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We investigate the effect of hole localization on the magneto-

-luminescence emission of a two-dimensional electron system formed in a

modulation-doped semiconductor heterojunction. The emission of hetero-

junctions containing a dilute delta-layer of Be acceptors at a large distance

from the interface is compared with that of Be-free samples. A narrow Fermi-

-edge singularity emission line is observed at low temperature in Be-doped

samples, involving electrons in the second confined state. The evolution

of this line in a perpendicular magnetic field shows common characteristics

with previously reported results in high mobility samples not containing Be.

A new emission line appears abruptly at filling factor 2 originating by the

recombination of electrons in the lowest Landau level with free valence holes,

independent of the presence of Be. The abruptness of this transition, which

is also observed in some samples at filling factor 1, reveals a simultaneous

change in the electron system over a macroscopic sample area. The new

optical emission shows marked deviations with respect to the single-particle

behavior, which are tentatively interpreted as the formation of a complex

state involving a free photocreated hole and the electron system. This com-

plex unbinds when the Fermi level crosses the mobility edge.

PACS numbers: 73.43.Lp, 78.55.Cr, 73.21.–b

1. Introduction

Optical measurements on the high mobility two-dimensional electron system
(2DES) have been performed over a long period [1–13] to study electron interac-
tions through their effect on the optical emission properties. Many-body effects
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have an influence on the optical spectra, as revealed by the appearance of charged
excitons at low electron densities [11], shake-up processes [12], and optical singu-
larities at the Fermi level (FES) [13]. Most of the experimental work on optical
emission by a 2DES has been done in the GaAs–AlGaAs system, due to the high
electron mobility obtained at its interface. The interaction effects are strongly
dependent on carrier localization and on the screening properties of the electron
gas. In a perpendicular magnetic field, the screening properties change as the
2DES passes through different filling factors when the field is varied, giving al-
ternating states where the Landau levels are completely filled (incompressible)
or partially filled (compressible). Thus, the magneto-emission is sensitive to the
compressibility of the electron system. The presence of the photocreated holes
in photoluminescence (PL) experiments can perturb the 2DES properties. This is
often the main drawback of optical methods compared to transport measurements.
One way to minimize this perturbation is to use a modulation-doped semiconduc-
tor heterojunction (HJ) [1–8], instead of a quantum well (QW) [9, 10] where the
electrons and holes are close to each other. In HJs the photocreated holes tend to
escape away from the interface due to the built-in electric field. The PL emission
from the 2DES then vanishes unless the hole is kept near the interface. This can
be achieved either by trapping at uncontrolled interface defects, by screening of
the electric field (band flattening) due to residual doping [1] or by trapping of
the photocreated hole (PCH) at a δ-layer of acceptors (normally Be) located at
a certain distance from the HJ [2–5, 8]. This last method has been widely used
to investigate the 2DES in the integer [3, 8] and fractional [2, 4] quantum Hall
regimes. A large variety of magneto-photoluminescence (MPL) characteristics of
the 2DES have been reported in the past, which depend strongly on the sample
structure and details. Simultaneous measurement of MPL and Hall resistivity in
GaAs QWs [3, 9] and HJs [1, 7, 8] have revealed deviations of the dependence of
the emission energy on magnetic field with respect to the normal Landau-level be-
havior near ν = 1 and 2, as well as changes in the emission intensity. The reported
energy deviations occur at higher or lower energies depending on the well width
and have been interpreted as the result of a magnetic-field induced change in the
screening of the PCH by the electron gas [14]. Also, a splitting of the PL emission
of a 2DES around odd filling factors has been reported in GaAs quantum wells. It
has been attributed to the interference of the photocreated hole with the contin-
uum of spin-wave excitations of the Fermi sea [10]. MPL emission in HJs has been
observed mainly for localized holes, but in some cases emission involving free holes
has also been reported [1, 5–7]. The PL emission in this case shows marked devi-
ations from the single-particle trend at integer filling factors. For recombination
with free holes one expects conservation of the Landau level (LL) index. In this
case and assuming low power excitation, the few photocreated holes relax quickly
to their ground state, and hence only recombination with electrons in the lowest
LL is possible.
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In this paper we investigate the role of hole localization in the MPL response
of a 2DES in a single semiconductor HJ. For this purpose we compare the emission
spectra of samples having a dilute delta-doping layer of Be acceptors at a large
distance from the HJ interface with the emission of Be-free samples. The two
types of samples have similar electron densities and mobilities, with two electron
states confined by the HJ potential. The Fermi level is slightly above the second
confined state, so that its electron density is very low. Compared to previous
work [2–4], the distance of the Be layer from the HJ in the Be-doped samples is
large enough to prevent overlap between the electrons in the lowest confined state
and the photocreated hole wave functions. In Be-doped samples, the simultaneous
measurement of MPL and longitudinal and transverse resistivity reveals sharp
peaks in the MPL spectrum at integer filling factors, which are due to Fermi-edge
singularities associated with electrons in the weakly populated second confined
sub-band recombining with localized holes [8]. The temperature dependence of
these sharp peaks indicates differences in the suppression of screening at even and
odd filling factors. The dependence of the intensity of this emission on magnetic
field coincides strikingly with data reported for a high-mobility, low-density 2DES
[1], thus indicating that hole localization by residual disorder can play a key role
even in very high mobility samples.

