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Fermi-edge-induced magnetophotoluminescence in high-carrier-density single heterojunctions

F. A.J. M. Driessen and S. M. Olsthoorn

Department of Experimental Solid State Physics, Research Institute for Materials, University of Nijmegen, Toernooiveld,

NL 6525 ED Nijmegen, The Netherlands

T. T. J. M. Berendschot
High Field Magnet Laboratory, University of Nijmegen, Toernooiveld, NL 6525 ED Nijmegen, The Netherlands

L.J. Giling

Department of Experimental Solid State Physics, Research Institute for Materials, University of Nijmegen, Toernooiveld,

NL 6525 ED Nijmegen, The Netherlands

D. M. Frigo
Billiton Research B.V., P.O. Box 40, NL 6800 AA Arnhem, The Netherlands

G. A. C. Jones, D. A. Ritchie, and J. E. F. Frost
Cavendish Laboratory, University of Cambridge, Madingley Road, Cambridge CB3 OHE, United Kingdom
(Received 8 June 1992; revised manuscript received 7 August 1992)

Fermi-edge-induced excitonic magnetophotoluminescence (MPL) of second (n, =2)-subband electrons
and photoexcited holes X(n,=2,h) is reported in high-carrier-density GaAs/Al,Ga,_, As single hetero-
junctions for two-dimensional carrier densities in the range (6.6—16.2)X 10'> m~2. The MPL shows
magneto-oscillatory behavior of intensity, photon energy, and peak width. Furthermore, n, =2 subband
recombination with light holes X (n,=2,/) is reported. A splitting of the X(n,=2,h) is reported at low
carrier density, which results from the separate interaction of the two spin-split states of the n,=1 Lan-
dau level in which the Fermi level resides on the second subband. The dependence of the spectra on
both excitation density and temperature indicates strongly that photoluminescence (PL) from the n, =3
subband occurs. PL originating from the two-dimensional electron gas (2DEG) and that from the GaAs
buffer layer could be distinguished by excitation below and above the GaAs band gap. In the highest-
carrier-density sample, evidence is found for the formation of a band of localized states betwen the spin
components of a Landau level. Recombination occurs between the exponentially decaying tails of the
photoexcited holes, which relax to the flat-band region of the GaAs. Additional information on the
2DEG was obtained via resonant-excitation experiments. Phonon replicas of both the second-subband
exciton and the unpopulated third subband are observed. The latter very sharp replica appears if a none-
quilibrium electron concentration is created in the resonantly excited third subband. Resonant excita-
tion also reveals the recombination of electrons in the n, =2 subband with holes located at neutral ac-
ceptors. Strong indications were found for PL of the n, =1 lowest Landau level upon resonantly exciting
the X(n,=2,h) transition in the lowest-carrier-density sample.
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I. INTRODUCTION

The presence of exciton states at the Fermi edge of de-
generate semiconductors, as a result of electron-hole mul-
tiple scattering, was demonstrated by calculations of
Mahan.! These many-body excitons are observed as a
logarithmic singularity in low-temperature absorption
spectra: the Fermi-edge singularity (FES). The FES is
usually not seen in luminescence spectra because conser-
vation of momentum requires that mainly holes near
k=0 are involved in emission. Skolnick et al.? circum-
vented momentum conservation by real-space localiza-
tion of the holes as a result of alloy fluctuations in a
modulation-doped  Ing 4;Gag 53As-InP quantum-well
structure. Hence, luminescence from all electrons up to
Ey could be observed, thereby obtaining the density of
states between the Landau levels in the two-dimensional
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electron gas 2DEG).?

Various other properties of 2DEG’s have been studied
magneto-optically, such as electron-electron interac-
tions,* the integral and fractional quantum Hall
effects,>”7 and Auger recombination within Landau lev-
els.® In these studies use was made of modulation-doped
quantum wells (MDQW?’s) because of the presence of hole
subbands n, (Refs. 3 and 9) and GaAs-Al,Ga,_,As sin-
gle heterojunctions, for which photoluminescence (PL)
from the GaAs buffer layer was prevented from dominat-
ing the spectrum. This was achieved either by choosing
very thin buffer layers'® or by placing an additional & lay-
er of acceptors in the GaAs buffer.>!>12

Partly motivated by recent spectroscopic observations
of the fractional and integral quantum Hall effect,®71314
renewed theoretical interest has arisen in the subject of a
confined Fermi sea.!>~!° The latter references examined
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the influence of the Fermi sea on a single subband in a
magnetic field.

The presence of a second subband has been shown ex-
perimentally to be of great influence. Chen et al.?®
showed that the hybridization between the Fermi-edge
resonance and the second subband appeared to result in
strong magneto-oscillations with Shubnikov-de Haas
(SdH) periodicity in the intensity of an excitonlike PL
transition. In their MDQW the Fermi level was located
just below the n,=2 subband. Without including the
effect of a magnetic field, Mueller, Ruckenstein, and
Schmitt-Rink?"?? examined theoretically the influence of
an excitonic resonance originating from a higher conduc-
tion subband on the optical spectra of an n-type degen-
erate semiconductor.

