of the exciton impact ionization and exciton f
mation processes in the exciton density modulation un
applied mw and magnetic fields can be understood from
analysis of Eq.~2!. Using parameters of Table I andG
;1020photons/cm3 s, we obtainbt1t2G!1 at Te,20 K in
the expression forC1 . Thus the consequentialb andg con-
tributions are included only in the expression forC2 and
therefore are weighted asgt11bt2 . From Fig. 5, which
shows the calculatedgt1 andbt2 dependencies on the inc
dent mw power, one can see thatgt1@bt2 at low Pmw
(Pmw,20 mW, Te,12 K) for reasonableg0 andb0 values.
Using g051025 cm3s21, we obtain a good agreement b
tween the experimentally observed PL quenching at the
plied mw irradiation and the model calculations@nex

0 (Pmw)],
as shown by the solid line in the inset of Fig. 2. The effect
the exciton impact ionization is important only at high ph
toexcitation and mw powers. Indeed, the small onset of
exciton impact ionization was observed only at essen
electron heating (Te.10 K) and exceedingly strong impac
ionization rate (b0533104 cm3 s21), as shown by dotted
line in the inset of Fig. 2, in agreement with previous Ga
study.22 Thus the exciton formation dependence on the h
electron temperature is a dominant mechanism of the
modulation at relatively weak mw irradiation.

The magnetic-field dependence ofnex
0 exhibits a resonan

celike quenching at the CR conditions. Figure 3~b! shows the
absolute modulation of thenex

0 value ~calculated using the
model parameters of Table I! shown by the solid line for
NI51.531013cm23 and 331013cm23 at Pmw510mW. For
comparison, the corresponding magnetic-field dependen
of P @given by Eq.~4!# are also shown in Fig. 3~b! by dashed
lines.@Note that since the PMA signal is;n0P, wheren0 is
the steady-state solution of Eq.~1! for the electron density
the n0P dependence on the magnetic field is more appro

FIG. 5. The calculatedgt1 , bt2 , andTe dependencies on th
applied mw power at B50. For gt1 dependencies:g0

51024 cm3 s21 ~solid line!, g051025 cm3 s21 ~dashed line!, and
g051026 cm3 s21 ~dotted line! at t151027 s. Forbt2 dependen-
cies: b051024 cm3 s21 ~solid line!, b051025 cm3 s21 ~dashed
line!, andb051026 cm3 s21 ~dotted line! at t25531029 s.
-
er
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f
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ate to describe the CR trace than the bareP dependence of
Eq. ~4!. However, we do not distinguish between theP and
n0P dependencies, since their line shapes are, in essence
same at the same set of model parameters.# Therefore thenex

0

and P dependencies on the magnetic-field strength simu
the expected ODCR and CR spectra, respectively. One
see from Fig. 3~b! that theunex

0 u(B) resonance linewidth is
larger than that of theP(B) resonance. The calculated di
ferences between theunex

0 u(B) andP(B) linewidths are simi-
lar to the experimentally observed differences between
ODCR and CR line shapes@Fig. 3~a!#.

The calculatednex
0 dependence on the applied magne

field is very sensitive to the residual impurity concentratio
Indeed, theunex

0 u resonance linewidth is much larger forNI

5331013cm23 than forNI51.531013cm23 @see Fig. 3~b!#.
It is important to note here that the relative difference b
tweenunex

0 u(B) andP(B) linewidths reduces asNI increases.
Figure 6 shows theunex

0 u(B) and P(B) dependencies forNI

51.231014cm23 @the rest of the parameters used is the sa
as in Fig. 3~b!#. One can see that the resonance linewid
are essentially the same. This tendency excuses in some
tent the use of the ODCR technique at mw and FIR frequ
cies to study semiconductors with relatively low mobility.
should be noted, however, that the applicability of our mo
to FIR CR and ODCR should be considered with caut
because high magnetic fields affect carrier mobility and th
the distribution function of hot carriers.20

In conclusion, we conducted a comparative study of m
crowave CR and ODCR spectra in photoexcited undo
GaAs at low temperatures. We found that the ODCR sp
trum is broader than the CR spectrum under the same ex
mental conditions, and thus it does not provide a relia
estimate of the carrier mobility. This unreliability is due
the basic difference between the CR and ODCR metho
while the CR signal is a direct measure of the electric-fi

FIG. 6. The calculated CR spectra@given byP(B)] and ODCR
spectra@given by unex

0 u(B)] for NI51.231014 cm23, TL52 K, and
G51019 photons/cm3 s ~using model parameters of Table I!. Both
resonances show essentially the same linewidth.
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absorption, ODCR results from the combination ofTe depen-
dence on the magnetic-field strength and the hot-electron
fect on the exciton formation processes. In order to anal
quantitatively the CR and ODCR spectra, a rate equa
model for the exciton and electron densities was used.
model calculations explain well the PL modulation in t
microwave and magnetic fields in terms of exciton format
dependence on the hot-electron temperature.
S

s.

v.

le

.
r,

C

r,
.

