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Photoluminescence from a modulation-doped Al0.33Ga0.67As/GaAs heterointerface
under cyclotron resonance

K. Suzuki, K. Saito, K. Muraki, and Y. Hirayama
NTT Basic Research Laboratories, 3-1 Morinosato-Wakamiya, Atsugi, Kanagawa 243-0198, Japan

~Received 29 June 1998!

Magnetophotoluminescence and change in photoluminescence~PL! intensities, due to far-infrared irradiation
at the cyclotron resonance~CR! magnetic fields, in modulation-doped Al0.33Ga0.67As/GaAs single heterostruc-
tures are measured. The changes in PL intensities due to CR absorption strongly depend on the Landau-level
filling factor (n) and CR energy; i.e., the Landau-level separation. Whenn,2 and CR energy is more than
intersubband energy separation, luminescence from the ground subband is almost quenched and that from the
second subband is greatly enhanced by CR absorption.@S0163-1829~98!04148-4#
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I. INTRODUCTION

Photoluminescence~PL! measurements are useful for in
vestigating not only the band structures in undoped semic
ductors but also the carrier properties in modulation-do
heterostructures.1–10 For two-dimensional electron ga
~2DEG! systems, magneto-PL spectra reflect many strik
phenomena, such as the integer and fractional quantum
effects, which are generally studied in transp
experiments.6–8 Furthermore, the magneto-PL spectra the
selves have unveiled interesting features, such as the Fe
edge-singularity~FES!.9 In a magnetic field, electrons ar
distributed to Landau levels~LL’s ! and the filling factorn is
determined by the density of the 2DEG and the magn
field. On the other hand, holes exist only in the lowest
because the density of photogenerated holes is much
than that of the 2DEG in a weak excitation condition.
modulation-doped single heterostructures, electrons are
fined at the heterointerface, however, photoexcited holes
not confined, and the separation of the wave functions
rather large. The measured PL spectra are, therefore, lar
affected by the spatial separation between electrons
holes.

Under the irradiation of far-infrared~FIR! light at the cy-
clotron resonance~CR! magnetic field, electrons are excite
to the higher LL’s. Measuring the PL spectra in this noneq
librium condition is effective for studying the interaction b
tween electron-hole radiative recombination and electron
citation by CR absorption. In addition, changes in PL spec
due to CR absorption are also important from the viewpo
of the CR measurement method, which is called optica
detected cyclotron resonance~ODCR!.11–18This method has
a super sensitivity for bulk materials. The principle of ODC
for bulk materials has been explained as a decrease o
bound-exciton luminescence due to an electron heating
the FIR absorption.11,12 However, for heterostructures, th
ODCR signal is complicated and the mechanism of OD
has not been clarified. Regarding quantum well structu
changes in PL spectra under the CR condition are extrem
small and only a few percent, though ODCR has been u
for studying donor transitions13 and exciton
intratransitions.17 On the other hand, rather large chang
PRB 580163-1829/98/58~23!/15385~4!/$15.00
n-
d

g
all
t
-

i-

ic

ss

n-
re
is
ely
nd

i-

x-
a
t
y

he
by

s,
ly

ed

s

have been reported for single heterostructures,15,18 although
the signal changes are complicated; that is, some peaks
enhanced and other peaks are suppressed under the CR
dition. Their principle has not been understood because
the complicated magneto-PL spectra in single heterost
tures, especially in quantum Hall effect regions.

In this paper, we report the experimental results of
changes in the PL spectra due to CR absorption in
modulation-doped Al0.33Ga0.67As/GaAs single heterostruc
tures. In these structures the wave-function overlap betw
ground subband electrons and photogenerated holes is s
and that is different from quantum well structures. The ov
lap is rather large between the wave function of electrons
the second subband and that of holes. We discuss the re
bination mechanism between electrons and photogener
holes for magneto-PL spectra and also discuss how th
spectra are modified by the FIR irradiation as a function
the LL filling factor (n) and the CR energy, i.e., the FIR
energy. For the sample with extremely low-electron dens
the complicated feature of the magneto-PL disappears a
monotonically change of the PL intensity and emission
ergy is observed as a function of the magnetic field like a
bulk exciton emission.8 Although the low-electron density
region is important, we restrict our discussion to the hig
electron density region where the rich features are obse
in the magneto-PL spectra.