For both kinds of samples the abrupt onset of a new MPL emission occurs
below filling factor ν = 2, involving free valence band holes. In Be-doped samples,
it coincides with the equally abrupt disappearance of the Be-bound-hole lumines-
cence. At low temperatures, the dependence of the energy and intensity of the new
emission on the magnetic field deviates significantly from the standard Landau-
-level behavior, as long as the electron system is in an incompressible state. A
similar behavior is observed in some samples at ν = 1. This behavior is tenta-
tively attributed to the formation of a complex state involving a small number of
LL-holes (electrons missing in one of the spin branches of the lowest LL) and the
valence band hole.

2. Experiment

The AlxGa1−xAs/GaAs modulation doped single HJs are grown for x = 0.33
by molecular beam epitaxy on GaAs (001) substrates. The samples consist of
a GaAs/AlGaAs short-period superlattice buffer layer, a 1000 nm thick GaAs
layer, an undoped AlGaAs spacer layer including a Si doped layer, and a thin
undoped GaAs cap layer. In one of the samples (sample A) a dilute Be δ-doping
layer (1 × 109 cm−2) is located in the GaAs side at a distance d = 60 nm from
the HJ interface. The electron density of sample A is nA = 3.16 × 1011 cm−2,
corresponding to a Fermi energy EF = 11.3 meV. The other samples (samples B

and C) have no Be layer. Their electron densities are nB = 3.24 × 1011 cm−2

and nC = 1.96 × 1011 cm−2 respectively. The electron mobilities lie between
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Fig. 1. Energy band diagram for the samples showing the confined electron states and

the optical transitions.

1 and 2 × 106 cm2/(V s). The band structure diagram is presented in Fig. 1,
showing two confined electron states (E0, E1) with the Fermi level EF slightly
above E1. The arrows indicate the PL transitions discussed in the next section.
Patterning of either a Hall bar or a rectangular area with lateral contacts on some
of the samples allowed simultaneous measurement of PL and transport properties.
PL measurements were performed at different temperatures down to 280 mK in a
3He-immersion insert in a superconducting magnet providing magnetic fields up to
12 T. The samples were accessed optically through windows located at the bottom
of the magnet cryostat. A Ti-sapphire laser was used for PL excitation below
the band gap of the AlGaAs barrier. Great care was taken to screen out higher
energy light for simultaneous measurements of PL and transport. The diameter
of the laser spot on the sample was around 100 micrometers. The excitation
power was kept below 30 mW/cm2, and the emitted light was detected with a
double spectrometer and a charge-coupled detector. All the measurements were
performed at 300 mK, unless otherwise specified.