C.
pl

W

-J

.

pl

ee

D.

l.

m

.

.

z.

.

f-
e
n
e

ACKNOWLEDGMENTS

The experimental work at Technion-Israel Institute
Technology was done in the Barbara and Norman Sei
Center for Advanced Electronics. The author would like
express his gratitude to Professor Elisha Cohen, Profe
Boris Ashkinadze, and Professor Arza Ron for their enco
agement in the field of magneto-optics in semiconductor
hys.

n,

s.

.

lid

ev.

or.

H.

re-
o-

ys.

,

,

in

d P.

nn,

s

1M. G. Wright, A. Kanaah, B. C. Cavenett, G. R. Johnson, and
T. Davey, Semicond. Sci. Technol.4, 590 ~1989!.

2A. Moll, C. Wetzel, B. K. Meyer, P. Omling, and F. Scholz, Phy
Rev. B45, 1504~1992!.

3M. Godlewski, W. M. Chen, and B. Monemar, CRC Crit. Re
Solid State Mater. Sci.19, 241 ~1994!.

4J. G. Michels, R. J. Warburton, R. J. Nicholas, and C. R. Stan
Semicond. Sci. Technol.9, 198 ~1994!.

5N. T. Son, W. M. Chen, O. Kordina, A. O. Konstantinov, B
Monemar, E. Janzen, D. M. Hofman, D. Volm, M. Drechsle
and B. K. Meyer, Appl. Phys. Lett.66, 1074~1995!.

6R. J. Warburton, J. G. Michels, R. J. Nicholas, J. J. Harris, and
T. Foxon, Phys. Rev. B46, 13 394~1992!.

7D. M. Hofmann, M. Drechsler, C. Wetzel, B. K. Meyer, F. Hirle
R. Strenz, G. Abstreiter, G. Bo¨hm, and G. Weimann, Phys. Rev
B 52, 11 313~1995!.

8Y. T. Dai, Y. F. Chen, and I. Lo, Phys. Rev. B55, 5235~1997!.
9B. J. H. Liesert, M. Godlewski, A. Stapor, T. Gregorkiewicz,

A. J. Ammerlaan, J. Weber, M. Moser, and F. Scholz, Ap
Phys. Lett.58, 2237~1991!.

10Y. T. Dai, Y. H. Chang, T. F. Lee, Y. F. Chen, F. F. Fang, and
I. Wang, J. Phys. D26, 3089~1996!.

11J. X. Chen, Y. Oka, C. Y. Hu, W. Ossau, G. Landwehr, K.
Friedland, R. Hey, K. Ploog, and G. Weimann, Phys. Rev. B59,
8093 ~1999!.

12Y. F. Chen, J. L. Shen, Y. D. Dai, and F. F. Fang, Phys. Rev
52, 4692~1995!.

13Y. F. Chen, J. L. Shen, Y. D. Dai, G. J. Jan, and H. H. Lin, Ap
Phys. Lett.66, 2543~1995!.

14J. L. Shen, Y. D. Dai, Y. F. Chen, S. Z. Chang, and S. C. L
Phys. Rev. B51, 17 648~1995!.

15M. Drechsler, B. K. Meyer, D. M. Hofmann, P. Ruppert, and
Hommel, Appl. Phys. Lett.71, 1116~1997!.

16Y. F. Chen, Y. T. Dai, J. C. Fan, T. L. Lee, and H. H. Lin, App
Phys. Lett.67, 1256~1995!.

17W. M. Chen, B. Monemar, E. Sorman, P. O. Holtz, M. Sundara
J. L. Merz, and A. C. Gossard, Semicond. Sci. Technol.7, B253
~1992!.

18M. Kozhevnikov, E. Cohen, A. Ron, H. Shtrikman, and L. N
Pfeiffer, Phys. Rev. B56, 2044~1997!.