II. EXPERIMENTAL TECHNIQUE

The samples used in this experiment are conventiona
modulation-doped Al0.33Ga0.67As/GaAs single heterostruc
tures grown by molecular beam epitaxy. The layer struct
is consist of a semi-insulated GaAs substrate, a 50-pe
2-nm AlAs/2-nm GaAs superlattice buffer, 1-mm undoped
GaAs, a 60-nm Al0.33Ga0.67As spacer, 10-nm Si-dope
Al0.33Ga0.67As, 80-nm undoped Al0.33Ga0.67As, 10-nm Si-
doped Al0.33Ga0.67As, 15-nm undoped Al0.33Ga0.67As, and a
10-nm GaAs capping layer. The electron density and
mobility are 2.431015 m22 and 140 m2 V21 s21 after illumi-
nation at 1.5 K. We control the electron density at the h
erointerface by slightly etching the surface GaAs a
Al0.33Ga0.67As/GaAs layers in this experiment.

The multichannel ODCR setup is used for the optic
15 385 ©1998 The American Physical Society
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15 386 PRB 58BRIEF REPORTS
measurement. The details of the setup are shown in Ref
It features charge-coupled devices~CCD! with an image in-
tensifier synchronized with a pulsed FIR laser. With th
setup, PL intensities are obtained as a function of both wa
length and magnetic field. A 514.5-nm cw Ar laser via
1-mm-diameter optical fiber was used to excite the sam
The excitation power is weak enough not to modulate
electron density. The PL signal is collected by the same fi
and detected by the CCD through a 0.50-m single-gra
spectrometer. For the FIR irradiation, the sample is moun
in the Faraday geometry in an FIR light pipe at the cente
a superconducting magnet cooled down to 2 K. We u
three FIR lines, 96.5, 118.8, and 163.0mm, from a
methanol-gas laser pumped by a CO2 laser. The system als
enables us to measure FIR transmission, and the
magnetic fields were determined from the FIR transmiss
spectra.

III. RESULTS AND DISCUSSION

Figure 1 shows a typical magneto-PL spectrum for
sample with an electron density of 1.631015 m22. The PL
intensity is represented by contour lines as the function
both energy and magnetic field. Two major peaks are
served. The higher energy peak (E1) comes from the exci-
tonic recombination between photogenerated electrons in
second subband and the photogenerated holes. The se
subband widely distributes into the substrate side and str
excitonic recombination with photoexcited holes occurs. T
emission energy and its shift as a function of magnetic fi
are nearly equal to the exciton PL line in bulk GaAs. T
lower-energy peak (E0) is originated from the recombinatio
between electrons in the ground subband and the phot
nerated holes. The intensity maximum of theE1 emission
and the discontinuity ofE0 emission at 6.53 T correspond t
n51, and another maximum ofE1 emission at 3.26 T cor-
responds ton52. In the low magnetic-field region wheren
.2 electrons distribute into several LL’s in the ground su
band. The lowest LL of the ground subband (N, Le)
5(0,0), whereN is the subband index andLe is the LL
index of electrons, is completely filled by electrons. T

FIG. 1. Magneto-PL spectrum in the single heterostructu
~SampleA: Electron density is 1.631015 m22.)
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electrons in this LL cannot recombine with the holes beca
these electrons cannot scatter and cannot screen the pot
of holes. Furthermore, the recombination between electr
in the higher LL’s of the ground subband~0, Le.0) and
holes inLh50, whereLh is the LL index of holes, is forbid-
den by the selection rule. On the other hand, recombina
is allowed between electrons in the lowest LL of the seco
subband~1,0! and holes inLh50. As a result,E1 emission
becomes strong andE0 emission quenches forn.2.6 The
recombinations originating from higher LL’s have been o
served forn.2 in the acceptor-doped single heterostructu
as shown in Ref. 4. In such a structure, electrons recomb
with the holes bound in acceptors without being limited
the selection rule. However, it is not the case for the conv
tional modulation-doped single heterostructures. In the h
magnetic field region forn,2, the electrons in the partially
filled ~0,0! can recombine with the holes. As a result,E0
becomes stronger andE1 quenches except atn51, where the
up-spin level is completely filled and the down-spin level
empty. Because the completely filled level cannot contrib
to the emission just as the case ofn.2, E1 emission has an
intensity maximum atn51.6 The discontinuity of theE0
emission energy at then51 has been understood as th
Skyrmion effect.19–21 In the low magnetic-field region, the
E0 emission seems to be enhanced again when the mag
field is close to zero. In the low electron-density single h
erostructures as shown in Ref. 7, the emission coming fr
the electrons in the ground subband is observed even w
n.2. In particular, the recombination of the electrons in t
Fermi edge is enhanced, what is called FES.9 In our results,
however, the Fermi energy from the bottom of the grou
subband is 5.8 meV at 0 T and the expected emission ener
is about 1.514 eV, where the bottom energy of the grou
subband is estimated by the fitting shown later. The obser
emission peak is not explained by the FES. One poss
origin is the excitonic recombination of the Fermi-edge ele
trons, which has some small exciton binding energy arou
1.5 meV due to the separation between electrons and h
However, the emission-shaped sharp PL at 1.5125 eV is
ficult to understand. Another possible origin is the accep
~carbon! bound exciton recombination from the bulk GaA
region. If this were the origin, the reason for the intens
decreasing with increasing magnetic field would not be cle
In this paper, we mainly discuss the change in the PL int
sity due to the CR absorption in high magnetic-field regio
an explanation of the emission peak in the low magne
field region requires further study.