In a recent paper,2® we reported the observation of the
second-subband exciton X(n,=2,h) in a high-carrier-
density single heterojunction. This exciton could be ob-
served because of hybridization between the Fermi-edge
resonance and the second subband. The X (n,=2,h) was
observed if the magnetic-field strength was large enough
to depopulate the second subband. In contrast to the
previously mentioned magneto-optical publications on
2D systems, the holes in the heterojunction were not lo-
calized or trapped in thin buffer layers, quantum-well
structures, or at additional acceptor sites. The intensity
of the X(n.=2,h) luminescence showed oscillatory be-
havior with SdH periodicity. The extremely small
linewidth of the PL signal also permitted the observation
of magneto-oscillations in both photon energy and peak
width. These oscillations were caused by crossing Lan-
dau levels of the n, =1 subband with the lowest Landau
level of the n.=2 subband. Furthermore, tilted-field
measurements enabled the determination of the intrasub-
band diamagnetic shift in a parallel field.

In this paper we further investigate Fermi-edge-
induced magnetophotoluminescence (MPL) in three
high-carrier-density heterojunctions with total sheet car-
rier densities n; ranging between 6.6 and 16.2X10"
m. 2 New Fermi-edge-induced emissions and other in-
formation of the 2D system are reported. We discuss
temperature-dependent behavior and excitation-density-
dependent behavior for excitation both below and above
the GaAs band gap.

Finally, we present PL measurements in which the
laser was resonantly tuned to several 2D emissions.
Strongly enhanced 2D-PL processes, which are related to
the resonantly excited states and not observable in the
nonresonant spectra, yield additional information on the
2D system.

II. EXPERIMENTAL DETAILS

The experiments were carried out on three monolayer-
doped GaAs-Al,Ga;_, As heterojunctions with high car-
rier density grown by molecular-beam epitaxy at the
Cavendish Laboratory, Cambridge. The sample struc-
ture has been described in our previous paper.? The dis-
tance z between the Si doping layer in the Al,Ga;_,As
and the GaAs/Al,Ga,_, As heterointerface differed be-
tween the samples. These spacer thicknesses z for the

TABLE 1. Properties of the samples: spacer thickness z, to-
tal sheet carrier density (n7), and mobility (x) measured in the
dark and after saturation of the persistent photoconductivity
effect by illumination with a red LED (after Ref. 25). Separate
sheet carrier densities of the two subbands n 8" at zero field are
specified.

Sample 1 2 3
Growth run A233 A232 A227

z (nm) 20 10 5
n%(10"® m™?) 3.8 6.4 8.9
nient(10'5 m~?) 6.6 11.3 16.2
nlieht (10" m~2) 6.3 10.3 14.5
nlight (1015 m~2) 0.3 1.0 1.7
Haark (M?V71s™h) 55 39 9.8
,uﬁgh, (mz ‘I_I Sv]) 56 39 8.5

heterojunctions, as well as the corresponding carrier den-
sities and mobilities measured both in the dark and after
saturation of the persistent photoconductivity?* by il-
lumination with a red light-emitting diode (LED), are
shown in Table I. Other sample parameters can be found
in the work of Kusters et al.?>?® The experimental con-
ditions for the MPL measurements have also been de-
scribed previously.??

III. RESULTS AND DISCUSSION
A. Lowest carrier density

1. X(n.=2,h) and X(n,=2,1)

The excitonic part of the spectrum of sample 1 at vari-
ous magnetic-field strengths recorded at T=1.5 K is
given in Fig. 1. For this sample with the lowest carrier
density a few peaks showed magneto-oscillatory behavior
of photon energy, as is shown in Fig. 2. Because the most
intense line has qualitatively the same magneto-optical
properties as the X (n,=2,h) in sample 2, reported on in
our previous paper, 2 it has also been assigned to second-
subband luminescence, which can be observed owing to
the involvement of the Fermi sea. Because the second
subband of sample 1 has a lower electron concentration
than that of sample 2, a lower magnetic field is required
to depopulate the second subband, so the X (n,=2,h) can
be resolved at fields as low as 0.8 T. The PL line of sam-
ple 1 is narrower than that of sample 2 because of the
thicker Al ,Ga;_,As spacer layer that separates the
2DEG from the ionized impurities in the sheet-doping
layer. The same procedure we used previously?? for sam-
ple 2 was applied to construct the Landau fan diagram of
the n, =1 subband and the behavior of the Fermi energy.
First, the energy of the second subband was extrapolated
to zero field, and the energies of the lowest subband and
that of the Fermi level were calculated using
E,—E ;=223 meV and Ep—E,=1.1 meV, which
values were taken from magneto-transport measurements
on this sample for B =0 T. 25 Second, the Landau fan di-
agram was constructed taking an effective mass of
0.070m,, where m, is the mass of a free electron. This
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FIG. 1. PL spectra of sample 1 at various magnetic fields B.

