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Magnetoluminescence oscillations of a dope@Al,Ga)As/GaAs single heterojunction
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We have studied the photoluminescence spectra of a modulation ddh€a)As/GaAs single heterojunc-
tion in magnetic fields to 50 T at 4 K. When an external excitation is introduced to the system, photocreated
electrons push the Fermi energy close to the second subband and lead to the formation of a hybridized
eigenstate of the second subbaid ] exciton and the first subban&Q@) two-dimensional electron state. The
conduction-band hybridization enhances nonlinear behavior of magnetoexciton transitions in the optical pro-
cess. At low fields, th&1 magnetoexciton transition is dominant, becauseethénole wave-function overlap
is larger than that oEO hole. Beyond thev=2 quantum Hall state, where electron screening becomes
negligible, electron-hole attraction is dominant, and holes tend to move to the interface. As a consequence, the
photoluminescence oscillator strength switches from the magneto-exciton transition to the lowest-Landau-level
subband transition above 13 [I50163-182808)03240-§

The electrical and optical properties of quantum-wellexternal electric field. For optical measurements, when a
structures have been the subject of many investigations for light excitation is introduced to the sample, photoexcited
number of years. More recently, intensity and energy oscilelectrons from the valance band can easily move to the well
lations in the magnetophotoluminescenc@PL) of  which makes the wedge-shaped potential well stiffer. Under
modulation-doped single heterojunctigMDSH) structures these circumstances, photocreated electrons push the Fermi
having one or two occupied subbands have been studied boémergy closer to the empyl subband in this potential. For
experimentally and theoretically by several grotip€.In this reason, an appropriately designed MDSH is a preferable
photoluminescencéL) studies, the presence of free carrierssystem to study subband hybridization.
screen the photocreated electron-hole pairs and electron- The MPL of MDSH's has also shown pronounced oscil-
phonon interactions. Coulomb interaction between the pholations in the PL intensity of the hybrid exciton recombina-
tocreated holes and the free carriers can lead to band-gdjon, as well as its peak energy and width. Oscillations in the
renormalization and Fermi-edge singularities. Many-body efMPL intensity can be explained by many-body interaction
fects are particularly sensitive to magnetic fields as the derbetween theE1l exciton and the Fermi edge resonance of
sity of states is strongly modified in two-dimensional Landau levels from the first subban&®). The optical
electron-gas systems. MDSH's can be fabricated to posseghubnikov—de Haas effect resulting from many-body inter-
ultrahigh mobility at low temperatures, and to have impor-action was found to be most pronounced when the Fermi
tant applications as high electron mobility transistors. In pardevel lies within the extended states, i.e., at odd filling fac-
ticular, a study in a single-side-doped single quantum weltors. Other theoretical studies argue that the main contribu-
showed that when the first subbarB0() Fermi energy lies tion to the oscillations arise from the electron-hole screening
in close proximity to the empty second subbari#ll], the and valence-band self-enery§.Hawrylak and co-workers
PL transition of theE1l subband exciton intensity oscillates reported MPL results where no oscillations were observed in
with magnetic field. In this case, theEO subband free- a MDSH structure; in their sample the holes were localized
carrier transition shows distinct Landau-level transitions,in an acceptor layer, and they contended that any oscillatory
while the E1 subband exciton transition intensity oscillateseffects arise from the hole self-energy that is nearly canceled
with the same period as the Shubnikov—de HédH) os- by the acceptor electron clous.
cillations. This study indicates that the strong modulation in The sample studied here is an (AiGa gAS/GaAs
magnetoexciton intensity requires negligible electron densityyDSH grown on a semi-insulating GaA801] substrate us-
in the E1 subband which is hybridized with tHe0 state. ing an molecular-beam-epitaxy machine. It consists of an

Unlike square quantum wells, a MDSH has a potentialundoped 104-nm layer of GaAs, followed by an undoped
that changes with electron density in the well or with anAlg:{Ga ¢AS spacer layer of thickness 20 nm, a Si-doped
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Alg 2Ga, gAS layer of thickness 40 nm with a doping den-
sity of 1.5 10" cm™3, and an undoped GaAs capping layer
of 17 nm. An optical fiberdiameter 0.6 mmwas used to
couple the light into and out of the sample in 8-T and 20-T
superconducting magnets and a 50-T pulsed magnet. MPL
measurements were carried out at 4 K, with the sample
mounted in a strain-free environment. The data were re-
corded using & /4 0.275-m spectrograph equipped with a
cooled CCD detector. 1800 and 1200 I/mm gratings were
used in the superconducting and pulsed magnets, respec-
tively. The PL studies were conducted under the following
conditions for all magnets: The laser excitation energy was - gy S\ 1
2.4 eV (514.5 nm); the power density on the sample did not r /H‘_//Q\} .
exceed 1 mW/cH and the spectral resolution was 0.05— T PP TP ey
0.08 meV. The pulsed-field spectra were recorded 2 ms Energy (meV)