We measured the changes in the PL intensity due to
absorption of FIR irradiation. The dotted lines in Figs. 1~a!,
1~b!, and 1~c!, which correspond to Figs. 2~a!, 2~b!, and 2~c!,
respectively, indicate the CR magnetic fields for the th
FIR lines used in this experiment. Figure 2~a! shows the PL
spectrum~PL!, the PL spectrum under 163.0-mm FIR irra-
diation ~FIR-PL!, and their difference (D) at the CR mag-
netic field ofB54.38 T, which corresponds ton51.50. Both
theE0 andE1 emissions slightly decrease. And this decrea
is explained as a carrier heating due to the FIR absorp
under the CR condition.14 On the other hand, in Figs. 2~b!
~FIR: 118.8mm, B56.02 T, andn51.09) and 2~c! ~FIR:
96.5 mm, B57.39 T, andn50.89), theE0 peak is sup-
pressed and theE1 peak is enhanced. The enhancement

.



P
on
e

nd
R

re
ro
rg

he

s
d
a

d
s
n
aA

-

than

of
tion
hed

PRB 58 15 387BRIEF REPORTS
the E1 peak is strong in Fig. 2~c!, but it is weak in 2~b!.
These observations clearly indicate that the change in the
spectrum by CR absorption, i.e., ODCR signals, in the c
ventional modulation-doped single heterostructures is larg
affected by several parameters, including filling factorn.
And the signal is much larger than those of bulk a
quantum-well structures. To further investigate the ODC
mechanism in the modulation-doped single heterostructu
we first estimate the energy levels of electron subbands f
the PL spectrum. Although the jump of the emission ene
at n51 causes ambiguity, the linear increase in theE0 emis-
sion energy forn,2 suggests a nonexcitonic nature of t
E0 emission in this regime. The dashed line, noted~0,0!, is
the fitted value of the transition energy between electron
~0,0! and photogenerated holes inLh50. The photogenerate
holes are not confined and almost located in the valence b
of a GaAs layer. We use the equationE5Eg2DE1 1

2 \ve
1 1

2 \vh whereE is the transition energy,Eg is the band gap
of GaAs,DE is the energy reduction due to the band ben
ing, andve,h5eB/me,h are the cyclotron frequency of hole
and electrons.me,h are the effective masses of the electro
and holes, respectively. The heavy-hole mass of bulk G
0.475m0 , is used asmh and 0.068m0 , which is experimen-
tally determined from the CR condition~6.02 T at 118.8
mm!, is used asme . For simplicity, we neglect a spin split

FIG. 2. Normal PL spectra~dotted line!, PL spectra under FIR
irradiation~solid line!, and their differences~circle and solid line! at
each CR magnetic field.~SampleA!.
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ting here because of its much smaller energy separation
\ve . The upper LL’s of the ground subband, such as~0,1!,
are obtained by addingLe\ve on the ~0,0! curve. For the
second subband~1,0! we regard the energy level as that
the bulk GaAs conduction band because the wave func
spread widely into the substrate side. Therefore, the das

FIG. 3. Magneto-PL spectrum, and PL spectra~dotted line!, PL
spectra under FIR irradiation~solid line!, and their differences
~circle and solid line! at each CR magnetic field.~SampleB: Elec-
tron density is 2.431015 m22.)