value was calculated directly from the relationship be-
tween sheet carrier density and the effective mass valid
for magneto-optics.* The calculated energy of the Fermi
level at T' =0, assuming §-function-shaped Landau levels,
is shown by the bold line in Fig. 2 in the pertinent range
of field strengths. The dotted line shows the photon ener-
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FIG. 2. The photon energies of various Fermi-edge-induced
2D peaks in sample 1, parts of the Landau-level fan diagram of
the n, =1 subband, and the calculated energy of the Fermi level
in the field range of interest (bold line) assuming &-function-
shaped Landau levels. Filling factors v are shown at the top
axis.
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gy of the second subband if it were unaffected by the Fer-
mi electrons. It should be noted that this photon energy
shows a detectable quadratic dependence upon B, which
implies a small exciton binding energy. This is in con-
trast to results obtained for sample 2,?* and can be attri-
buted both to the smaller value for the intrinsic electric
field, which acts on the photoexcited holes, and the larger
extent of the n,=2 subband, which results in a greater
overlap with these holes.

Above B =4 T another remarkable peak is observed at
higher energy (see the upper line in Fig. 2). The photon
energy of this peak is also affected by crossing n, =1 Lan-
dau levels, which indicates that 2D electrons are involved
in the recombination process. Furthermore, the peak
disappears above =20 K. These observations show that
the peak is induced by the Fermi sea. Because of the
strong interaction between the n.=2 subband and the
Fermi electrons, the most likely candidate for the emis-
sion is an exciton consisting of n, =2 electrons and light
holes, hereafter denoted X (n, =2,/). Fermi-edge-induced
emission of the n, =3 subband is highly unlikely, because
the relaxation time between the n,=3 and n.=2 sub-
bands (which both have nonequilibrium concentrations of
electrons in them) should then exceed the typical time
scale for Fermi-edge-induced luminescence. This in-
trasubband relaxation time can be estimated to be around
100 ps.?”?® The even smaller recombination times of the
induced processes would then imply lifetime broadening
of the peaks of at least 10 meV, which was not observed
in our experiments. Furthermore, larger excitonic effects
are expected for Fermi-edge-induced PL from the n,=3
subband, owing to the greater extent of the n,=3 wave
function; these effects were not observed in our experi-
ments either.

2. Effects of spin splitting of n. =1 Landau levels
on X(n.=2,h)

Apart from these two dominating PL processes involv-
ing the n, =2 subband, the X (n,=2,h) shows a splitting
at high fields (around v=35). This splitting can be ob-
served in this sample because the X (n, =2,h) emission is
the narrowest. The detailed spectra in this field region
are shown in Fig. 3. The energy difference between both
components of the X (n, =2,h) peak increases until filling
factor 5 has been reached; at higher fields it decreases
again. It is well established that the effective g factor,
which determines the separation between two spin-split
states, is enhanced at odd filling factors. This g-factor
enhancement is caused by exchange interaction among
electrons, and is proportional to the population difference
between two spin components of a Landau level.?*°
Maximal enhancement is therefore obtained at odd filling
factors, at which one spin level is fully occupied and the
other is unoccupied. The measured increase in energy
difference at filling factor v=35, therefore, shows that spin
splitting of the Landau level in which Ep resides
influences the X (n,=2,h). The quantity g*=AE /ugB,
where AE is the energy splitting between the two peaks
and pjp is the Bohr magneton, is plotted versus the field
strength in the inset of Fig. 3. It must be stressed that
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this is not necessarily the real value of the enhanced g
factor at v=>5: it is the effect which these two spin-split
states have on the photon energy of the X (n,=2,h). The
inset, therefore, serves only to visualize the maximum at
v=5(B=5.4T).

3. Deviation from linear behavior of Landau levels

In Fig. 2 it was seen that the energy of the X (n,=2,h)
is affected by the crossing of the n, =1 Landau levels. A
less pronounced, though remarkable deviation of ~0.2
meV in photon energy was observed at B =4.6 T: exact-
ly the field at which E shifts dramatically (v=6). Skol-
nick et al.’ observed deviations from the linear behavior
of Landau levels as soon as they began to depopulate (i.e.,
at even v) in a MDQW with one occupied subband. The
deviations were of order 5 meV and were mainly attribut-
ed to the dependence of excitonic effects on Landau-level
filling. Because the exciton binding energies are consider-
ably greater in a MDQW than in a single heterojunction,
we expect that the same effect causes the small deviations
from linearity upon depopulating the lowest Landau level
of the n, =2 subband.