time interval using a Pockel’s cell shutter timed to coincide
with the flat-top region at the peak of the magnetic field.
Field values were monitored by a calibrated pick-up coil
situated directly above the sample. We found two-
dimensional electron density utilizing SdH oscillations
which were performed simultaneously with PL in a 20-T
superconducting magnet using a conventional four probe e

sistance measu_remgnt method. . éheoretical calculation shows that t® andE1 energy lev-
The sample in this study hfis a mobility greater thanll. els and the Fermi energy lie at 47.7, 73.1, and 64.2 meV
X 10° cnf/V's, and had considerably less PL contribution oy the bottom of the well, respectively. The energy sepa-
fron_1 the bulk thqn previously reportéd We found that the ration between the Fermi energy and tB& subband is
oscillatory behavior of the MPL data and SdH measurements, .t 8.9 meV. After illuminating the sample, the electron
undertaken under the same illumination conditions had ide”density in the well increased to 5.820 " cm 2. and theEO

;cicaldp(;riodicity inbinv(tjarse magneticdfield. V\?e have Calfcur;and E1 energy levels change to 51.2 and 72.8 meV from the
ated the energy-band structure and wave functions of thgqom of the well, respectively. Another interesting result of
system in a self-consistent manner under illumination and, ;. cajcylation is that the Fermi energy is located at 0.67
dark conditions. Comparison of our self-consistent calcula—mev below the emptE1 subband. Due to this close prox-

tion with SdH results indicated that under illumination, mOStimity of E1 and the Fermi energy, strong Coulomb interac-

of the electrons captured by the substrate are canceled %N between 2DEG and the excitons influence the magne-

photocreated holes and the Fer.mi energy lies just below t.hﬁ)exciton emissiofl. The intensity modulation has the same
El Ieyel. Due to the Coulomp interaction between two dI'period as the Shubnikov—de Haas oscillation; this is in good
mensional electron ga@DEG in EO state and magnetoex- 5qreement with Ref. 4. In Fig. 2, we show the oscillatory
citons inE1 state, magnetoexciton transitions have nearly -+ o of the intensity and energy with magnetic field. At

periodic oscillations in B with an even filling factor. This |5 fields. below 13 T. th&1 magnetoexciton emission is
phenomenon results from a sensitive response of the poten- ' ’

tial energy of a MDSH to the variation in distribution of the -
2DEG. 154 ————
Figure 1 displays typical PL spectra of the MDSH sample 3 15148
taken & 4 K as afunction of magnetic field foB//z. At B g
=0, the spectrum consists of three peaks located at 1515.5,
1514.0, and 1510.5 meV. The middle peak is the most in-
tense and is related to the radiative excitonic recombination
of the E1 subband with photocreated holes close to the top
of the valence band in the GaAs layer. The higher-energy 1s1sE
peak of medium intensity is possibly due to the free exciton £ 1 v= -
(FX) in bulk GaAs. The low-energy peak of weak intensity £
probably emanates from excitons bound to an ionized accep- 15161 j v=4
tor (A™-X). The intensity of the FX peak and tiie -X peak £ / v=2 ]
decrease with increasing magnetic field, and show a diamag- 4,k

PL Intensity

(8159) pPLI dmaudey

FIG. 1. PL spectra witBllz for the sample(GEN552 at T
=4 K. The exciton E1) transition abruptly loses its intensity at
12 T, and the free-electron-hole transition appears on the lower-
energy side.

Before illuminating the sample with laser light, the elec-
n density in the well is about 4.5810'* c¢cm™2, and our
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netic shift characteristic of excitonic transitions in the low- e ; TR 1'0 - L"ITS“"/V‘
field regime. Energy scans were taken at 0.2 T intervals to 18 Magmetic Fi

. . 9 . agnetic Field (tesla)
T. Intensity oscillations and small energy deviatigeteps
from linear behavior for th&1 exciton transitions were ob- FIG. 2. Magnetic-field dependence of the PL energy and inten-
served over this magnetic-field range. These oscillations iBity of the magneto-optical transition &=4 K. Both the PL in-
PL energy and intensity are the key features in this paper. tensity and energy show nonlinear behavior with magnetic field.
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FIG. 4. Magnetic-field dependence of tke/dB and d1/dB
curves. These derivatives show opposite behavior, such that PL
intensity minima correspond to PL energy maxima, and vice versa.