3. Results and discussion

The emission spectrum of sample A is shown in Fig. 2 for zero magnetic field
on a logarithmic ordinate scale. The main peak at 1.514 eV is mainly due to exci-
ton recombination in the thick GaAs layer. A weak step at 1.505 eV corresponds
to the recombination of E0 electrons with photocreated holes, probably localized
at uncontrolled shallow interface defects. A similar transition occurs involving E1

electrons, whose energy accidentally coincides with the excitonic emission. This is
proved by the existence of a clear shake-up emission in the MPL spectra, whose
energy extrapolates to 1.514 eV at zero magnetic field. At low energies, the sharp
peak at 1.491 eV comes from E1 electrons recombining with photocreated holes
trapped at the Be layer. The broad band below it is due to donor–acceptor tran-
sitions related to carbon impurities. The energy difference between the two E1

emissions is 23 meV, which is slightly below the Be binding energy in GaAs:
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Fig. 2. Photoluminescence spectrum of sample A at zero magnetic field and 300 mK.

The labels of the different peaks correspond to the transitions indicated in Fig. 1 and

are explained in the text. The broad emission D–A is due to donor–acceptor transitions

corresponding to carbon impurities.

28 meV [15]. The difference is due to the band bending near the HJ. No traces
of E0 electron recombination with Be-trapped holes have been observed. This
indicates that the wave function extension of E0 electrons away from the inter-
face is less than 60 nm. For E1 electrons this extension can reach 100 nm [8].
The intensity of the sharp E1-Be emission decreases very rapidly with increasing
temperature (it reduces to one half from 300 mK to 3 K). It is interpreted as an
optical FES involving E1 electrons and the localized PCH. A similar FES has been
reported in Ref. [3], where both E0 and E1 electrons recombine with photocreated
holes localized at Be acceptors.

The dependence of the energy (ordinate scale) and intensity (gray scale) of
the E1-Be emission on the magnetic field is shown in Fig. 3. Between zero and
0.2 T, the energy remains constant. At higher fields it follows a linear trend in-
dicating LL behavior. The magnetic length corresponding to 0.2 T is 57 nm, so
that the constant PL energy at low field can be interpreted as due to electron
scattering by residual disorder with a length scale of this magnitude. The value
of 0.2 T is also found in a sample where the Be is 100 nm from the HJ. Conse-
quently this scattering length is not related to the Be–HJ separation. Also, the
average inter-Be separation is of the order of 300 nm, so that Be acceptors are
not responsible for this disorder. The slope of the linear evolution at higher fields
is 0.89 meV/T, corresponding to the conduction electron effective mass∗. One
observes intensity oscillations with pronounced maxima at integer values of the
filling factor (ν). In the regions between maxima at high magnetic field, the PL
intensity is rather field-independent. The field-dependent population of the E1

∗The Zeeman splitting of the Be levels is twenty times smaller, as shown in [16].
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Fig. 3. Energy (ordinate scale) and intensity (gray scale) of the E1-Be emission of

sample A versus applied magnetic field. Relevant filling factors are indicated. The slope

of the linear energy change corresponds to free electrons and localized holes.

confined state is not sufficient to explain the MPL behavior observed. In a simple
minded single-particle picture this population increases progressively with the field
from every crossing of an E0 LL with the lowest E1-LL until the next even filling
factor is reached. There, as shown in Fig. 4, the Fermi energy (more properly:
the chemical potential) drops again to the next lower E0-LL. This picture is not
essentially modified in a self-consistent calculation including field-induced changes
in the HJ potential [3]. The expected MPL intensity dependence should show
periodic abrupt changes at even filling factors and continuous changes in between,
as reported in Ref. [3]. Instead, the sharp peaks reported here appear to be due