B(T)
5.0 5.6 6.0
0.8 I Y Y T O T A W1
é%e
o7 I}
0.6
“a0p.5
0.4
0.3

PL intensity (arb. units)

'1.5168  1.5173

"1.5163

Energy (eV)

FIG. 3. The detailed spectra of sample 1 for 5.1<B <6.0 T.
The inset shows the quantity g*=AE /(uzB), with AE the en-
ergy difference between the two X (n. =2,h) peaks, up the Bohr
magneton, and B the magnetic field.

B. Intermediate carrier density

1. Low-field data: Crossing behavior of
(A%X) and X(n.=2,h)

Earlier data on sample 2 (Ref. 23) reported the situa-
tion in which the Fermi level E; lay either below or in
the lowest Landau level of the n,=2 subband. Below
B =2.5 T this is no longer the case and the intensity of
the second-subband exciton X(n.=2,h) is greatly re-
duced because then the transition probability for the
X (n,=2,h) emission is no longer enhanced. Very low-
intensity X (n,=2,h) luminescence can, however, still be
seen in the spectra at low magnetic fields because a non-
vanishing wave-function overlap with the photoexcited
holes exists as a result of the relatively large mean extent
(z), of the n,=2 subband electrons from the interface.
This {z), is especially large if the depletion charge is
neutralized as a result of electron-hole pair generation,>!
as is the case under our experimental conditions. Figure
4 shows portions of the spectra for fields between B =0.3
and 1.9 T. Below B =0.8 T the X (n,=2,h) has clearly
lower energy than the two (A%X);_s,, 3, states. The
X (n,=2,h) follows the lowest Landau level of the second
subband and the photon energy of (4°%X) shows a less
pronounced dependence upon B, which is a characteristic

B(T) (A°X) X(ns2,h

PL intensity (arb. units)

1=5/2,3/2

1.512 1.513
Energy (eV)

1.511

FIG. 4. The low-field crossing behavior of the second sub-
band exciton X (n.,=2,k) and “bulk” acceptor-bound excitons
(A%X) in sample 2.
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behavior of a bound exciton. The spectra show that the
two (A% X) states are indistinguishable from the second-
subband exciton X (n,=2,h) between B =0.8 and 1.3 T.
Above B=1.3 T the X(n,=2,h) has a higher energy
than ( A% X) and, as shown in Fig. 4 of Ref. 23, at higher
field strengths the X (n,=2,h) shows its characteristic
magneto-oscillatory properties. This crossing of the
X (n,=2,h) and ( 4°X) indicates that the interaction be-
tween the “bulk excitons” and the ‘“2D excitons” is negli-
gible, otherwise the noncrossing rule of quantum
mechanics would have applied, 3? resulting in mixed char-
acter of the two transitions.

2. Excitation density dependence of the emissions

The efficiency of the Fermi-edge-induced X (n,=2,h)
transition in magnetic field was found experimentally to
be very large, both by Chen et al.?* in MDQW?’s and in
our work on single heterojunctions.?> Here we present the
behavior of the PL spectrum of sample 2 as a function of
excitation density P for laser excitation at B=5.4 T
(v=7) at energies both below and above the band gap.
Figure 5(a) shows the spectra for above-band-gap excita-
tion with E;=1.537 eV, whereas Fig. 5(b) shows the P
dependence for E;=1.52 eV, which is below the band
gap at B =5.4 T. The X(n,=2,h) peak is seen to be con-
siderably broader when E;>E,, . This is presumably

o

B (&T)

—X(nz2.h) (a)

El="537 eV
sz,_k

E =152 eV Xnz2h) ()

PL intensity (arb. units)
PL intensity (arb. units)

(4%x)

100%
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FIG. 5. The PL spectrum of sample 2 vs excitation density at
B=5.4T (v=7) for (a) above and (b) below band-gap laser ex-
citation. The energy of FX decay is also shown in (b). Energies
of the X(n,=2,I) and the X(n,=2,h) are shown in (c) with
parts of the Landau fan diagram.
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caused by exciton scattering by “hot” electrons. This
scattering mechanism is known to have a profound effect
on exciton kinetics.>* Furthermore, luminescence from
the GaAs buffer layer ( 4% X) and especially FX is seen in
Fig. 5(a) to increase faster than that from the X (n,=2,h)
upon increasing P. The intensity rise of ( 4% X) and FX
is considerably less pronounced for the below-band-gap
excitation in Fig. 5(b). If E; > E,, excitons in the GaAs
buffer layer are formed from free electrons and holes;
whereas for E; <E,,,, no free carriers are present. Obvi-
ously, the exciton formation probability for below-band-
gap excitation cannot compete with the probability of ex-
citon formation via free carriers in this heterojunction.
The relative suppression of 3D excitons observed in Fig.
5(b) is accompanied by the appearance of a shoulder at
higher energy which appears at high P. This shoulder is
absent in Fig. 5(a), which indicates that its origin lies in
the 2D system and not in the GaAs buffer layer. In view
of its properties, discussed below, the shoulder has been
labeled (n,=3,k). The peak labeled X (n.=2,]) in Fig.
5(b) has slightly higher energy than that of the FX, which
is more clearly observed in Fig. 5(a). The FX energy is
also indicated in Fig. 5(b). As with the previously de-
scribed light exciton of the n.=2 subband in sample 1,
upon changing B the energy of this X (n,=2,]) peak also
appears to be affected by crossing n.=1 Landau levels.
This can be seen in Fig. 5(c), where the energy of the
X(n.,=2,l) is shown together with that of the
X (n.=2,h) and parts of the Landau-level fan diagram.
Therefore, the Fermi-edge-induced light exciton of the
n.=2 subband has also been observed in sample 2 by
studying the excitation density and excitation energy
dependence of the spectra.