19V. K. Arora and H. N. Spector, Phys. Status Solidi B94, 701
~1989!.

20Q. X. Zhao, H. Weman, and B. Monemar, Phys. Rev. B38, 8529
~1988!.

21M. Godlewski, T. Lundstrom, Q. X. Zhao, W. M. Chen, P. O
Holtz, and B. Monemar, Phys. Rev. B52, 14 688~1995!.

22B. M. Ashkinadze, V. V. Bel’kov, and A. G. Krasinskaya, Fi
Tekh. Poluprovodn.24, 883 ~1990! @Sov. Phys. Semicond.24,
555 ~1990!#.

23J. Cerne, A. G. Markelz, M. S. Sherwin, S. J. Allen, M
.

y,

.

.

.

.

B

.

,

,

Sundaram, A. C. Gossard, P. C. van Son, and D. Bimberg, P
Rev. B51, 5253~1995!.

24R. Romestain and C. Weisbuch, Phys. Rev. Lett.45, 2067~1980!.
25M. Kozhevnikov, B. M. Ashkinadze, E. Cohen, and A. Ro

Phys. Rev. B52, 17 165~1995!.
26M. Kozhevnikov, E. Cohen, A. Ron, and H. Shtrikman, Phy

Rev. B60, 16 885~1999!.
27S. Permagorov, inExcitons, edited by E. I. Rashba and M. D

Sturge~North-Holland, Amsterdam, 1982!, p. 177.
28M. Kozhevnikov, B. M. Ashkinadze, E. Cohen, and A. Ron, So

State Commun.106, 73 ~1998!.
29W. J. Rappel, L. F. Feiner, and M. F. H. Schuurmans, Phys. R

B 38, 7874~1988!.
30B. M. Ashkinadze and A. V. Subashiev, Pis’ma Zh. Eksp. Te

Fiz. 46, 284 ~1987! @JETP Lett.46, 357 ~1987!#.
31M. Kozhevnikov, B. M. Ashkinadze, E. Cohen, A. Ron, and

Shtrikman, Phys. Rev. B60, 16 894~1999!.
32We assume that the electron recombination in bulk GaAs is p

dominantly radiative via the capture of electrons by ionized d
nors. Taking this capture cross sections;5310215 cm2 @D.
Bimberg, H. Munzel, A. Steckenborn and J. Christen, Ph
Rev. B 31, 7788 ~1985!#, donor concentrationND;2
31013 cm23 and ve;23106 cm/s at TL52 K, we obtain t1

5sneND;231026 s.
33G. W. ’t Hooft, W. A. J. van der Poel, and L. W. Molenkamp

Phys. Rev. B35, 8281~1987!.
34M. Gurioli, P. Borri, M. Colocci, M. Gulia, F. Rossi, E. Molinari

and P. E. Selbmann, Phys. Rev. B58, R13 403~1998!.
35b05paB

2ve , using aB;120 Å and ve;33106 cm/s at TL

52 K.
36Using the exctitation densityne;1014 cm23 and the PL rise time

t f;200 ps at the resonance excitation~we adopt the PL rise time
to be equal to the exciton formation time! from Ref. 34, we
obtaing05(net f)

21;531025 cm3 s21.
37B. K. Ridley, Phys. Rev. B41, 12 190~1990!.
38G. E. Stillman, S. S. Bose, M. H. Kim, B. Lee, and T. S. Low,

Handbook on Semiconductors, edited by S. Mahajan~North-
Holland, Amsterdam, 1994!, Vol. 3a, p. 940.

39R. Ulbrich, Phys. Rev. B8, 5719~1973!.
40C. Piermarocchi, F. Tassone, V. Savona, A. Quattropani, an

Schwendimann, Phys. Rev. B55, 1333~1997!.
41C. Piermarocchi, V. Savona, A. Quattropani, P. Schwendima

and F. Tassone, Phys. Status Solidi B204, 191 ~1997!.
42K. Seeger,Semiconductor Physics, 6th ed.~Springer-Verlag, Ber-

lin, 1997!, p. 106.
43K. Seeger,Semiconductor Physics~Ref. 42!, p. 379
44K. W. Boer, Survey of Semiconductor Physics~Van Nostrand

Reinhold, New York, 1990!, p. 747.
45P. Lorrain and D. R. Corson,Electronagnetic Fields and Wave

~W. H. Freeman and Company, San Francisco, 1970!, Chap. 13.


