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We present a study of the photoluminescence properties of heavily Be

δ-doped GaAs/AlAs multiple quantum wells measured at room and liquid

nitrogen temperatures. Possible mechanisms for photocarriers recombination

are discussed, with a particular focus on the peculiarities of the excitonic

and free carriers–acceptors photoluminescence emissions occurring below and

above the Mott metal–insulator transition. Moreover, based on a simple

theoretical model, it is found that the critical impurities concentration to

observe the Mott transition in the multiple quantum wells samples exhibiting

15 nm wells width and 5 nm thick barrier layers is ≈ 3× 1012 cm−2.

PACS numbers: 78.55.–m, 78.67.De, 71.30.+h

1. Introduction

The investigation of the impurities in two-dimensional (2D) semiconductor
structures is thus of fundamental interest and could lead to novel device applica-
tions such as quantum well (QW) infrared emitters and photodetectors. During
the growth of doped epitaxial QW layers, the impurities could be either homoge-
neously distributed along the growth direction or localized within a single atomic
layer, the so-called δ-doping. In the case of highly δ-doped bulk semiconductors or
quantum wells, the impurity-related photoluminescence (PL) spectra suffer dras-
tic changes. Indeed, with increasing the impurity concentrations, the interacting
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doping species form new states in the valence band, which leads to the creation of
a 2D carriers gas and occurrence of the Mott transition [1–7]. In this article, we
report the results of PL experiments carried out on highly Be δ-doped GaAs/AlAs
multiple QWs at liquid nitrogen and room temperatures.

2. Samples growth and experimental results

The multiple quantum wells (MQWs) structures were grown on semi-
insulating GaAs substrates using molecular beam epitaxy. The samples consist
of 60 GaAs wells grown to a thickness, LW, of 15 nm, and separated by 5 nm
thick AlAs barriers. The QWs were δ-doped at the center with Be acceptors.
Four doping levels, NBe, were investigated, namely: 2.7×1011 cm−2 (sample #1),
2.7× 1012 cm−2 (#2), 2.7× 1013 cm−2 (#3), and 5.3× 1013 cm−2 (#4).

A continuous wave argon-ion laser was used to excite the PL. The optical
spectra measured at room and liquid nitrogen temperatures are shown in Fig. 1.
First, we discuss the data obtained for the weakly doped sample, #1. At cryogenic
temperature, the PL spectrum reveals the presence of a series of well-resolved peaks
(see Fig. 1a). The main PL emission bands denoted Xe1−hh1 and Xe1−lh1 are
ascribed to the heavy- and light-hole excitonic transitions, respectively. The lower
energy transition, labelled e–Be, results from the recombination of free electrons
with Be acceptors [6]. As for the line [Be, X], it originates from the emission of
excitons bound to acceptors.

Fig. 1. PL spectra of the Be δ-doped GaAs/AlAs MQWs recorded (a) at 77 K and

(b) at room temperature. Arrows labelled Ee1−hh1 and Ee2−hh2 indicate the calculated

transition energies for first heavy-hole to first electron and second heavy-hole to second

electron, respectively. e-2DHG refer to the optical transitions associated with the 2D

hole gas. E′
e1−hh1 (#3) is the energy difference between sublevels in sample #3.

The spectra of medium and highly doped samples are more complicated.
The PL spectrum recorded at 77 K for the sample #2 clearly depicts the transi-
tions e–Be and [Be, X] while the emissions Xe1−hh1 and Xe1−lh1 appear rather as
shoulders. Spectra at room temperature are similar to weakly doped sample #1.
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The spectra of highly doped samples #3 and #4 exhibit very different PL spectra.
As one can see, changes are observed in fine structure and, secondly, spectra are
shifted to lower energy side. It will be shown that the radiative recombination is
related with formation of 2D hole gas in these samples.

3. Model and discussion

The model of noninteracting impurities may only satisfactorily explain the
optical properties of the weakly δ -doped MQWs. However, with increasing the
dopants concentration, the single-impurity theory becomes no longer valid as a
result of the significant overlap between the electronic wave functions of adjacent
impurities. With increase in dopant concentration there starts the formation of
the impurity band and tail of subband edge. At very high doping levels the
Mott transition then occurs [5]. In δ-doped QWs, whose impurity concentrations
are above the metallic limit, the impurities start forming the so-called V-shaped
potential wells with a new 2D subband structure [1, 2].

To analyze the optical data of the moderately δ-doped GaAs/AlAs MQWs
(sample #2), we assume that the quantum wells are nondegenerate and their
impurity concentrations are close to the Mott transition. The PL spectra feature
a few kinks, which are consistent with the energies of excitonic transitions observed
in the weakly doped sample. The shapes of the PL emission lines for the different
transitions were determined using the fractional dimensional space approach [6].
The results are shown in Fig. 2.

Fig. 2. PL spectra of (a) the weakly doped (#1) and (b) medium doped (#2)

GaAs/AlAs MQW samples measured at 77 K. Solid lines represent the experimental

results while all other lines illustrate theoretical approximations of the various recombi-

nation mechanisms of photocarriers highlighted in Fig. 1.

In the high-density limit, the holes are confined to the sheet of ionized
impurities and form a 2D hole gas with a 2D subband structure. The critical
impurity concentration, NI, for the insulator–metal transition and formation of
the subband structure in δ-doped structures can be estimated from the relation:
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N
1/2
I aB ≈ 0.31 [4, 7], where aB is the Bohr radius of the impurity. Based on a

simple spherical symmetry model for acceptor species in GaAs/AlAs QWs, and
assuming an activation energy EBe = 32 meV, that is aBe = 1.8 nm, the critical
concentration is found to be NBe = 2.85 × 1012 cm−2. This result means that
in heavily doped samples 2D hole gas forms, and the PL spectra extend region
from lowest energy levels up to the Fermi energy level. The energy levels were
calculated from the self-consistent solutions of the Poisson and Schrödinger equa-
tions. The simulation results also showed that for the structure #3, the optical
transition E′

e1−hh1 (#3) occurs at 1.47 eV, at 77 K. This value agrees well with
the experiments as shown in Fig. 1.
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