3. Temperature dependence of the spectra

Figure 6 shows the temperature dependence of sample
2 at B=7.0 T. At this field the n,=2 subband is not
populated by equilibrium electrons, as can be seen in Fig.

sample 2
T(K)
21

4.2

PL intensity (arb. units)

1.5
1.520

T T T
1.517 1.518 1.519

Energy(eV)
FIG. 6. The temperature dependence of the PL spectrum of
sample 2 at B =7 T.

T
1.515 1.516
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4 of our previous paper.?> Two subpeaks appear on the
high-energy side of the X (n, =2,h) upon increasing tem-
perature; their origin is uncertain. A possibility is that
thermal population of holes in higher J, states may result
in additional PL peaks. Another possibility for the origin
of one subpeak concerns a separate many-body interac-
tion on the second subband of two spin-split states of the
particular n, =1 Landau level in which E resides, as was
also found above for sample 1 through the observation of
g-factor enhancement. This can occur here because the
experiment was performed at B =7 T, just above the
v=17 field. Therefore, thermal depopulation of the slight-
ly populated energetically lowest spin component of Lan-
dau level N =3 of the n,=1 subband may lead to the
same effect described above: separate influence of both
spin components on the X (n,=2,h), resulting in the ob-
servation of a splitting of the X(n,=2,h). The entire
disappearance at ~20 K of the broadened complex of
peaks is not surprising because the interaction between
the Fermi electrons and the second subband is highly sen-
sitive to temperature. 32!

Free-exciton PL of the buffer layer was observed
around 1.518 eV and disappeared at about 50 K. At
higher temperatures, a peak appeared which at low 7" was
observed around 1.5184 eV. The luminescence of this
peak could still be clearly observed at temperatures up to
320 K, which is the upper limit in our sample cell at
B+#0. The energy of this peak followed that of the GaAs
band gap as a function of temperature. At 7'=320 K the
PL intensity depended quadratically on the excitation
density: I < P2, This behavior is not expected for buffer-
layer excitons because of screening of ionized impurities.
In quantum wells it is well known that electrons and
holes exhibit a strong exciton binding owing to their large
wave-function overlap,3>3¢ and exciton PL can still be
observed at higher temperatures compared to bulk exci-
ton PL.%” In our system the n,=3 subband has similar
properties. First, this subband has a large spatial exten-
sion into the flat-band region, which ensures a consider-
able overlap with photoexcited holes; second, ionized im-
purities are spatially separated in Al,Ga,_, As. There-
fore we believe that the highest-energy peak corresponds
to the (n,=3,h) recombination, which possibly has an
exciton binding energy. Temperature-dependent mea-
surements on samples 1 and 3 showed qualitatively the
same behavior. At low temperature, an X (n, =2,h) peak
was observed, and at high temperature a new peak at
higher energy appeared. The energy difference between
these two peaks increased upon increasing sheet carrier
density: they were 0.9, 1.7, and 3.5 meV for samples 1, 2,
and 3, respectively. This supports the assignment to
(n.=3,h) because all subband separations increase if the
intrinsic electric field increases.3® Further experimental
data supporting the (n.=3,h) assignment are reported
below in the resonant excitation experiments.