Fig. 4. Fan diagram for sample A showing the LL of the E0 and E1 states and the

alternation of the Fermi energy between them as the magnetic field changes.
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to the combined effects of E1 population and the FES enhancement, as observed
at zero field. Sharp peaks occur also at odd filling factors, as seen at ν = 3 in
Fig. 3, where the E1 population is not expected to change significantly. The origin
of the sharp peaks in the MPL intensity seems to be linked to suppression of the
screening by the 2DES. Although E0 electrons cannot recombine with Be-trapped
holes because of lack of wave function overlap, they can screen the Be potential
when they are mobile. Thus, when the system is incompressible the Be potential
cannot be screened by E0 electrons and the E1-Be FES appears. These MPL
results are surprisingly similar to those reported in Ref. [1] for a high mobility
(9 × 106 cm2/(V s)) 2DES in a Be-free HJ. One has to conclude that E1 MPL
emission in Ref. [1] is due to hole localization at residual disorder, in spite of the
high mobility of the sample.

Fig. 5. Temperature and magnetic field dependence of the E1-Be emission of sample A.

The intensity of the E1-Be MPL and its temperature dependence are shown
in Fig. 5. We observe rapid intensity decrease in the peaks at even ν as the
temperature increases. The decrease is similar to the one observed at zero field.
Consequently, it reflects the typical FES behavior rather than the thermally en-
hanced screening of the Be potential. The sharpness of the peaks indicates that the
transition across integer filling occurs simultaneously over the whole sample area
illuminated by the excitation beam. The peak at ν = 3 decreases faster than those
at even filling factors when the temperature increases. A possible explanation of
this difference is the small Zeeman splitting at 4.2 T (0.1 meV), which determines
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the jump in the chemical potential at ν = 3, compared with the inter-LL jump at
even filling factors 2 and 4, given by the cyclotron energy (see Fig. 4).

At ν = 2 there is an abrupt transfer of the E1-Be intensity to a new emission
line at 1.496 eV, similar to that observed in Be-free samples [7]. In Fig. 6 the
waterfall plots of the MPL spectra of samples A and B are shown. The magnetic
field scale for sample B is slightly different from that for sample A (shown in the
figure) to make the filling factors coincide in the two samples. For sample A two
different spectral regions display the E1-Be emission (left) and the E0 one (right).
For both samples the abrupt onset of the luminescence from the lowest E0-LL at
ν = 2 is observed (ν = 2 is marked by a white dashed line). A similar onset,

Fig. 6. Waterfall plots of samples A (left) and B (right) showing the evolution of the

spectra and the abrupt onset of the E0 emission at ν = 2. The magnetic field scale of

sample B has been slightly changed according to the difference of the electron densities,

in order to display a common filling factor scale.

although not abrupt, has been reported in Ref. [5]. The linear field dependence
of this emission extrapolates to the E0 shoulder in Fig. 2 with a slope indicating
a reduced mass of 0.055. This corresponds to both free electrons (m∗

e = 0.067)
and free valence-band holes (m∗

h = 0.34)†. A similar result is observed in Be-free
samples, where the lowest E0-LL emission is weakly observed also between filling
factors 3 and 4 [7]. The strong E0 emission below ν = 2 requires a “binding” of the
valence-band hole to the 2DES, which is strong enough to suppress trapping at Be
acceptors in sample A. The binding cannot be due to defects or interface roughness

†m∗
h = 0.34 is the reported value for the triangular confining potential of a HJ [17].
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as in the case of the E0 emission at zero field, as the hole is extended. Rather it
must come from the formation of a many-body complex involving the 2DES and
the valence hole. Below ν = 2 the E0 energy deviates from the linear LL trend
in both samples until around ν = 1.7. At higher fields, the standard behavior is
recovered. The details of the “anomalous” behavior are sample-dependent, but the
main characteristics (red shift with respect to the LL line and kink with minimum
intensity around ν = 1.7) are reproducible. The simultaneous measurement of
the E0 emission and the longitudinal and transverse resistance of the samples
indicates clearly that the E0 emission onset corresponds to ν = 2, and the kink
coincides with the crossing of the chemical potential with the mobility edge of the
2DES. This is shown in Fig. 7 for sample C. The upper panel of Fig. 7 shows