FIG. 3. PL energy vs magnetic field &=4 K. At a high field
above 30 T, the PL peak splits into twiniangles and squargsThis
splitting is possibly caused by the anticrossing=@f andE1 tran-

sitions. the energy d E/dB) of theE1 exciton transition. This means

that intensity minima occur when the Fermi energy is located

dominant and we could not see tE® free-carrier transi- in the extended states, whereas the energy maxima occur
tions. In the region 12—14 T, thel level undergoes a rapid when the Fermi energy is located in the localized states. A
decrease in intensity and a new peak corresponding to th@oulomb interaction between the 2D electron gas and the
(0-0) inter-Landau transition for th&0 subband appears. exciton state leads to the intensity modulation. When a Lan-
This peak rapidly gains intensity with increasing field and atdau level of the 2D electron gas in tl® subband crosses
about 30 T shows splitting which is well resolved at thethe E1 exciton state, due to a Coulomb interaction, corre-
highest field(47 T). The complete plot is shown in Fig. 3. sponding eigenstates are hybridized. This enhances the inter-

For a single heterojunction, when laser excitation is apband matrix element for the overlapping transitions. When
plied to the system, the photocreated holes tend to movthe Fermi energy crosses tl#® Landau levels, it changes
toward the GaAs flatband. This is caused by the Coulombhe electron density in thEO Landau levels that modulate
repulsion between the holes and Si donors which dominateSoulomb interactions between a 2D electron gas anBhn
over the attraction between screened electrons and the phexciton. This periodic change of the Coulomb interaction
tocreated holes. In the wedge-shaped potential in @nodulates the MPL intensity.
modulation-doped single heterojunction, the valence-band The nonlinear behavior of the transition energy is more
electrons and the photocreated holes are spatially separatemplicated. When the Fermi level sweeps through an ex-
Consequently, the wave-function overlap between Bie tended state, the screening strength changes because the
subband excitons and the photocreated holes is larger thagreening is proportional to number of electrons in the Fermi
that of electrons in thé€e0 subband and the photocreated level. Repeating this process with changing magnetic fields
holes. In a MDSH, photocreated holes need not to be localmodulates the screening effect, which leads to a nonlinear
ized in order to give rise to the optical transition of a hybrid- behavior of the transition energy in an optical process.
ized excition. This is because the overlap of Bte with the  Hawrylak, Polsford, and Plodgeported that energy oscilla-
valence-edge hole state is large. Theref&® excitons have tions can be eliminated by acceptor doping in a single het-
a larger probability to recombine with the photocreated holerojunction, while the PL intensity continues to oscillate with
than the 2D electrons. As a result, the PL transition of 2Dmagnetic field. With acceptor doping, hole screening is neg-
electrons inEO subband below 13 T is not observed. Whenligible because holes in the valence band are blocked by the
the magnetic field reaches the=2 quantum Hall state, the doped acceptors, and electrons can “see” only the acceptors.
Fermi energy stays in the localized state and the electromA theoretical study also has shown that energy variation
hole screening is negligible. Due to the negligible screeningccurs at the even numbers of integer quantum Hall states
strength, photocreated holes tend to move to the interfacdue to the screened exchange and Coulomb hole self-energy.
because the electron-hole attraction is dominant in the high-lowever, it is suggested that the Coulomb hole of the hole
field limit. As a consequence, the PL recombination switcheserm is dominant, since the electron exchange and correlation
from the E1 exciton to theEQ free carriers above 13 T, are effectively canceled, and insufficient photocreated holes
which is around the’=2 quantum Hall state. exist to make the hole exchange term. We believe that it is

In the energy and intensity vs field plot&ig. 2), the  primarily the Coulomb hole term that is responsible for the
energy shows a steplike behavior, while the peak intensityionlinear optical behavior of the transition energy in 2D
shows an oscillatory behavior with the same period as thelectron systems. In our system, a conduction-band hybrid-
Shubnikov—de Haas oscillations which were simultaneouslyzation occurs due to the close proximity of the Fermi energy
measured with PL. In Fig. 4, the derivative of intensity and theE1 subband. As mentioned above, the magnetoexci-
maxima @1/dB) correspond to minima in the derivative of ton transition energy shows a steplike behavior, while the
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intensity has local maxima which is related to the fact thatization occurs due to the Coulomb interaction between the
the Fermi energy stays in the localized states. Like the 22D electron gas in th&0 state and th&1 magnetoexciton,
electronsE1 excitons see the screened holes because of thghich leads to the modulations of magnetoexciton transition
band hybridization due to the Coulomb interaction. Conseenergy and intensity. We propose that the valence hole self-
quently, as the valence hole self-energy modulates with magsnergy aroused by the Coulomb hole term is responsible for
netic fields, theE1l exciton transition energy varies nonlin- the nonlinear behavior of the transition energy, while the

early. ) o ) ) Coulomb interaction between two subbands is responsible
In conclusion, MPL oscillations in the energy and inten-fqr the intensity oscillations.

sity of the magnetoexciton transition are observed that are

periods in an inverse magnetic field and are nearly in phase The authors are grateful to Professor Hong-Wen Jiang at
with Shubnikov—de Haas measurements below 13 T, prodCLA for many useful discussions and Dr. J. Harbison, at
vided that the latter are obtained under comparable illuminaBellcore, for providing the sample. Work at NHMFL-LANL
tion conditions. Derivatives of the PL intensity and energywas supported through the NSF Cooperative Agreement No.
show that these oscillations occur in an opposite manneDMR 9527035, the State of Florida, and the U. S. Depart-
Self-consistent calculations show that the second subbandlent of Energy.

lies very close to the first subband. Conduction-band hybrid-
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