C. Highest carrier density

For sample 3 (that with the highest carrier density)
luminescence was observed with the characteristic 2D
magneto-oscillatory properties above ~4 T. This field is
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stronger than the critical values of the other two samples
because this is required to depopulate the second subband
(cf. our previous paper??). Figure 7 shows the very rapid
rise in the 2D-luminescence efficiency for this sample:
below ~4 T the PL is unobservable, whereas at B =6.8
T its integrated intensity is about seven times larger than
the sum of integrated (D° X) and FX buffer layer PL. As
an illustration, the 6.8-T spectrum of this sample is
shown in the inset of Fig. 7. Maxima in the PL intensity
are observed at the odd filling factors 11, 13, 15, and 17.
Furthermore, a pronounced maximum is observed at
v=10. In our previous paper?’ we also observed maxima
at even v, which were less pronounced than those at odd
integers. We argued that, in spite of population fluctua-
tions in the second subband, the Fermi sea was also of
influence in observing even v intensity maxima. The
present observation of a maximum at v=10 and the ab-
sence of maxima at higher even integer filling factors
shows that merely the appearance of population fluctua-
tions, which occur at all v, is not sufficient to account for
the observed even v maxima in our single heterojunc-
tions. Moreover, the observation of a maximum at v=10
points to the formation of a band of localized states be-
tween the spin components of the respective Landau level
of the n.=1 subband. This occurs if the spin splitting
g *upB is large compared with both the thermal broaden-
ing kT and the broadening of the Landau levels I'. The
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that of the bulk lines (D° X) and FX, vs magnetic field for sam-

ple 3. The inset shows the 6.8-T spectrum; the relative gain for
the (D% X)-FX PL is 10.
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effective g factors g* of both subbands are known to be
fairly large from magnetotransport measurements: typi-
cal values are 3 for the n.,=1 subband and 8 for the
n.=2 subband.?® Using g* =3, we find at B =6.7 T that
g*upB=1.1 meV, kT =0.12 meV, and I'(n,=1)=0.4
meV for this sample. Hence, the above spin-splitting cri-
terion is fulfilled and Fermi-induced PL at even filling
factors is possible in the high-field regime. The previous-
ly observed presence of less pronounced even v maxima
[shoulders in sample 2 (Ref. 23)] can also be ascribed in
the same way.

Magneto-oscillatory behavior of the X (n.=2,h) pho-
ton energy and its width were also observed for sample 3.
Owing to the thin spacer layer in this sample, an overall
larger width was measured that oscillated between 0.4
and 0.8 meV. For constructing the Landau fan diagram
the magneto-optical effective mass of the n, =1 subband
electrons at n =16.2X10°>m~2 was obtained by linear
extrapolation of the relationship between m* and n (re-
ported by Plaut et al.*), as was previously performed for
sample 2.2* Because of this large value of n, the extrapo-
lation gives rise to an uncertainty in the effective mass,
namely 0.084 <m*/m <0.087. Using m*=0.085m, a
remarkably good match was obtained between the fan di-
agram and the field intervals at which the photon energy
increases relatively quickly.

D. PL mechanism

A new phenomenon was observed by comparing the
three similar heterojunctions with variable sheet carrier
densities. To wit, Table II summarizes the zero-field en-
ergies of the n, =2 subband, the calculated zero-field en-
ergy separation between the Fermi level and the n,=2
subband Ef, and that between the n. =2 and n,=1 sub-
bands E,;, and finally the calculated zero-field energy of
the Fermi level E, for all three samples investigated in
this paper. It is seen that within experimental error this
zero-field Fermi energy is found to be 1.515 eV in all sam-
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TABLE II. Energy of the n. =2 subband at zero field E,, the
zero-field energy separation between the Fermi level and the
n.=2 subband E;, and that between the n,=2 and n,=1 sub-
bands E,;, and the calculated energy of the Fermi level E, at
zero field.

Sample  E, (V)  E, (meV)  Ey (meV) E; (V)
1 1.5137 1.1 22.3 1.5148
2 1.5116 3.6 30.3 1.5152
3 1.5087 6.1 40.0 1.5148

ples. To a good approximation this Fermi energy equals
the Fermi energy in the n-type GaAs buffer layer, which
lies ~0.6XE,, below the band gap,* where E, the
donor ionization energy in GaAs, is 5.715 meV. The fact
that the inferred Fermi energy in Table II equals 1.515
eV implies that the photoexcited holes, which participate
in the various Fermi-induced 2D excitons, are situated in
the flat-band region of GaAs: recombination takes place
between their exponentially decaying tails and the 2D
electrons. In our PL experiments, therefore, the energies
of the subbands decrease if the sheet carrier density in-
creases.