Fig. 7. Detail of the simultaneous transport (a) and optical (b) measurements around

ν = 2 in sample C. The longitudinal resistance plateau ∆B and the optical “anomaly”

∆PL are indicated. The oblique dashed line represents the “standard” LL trend.

the Rxx and ρxy traces near ν = 2, while the lower one displays the E0 MPL
energy versus magnetic field. The oblique dashed line represents the linear LL
trend. ∆PL indicates the field range of the optical “anomaly” and ∆B marks the
mobility edge. The temperature dependences of ∆PL and ∆B shown in Fig. 8 are
indistinguishable from each other. This proves the direct link between the optical
anomalies reported and the compressibility of the 2DES.
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Fig. 8. Temperature dependence of ∆B and ∆PL, as defined in Fig. 7.

Similar (but progressive) optical discontinuities in HJs around ν = 1 have
been reported [5], and explained in terms of a change in the lowest energy state
before recombination from an “excitonic” state formed by the electron system and
the valence hole above ν = 1 to a “free hole” state below ν = 1 [18]. It is not clear
whether this interpretation can be applied to ν = 2, but there are indications that
the mechanism underlying the anomalies at both ν = 1 and 2 should be similar.
In fact, our sample C also displays an abrupt decrease in the E0 intensity at ν = 1
followed by an “anomaly” of the same characteristics as that shown in Fig. 7 for
ν = 2.

The nature of the suggested complex state involving the 2DES and the pho-
tocreated hole, which would be at the origin of the reported “anomalies”, is un-
known. It needs further investigation, and in particular theoretical study. The
high electron concentration of our samples excludes the formation of charged exci-
tons [11]. A hypothetical complex formed by a small number of missing electrons
in the spin-down state of the lowest LL at ν < 2 (LL-holes), or missing spin-up
electrons at ν < 1, and the extended hole, could be considered instead as the origin
of the anomalies. Charged complex states of this kind have been proposed [18]
for a small number of quasiparticles. Considering sample B, the LL-hole density
at ν = 1.8 is nLLh = 4.2× 1010 cm−2. It corresponds to an average inter-LL-hole
distance 5 times larger than the magnetic length lB (lB = 9.3 nm for 7.5 T). The
corresponding parameter rs (which measures the ratio of the Coulomb energy to
the kinetic energy) is rs = (πnLLh)−1/2(aB)−1 = 2.7, where aB is the effective
Bohr radius. Similar values are obtained for samples A and C. Thus, the LL-holes
can be regarded as an ensemble of independent particles subjected to the Coulomb
interaction, which could form the complex state with the valence hole when the
filling factor is slightly below 1 or 2.
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4. Conclusions

In summary, we report a narrow FES emission line in the spectrum of a
GaAs/AlGaAs HJ containing a high mobility 2DES and a dilute delta-layer of Be.
It corresponds to the recombination of electrons in the second confined state with
photocreated holes that become trapped at the Be acceptors. The evolution of this
line in a perpendicular magnetic field reveals strikingly common characteristics
with previous results in high quality samples, which are indicative of a general
behavior of 2DES recombination with localized holes. At filling factor 2 an abrupt
transfer of emission intensity occurs to recombination of the lowest E0-LL electrons
with free valence holes, which corresponds to the analogous abrupt onset of this
emission in Be-free samples. This emission shows optical “anomalies” consisting
of energy and intensity deviations with respect to the single-particle LL behavior.
A similar behavior is found also at ν = 1 in some samples. The origin of the
anomalies is not understood. A tentative explanation is suggested in terms of the
formation of a complex state involving the free photocreated hole and the dilute
gas of LL-holes. This complex, whose exact nature is unknown, would unbind at
higher magnetic fields, when the Fermi level crosses the mobility edge.
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