g

an
y
th
A
f

o
e

o

er
C
fo
lk
ec
di

d.

ar
ty
a

ing
r

f

ating.

the

wn

e in
g-
d
e

nd
f
a-

ex-
d
nd
sub-
d is
rast
ion
m-

e-

15 388 PRB 58BRIEF REPORTS
line, ~1,0!, in Fig. 1 is calculated by the equation,E5Eg
1 1

2 \ve1 1
2 \vh . Although the second subband~1,0! is not

occupied for the electron density studied here, the photo
nerated electrons make theE1 emission coming from the
~1,0! possible. TheE1 emission energy becomes smaller th
that of the~1,0! curve because of the exciton binding energ

When we compare the estimated energy levels with
measured ODCR signals, the following becomes clear.
conditions~b! and ~c! in Figs. 1 and Fig. 2, the energy o
~0,1! exceeds that of~1,0!. Therefore, electrons, excited from
~0,0! to ~0,1! by CR absorption of FIR, relax to~1,0! and
recombine with holes since the transition between electr
in ~1,0! and holes inLh50 is allowed by the selection rul
and the overlap of the wave functions is large. So theE0
emissions are suppressed in Figs. 2~b! and 2~c! by CR ab-
sorption. The transfer of the recombination path forE0 to E1
and the enhancement of theE1 emission is clear in Fig. 2~c!;
however, it is less clear in Fig. 2~b!, where theE1 emission
is relatively intense even without FIR irradiation because
n.1. On the other hand, the energy of~0,1! is lower than
that of ~1,0! for the condition~a! in Figs. 1 and 2. Electrons
excited from~0,0! to ~0,1! relax to ~0,0! and finally recom-
bine with holes without being scattered to any states. Th
fore, the observed change in the PL intensity caused by
absorption is a weak reduction of emission intensity both
theE0 andE1 lines. This change is usually observed for bu
GaAs and quantum wells caused by a carrier-heating eff

These characteristics were further studied by using a
ferent sample with a higher electron density. Figure 3~a!
shows the magneto-PL spectrum and Figs. 3~b!–3~d! show
the PL, FIR-PL, andD spectra at each CR magnetic fiel
The electron density of this sample is 2.3531015 m22. For
this sample, the CR magnetic fields of each FIR line
slightly different from those of the low electron-densi
sample because of the band nonparabolicity. The CR m
netic field corresponds ton52.18 in Fig. 3~b!. Then, elec-
trons distribute to~0,1! and are excited to~0,2! by the CR
absorption. The energy of~0,2! is higher than that of~1,0!,
and some electrons may relax to~1,0! and recombine with
holes. However, theE0 emission is suppressed andE1 emis-
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sion is enhanced without FIR irradiation forn.2 and the
transfer of the recombination path fromE0 to E1 has a small
effect. TheE1 peak intensity is rather decreased by a heat
effect. The enhancement ofE1 emission does not appear fo
n.2 even when electrons are excited above the~1,0! level
by the CR absorption. In the condition in Fig. 3~c!, electrons
only distribute to~0,0! becausen,2. However, the energy o
~0,1! does not exceed that of~1,0!, and the intensity ofE1
emission does not increase but decreases due to the he
When n51.28,2 and ~0,1! exceeds~1,0!, i.e., the CR en-
ergy (\ve) exceeds the energy separation between
ground and the second subbands,E1 emission is strongly
enhanced andE0 is quenched by the CR absorption as sho
in Fig. 3~d!. This situation is the same as that in Fig. 2~c!
wheren50.89.

IV. CONCLUSION

We measured the magneto-PL spectra and the chang
the PL intensities due to the FIR irradiation at the CR ma
netic fields for the conventional modulation-dope
Al0.33Ga0.67As/GaAs single heterostructures. Th
magneto-PL spectra show the well-known two main linesE0
andE1 corresponding to the recombination from the grou
and second subbands, respectively. The PL intensities oE0
andE1 lines are modified by the CR absorption of FIR irr
diation. Whenn,2 ~except justn51) and the CR energy is
more than the intersubband energy separation, electrons
cited by CR absorption from the lowest LL of the groun
subband to the next LL relax to the lowest LL of the seco
subband. As a result, the luminescence from the ground
band is quenched and that from the second subban
greatly enhanced. The strong ODCR effect is a great cont
to the slight change in the PL intensity by the CR absorpt
generally observed in the ODCR experiments for quantu
well structures.
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