E. Resonant excitation

So far we have studied the various Fermi-edge-induced
emissions of the 2D system by using excitation just above
the band gap of GaAs. In the following we used exact
tuning of the laser energy to certain PL peaks. This reso-
nant excitation on a PL peak enhances the probability of
formation of the particular luminescent process. ™4
The intensities of all peaks that are related to the reso-
nantly excited peak then increase considerably. We used
resonant excitation (RE) of 2D luminescence to obtain
additional information on the 2D system, which
remained hidden in nonresonant measurements; most
data were obtained on the sample with the highest carrier
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FIG. 8. The PL spectra obtained via resonant excitation experiments on sample 3 at B =7 T. The laser was tuned: well above the
exciton energies for spectra (a) and (f); to the X (n,=2,h) peak (abbreviated to X, in the figure) for (b), (d), and (e); and to the n, =3
shoulder [denoted (e3,4)] for (c).
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density. A compilation of PL spectra, which were ob-
tained by use of resonant excitation (RE) experiments on
sample 3 at a field of B =7 T, is given in Fig. 8. Figure
8(a) was obtained with the laser tuned well above the ex-
citon emissions; it shows the X(n,=2,h) and residual
(D° X) and FX PL of the GaAs buffer layer. In Fig. 8(b)
resonant tuning of the laser to the X (n,=2,h) lumines-
cence resulted in a shoulder (e,, 4°) at the high-energy
side of the (D° A4°) buffer PL, where A4° refers to the
carbon acceptor. This (e,, 4°) peak is separated 19 meV
from the X(n.,=2,h), which is in excellent agreement
with a result of Kukushkin, von Klitzing, and Ploog,*
who attributed this PL to recombination of a confined
n,=2 electron with a hole located at an acceptor. This
neutral acceptor is located in the vicinity of the 2DEG
where a nonvanishing wave-function overlap exists be-
tween the acceptor and the exponentially decaying n, =2
wave function. The small separation between acceptor
and electron leads to a final-state Coulomb energy, which
is why the separation between (e,, 4°) and the
X(n,=2,h) is considerably smaller than the carbon ac-
ceptor ionization energy of 26.4 meV.*

Peak (e,, A°) was accompanied by its phonon replica,
which is shown in Fig. 8(e). Both (e,, 4°) and this pho-
non replica were absent if the laser was not tuned to the
X (n,=2,h), as can be seen in Fig. 8(f), obtained with the
laser energy tuned above that of the exciton emissions. A
further indication that n, =2 electrons are involved here
is that the (e,, A?%) transition shifted within experimental
error equivalently to the lowest n, =2 Landau level if the
RE experiment was repeated on the X (n,=2,h) at lower
fields.

Apart from resonant excitation of the second-subband
exciton, we also investigated the PL that we ascribed to

(n=3.h)
sample 3 ¢

T(K)

4.2

PL intensity (arb. units)

1.5

15
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Energy (eV)

FIG. 9. The temperature dependence of the 7-T PL spectrum
of sample 3. The X (n.=2h) has been abbreviated to X,; the
GaAs buffer layer PL involving rotational states of the donor-
bound exciton (D°, X),,, and FX can be clearly distinguished.

1.512  1.514

the n, =3 subband in sample 3. To this end the tempera-
ture dependence of the PL spectrum was required; that at
B =17 T is shown in Fig. 9. This figure and some spectra
for temperatures between 1.5 and 4.2 K allowed an accu-
rate determination of the energy of the unoccupied third
subband E (n,=3,h) of 1.518 79+0.00004 eV at T =1.5
K. In the 1.5-K spectrum a small change in slope could
also be observed at this energy, as can be seen in Fig. 9.
Resonant excitation was also performed at the energy of
this third subband. Although there was no equilibrium
electron population in the n,=3 subband at 1.5 K, a
quasipopulation was created by the RE because of the
enhanced probability of exciting a valence electron to the
n,=3 subband. An extremely sharp phonon replica of
this quasipopulated (n, =3,4) subband was then observed
at 1.48192 eV, as can be seen in Fig. 8(c), for which the
laser was resonant with the n, =3 shoulder. The phonon
energy of 36.861+0.04 meV appeared to deviate slightly
from the phonon energy of 36.75+0.04 meV reported for
bulk GaAs.* Stroscio, Kim, and Hall*® demonstrated
with a strain-dependent nearest-neighbor linear-chain
model that the frequencies of LO-like phonon modes
were shifted by a few percent in a superlattice structure.
We expect that, in the case of a single heterojunction and,
moreover, one in which the mean distance of n, =3 elec-
trons to the interface is fairly large (of order SO nm), this
shift will be considerably smaller. Therefore, the mea-
sured increase in phonon energy may be tentatively as-
cribed to the presence of the heterointerface. These addi-
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FIG. 10. The resonant excitation spectra of sample 1 at 6—7

T. Uppermost is the nonresonant spectrum at B =7 T with the

laser tuned well above the excitonic emissions.
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tional experimental observations confirm our hypothesis
that third-subband electrons are involved in the PL emis-
sion.

Apart from the information obtained by the RE experi-
ments on sample 3, we obtained additional results that
could only be obtained for the sample with the lowest
carrier density. Figure 10 shows PL spectra from sample
1 that were obtained by exact tuning of the laser to the
energy of the X (n,=2,h). The uppermost spectrum was
recorded at B =7 T with the laser tuned well above the
X (n,=2,h) emission and showed only (D° 4°) PL of the
GaAs buffer layer. Resonant excitation of the
X(n,=2,h) at 7 T led to the observation of additional
peaks, inter alia the broad (e,, A°) peak, separated 19.4
meV from the X (n,=2,h), which can again be attributed
to recombination of electrons in the n, =2 subband with
holes located at acceptors. Upon repeating the RE exper-
iment at lower fields, this PL line shifted within experi-
mental error equivalently to the lowest Landau level of
the n, =2 subband.

An additional peak with an energy between those of
(D° 4°) and (e,, A%) appeared if the X (n,=2,h) was
resonantly excited. This peak cannot be attributed to
(e, A°) recombination in the GaAs buffer layer because
the latter PL shifts linearly in magnetic field toward
1.4991 eV at B =7 T.* Furthermore, the attribution to
excited acceptor states as a result of selective (D%, 4°)
pair luminescence (SPL) can also be refuted for two
reasons. First, SPL peaks would disappear if the laser
were tuned above energies of bound excitons, such as is
the case here; second, SPL peaks should be present in the
spectra of all samples, especially in that of sample 3 for
which the energy of the X (n,=2,h) (to which the laser
was tuned) lay well below all GaAs buffer layer bound ex-
citons. Calculation of the energy of the N =0 Landau
level of the n,=1 subband yielded 1.4972 eV (from
1.4914 + 7u5/0.070), very close to that of the observed
peak 1.4964 eV. Therefore, we believe that this peak in-
volves recombination of N =0 n,=1 electrons with pho-
toexcited holes. The shift of this peak in the lower-field
RE spectra yields m*=0.070m, which corresponds to
the effective mass of the n,=1 subband in this sample.
Because no increase in the fully occupied n, =1 electron
concentration is possible, an enhanced (n,=1,k) recom-
bination can be observed here because of the enhanced
density of photoexcited holes in the 2DEG region upon
resonant excitation of the X (n,=2,h). This enhanced
hole density results from the increased probability to ex-
cite a valence electron to the n,=2 subband in the RE
experiment. To our knowledge, this is the first time that
PL from the n, =1 subband has been observed in a high-
carrier-density single heterojunction without hole
confinement. This n,=1 PL could not be observed in the
two samples with higher carrier densities, presumably be-
cause of their greater intrinsic electric field, which acts
on the photoexcited hole density.

IV. CONCLUSIONS

We have presented PL measurements on three single
heterojunctions which have two occupied subbands at
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zero magnetic field. Despite the lack of hole
confinement, we observed the n,=2 subband excitons
X (n,=2,h) in all samples, owing to the hybridization be-
tween this subband and the Landau level of the n,=1
subband in which the Fermi level resides. This many-
body interaction, which is maximal at odd filling factors,
led to the observation of oscillations with Shubnikov-de
Haas periodicity in the intensity of the X (n,=2,h). Fur-
thermore, we reported magneto-oscillations in both peak
energy and peak width which are caused by the crossing
of n,=1 Landau levels. Apart from the Fermi-edge-
induced peaks X (n,=2,h), which appeared in all sam-
ples, a second Fermi-edge-induced peak involving the
2DEG was most clearly observed in the sample with
lowest carrier density, most likely originating from the
recombination of n,=2 subband electrons with the pho-
toexcited light holes X (n,=2,/). A second-subband exci-
ton splitting, which was maximal at v=5, was also ob-
served in this sample. This observation points to separate
interaction of the two spin states of Landau level N =2 of
the n, =1 subband with the second-subband exciton.

Excitation below and above the GaAs band gap was
found useful to distinguish PL from the 2DEG and that
from the GaAs buffer layer. From this behavior and
temperature-dependent measurements, strong indications
were found for luminescence of the n. =3 subband. Evi-
dence for the formation of a band of localized states be-
tween the spin components of a Landau level comes from
a maximum intensity at even filling factor in the sample
with the highest carrier density.

The zero-field energy of the Fermi level has been found
to be 1.515 eV for all samples. This pinning to the energy
of the Fermi level in the GaAs buffer layer shows that the
photoexcited holes, which participate in the recombina-
tion process, are essentially located in the flat-band re-
gion of the GaAs. Therefore, the PL energies of the sub-
bands decrease if the electron concentration of the 2DEG
increases.

Resonant excitation (RE) was shown to be a useful
method for providing additional information on the 2D
system. First, RE on the X (n,=2,k) resulted in the ap-
pearance of various peaks that were related to the
X(n.=2,h). Apart from the direct phonon replica of the
X (n.=2,h), recombination was observed of n,=2 elec-
trons with holes located at acceptors and the correspond-
ing phonon replica therefrom. Second, resonant excita-
tion of the third subband was used to create a nonequili-
brium electron concentration in this subband. This led to
the observation of an extremely sharp phonon replica of
the n,=3 subband. The sample with the lowest carrier
density showed unprecedented luminescence of the lowest
Landau level of the n, =1 subband upon resonant excita-
tion of the second-subband excitation.
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