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We have investigated the spin properties of a two-dimensional hole gas
(2DHG) formed at the contact layer of a p-type GaAs/AlAs resonant tunneling
diode (RTD). We have measured the polarized-resolved photoluminescence of
the RTD as a function of bias voltage, laser intensity and external magnetic
field up to 15T. By tuning the voltage and the laser intensity, we are able to
change the spin-splitting from the 2DHG from almost 0 meV to 5 meV and its
polarization degree from � 40% to + 50% at 15T. These results are attributed
to changes of the local electric field applied to the two-dimensional gas which
affects the valence band and the hole Rashba spin–orbit effect.
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INTRODUCTION

The investigation of two-dimensional hole gases
(2DHGs) in semiconductor nanostructures has been
the subject of research in recent years for funda-
mental physics and possible applications in spin-
tronic devices.1–9 It is well known that the 2DHG
dispersion is characterized by a strong spin–orbit
interaction, which can lead to spin-splitting of the
bands even in the absence of an external magnetic
field. This effect makes such systems very interest-
ing for spintronic applications.1 In addition, wave-
functions of holes have little overlap with the nuclei
which can improve the spin coherence time, render-
ing the spin of holes a promising candidate for
applications in spintronics. For instance, it has been
reported that localized hole spins in p-doped III–V
semiconductors can have considerably long spin
lifetimes in the range of 100 ls and coherence times

of the order of ls which are useful for spintron-
ics.10,11 Furthermore, resonant tunneling diodes
(RTDs) are interesting devices for studying the
physical properties of 2D systems due to the fact
that their carrier density and the resulting param-
eters, such as the filling factor, can be varied by the
applied bias voltage.12–21 Several previous works
have shown that 2DHG formed in the accumulation
layer can inject spin-polarized holes in the quantum
well (QW) region and make an important contribu-
tion to the spin polarization of carriers in resonant
tunneling diodes.21

In this paper, we have investigated the effect of
the electric field and laser excitation intensity on
the spin properties of 2DHGs formed at the accu-
mulation layer next to the emitter barrier of a p-
type GaAs/AlAs resonant tunneling diode. We stud-
ied the current–voltage [I(V)] characteristics and
the polarization-resolved photoluminescence (PL) as
a function of applied voltage and laser intensity
under high magnetic fields (up to 15T) parallel to
the tunnel current. Our results show evidence of a
spin-polarized 2DHG emission formed at the(Received October 30, 2017; accepted January 4, 2018;
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accumulation layer next to the emitter barrier in
high magnetic fields up to 15T. The 2DHG spin-
splitting and polarization degree are voltage- and
light-sensitive. In particular, the 2DHG polariza-
tion exhibits strong oscillations near hole reso-
nances and seems to follow the voltage dependence
of the excitonic spin-splitting. Our experimental
results show evidence of electric field coupling to the
hole spin degree of freedom for the spin orbit and
Stark effects in the hole electronic structure.

EXPERIMENTAL

The samples investigated in this work are p-i-p
resonant tunneling diodes grown by Molecular
Beam Epitaxy on n+ (001) GaAs substrate. The
layer structure consists of 3 lm p-GaAs
(2 9 1018cm�3), 0.1 lm p-GaAs (1018cm�3), 0.1 lm
p-GaAs (5 9 1017 cm�3), 51 Å undoped GaAs spacer,
51 Å AlAs barrier, 51 Å GaAs QW, 51 Å AlAs
barrier, 51 Å GaAs spacer, 0.1 lm p-GaAs (5 9 1017

cm�3), and 0.1 lm p-GaAs (1018 cm�3), and 0.6 lm
p-GaAs (2 9 1018cm�3). The samples were pro-
cessed with annular AuGe contacts with optical
mesas of 400 lm diameter. Polarization-resolved
magneto-photoluminescence measurements were
performed at 4 K using an Oxford magnet with an
optical window under magnetic fields up to 15T and
a Si CCD system coupled to a 0.50-m Andor
spectrometer. A green solid state laser (532 nm)
was used for light excitation. Circularly polarized
emission was selected by using appropriate optics.

RESULTS AND DISCUSSION

Figure 1a shows a schematic diagram of the
potential profile of the structure. Under applied
bias, holes are accumulated next to the barriers
forming a 2DHG. Resonant tunneling condition is
obtained when the energy of 2D confined energy
states at the accumulation layer are equal to a QW
resonant energy level (labeled HH1, LH1, HH2 and
LH2). Under light excitation, electrons are photo-
generated in the contact region and optical recom-
bination can occur in different regions of the device
under applied bias, as illustrated in Fig. 1a. Fig-
ure 1b shows typical polarization-resolved PL spec-
tra for a 0.30-V bias voltage without a magnetic
field. The emission at � 1.64 eV is attributed to
recombination from the fundamental state of the
QW (E1-HH1). The emission from the GaAs contact
layers includes two main bands: a broad band at
� 1.49 eV associated to recombination between free
electrons and holes bound to acceptors in the
degenerated p-doped layers (labeled e-A) and a
weaker band at � 1.46 eV which we attribute to
the spatially indirect recombination between holes
from the 2DHG at the accumulation layer and free
tunneling electrons (labeled e-2DHG), as will be
discussed later. In the following, we will focus on the

spin properties of the holes from the 2DHG in the
accumulation layer.

Figure 1c displays the I(V) curves under light
excitation and dark conditions. Several structures
are observed which we associate with resonant
tunneling conditions through the HH1, LH1, HH2,
and HH3 QW valence band levels, as identified in
Fig. 1a. An additional structure is also observed at
0.5 V bias, solely under light excitation, which was
associated to resonant tunneling of photo-generated
electrons through the E1 QW state.

Figure 2a presents color-coded maps of the PL
emission intensity associated to the GaAs contact
layers as a function of bias voltage for B = 0T under
laser excitation (3.5 W/cm2). The I(V) curve is also
shown in order to analyze possible correlations
between the optical emission and the transport
characteristics. We have observed that the PL of the
GaAs contact layer is dominated by the broad band
from the recombination of electrons and holes of
degenerated p-doped GaAs layers at � 1.49 eV. As
expected, this contact emission remains basically
constant, independent of the applied bias voltage. In
contrast, the weaker band at smaller energy is
critically voltage-sensitive. This band emerges from
the 1.49 eV main band at � 0.1 V, and shows a
strong red shift with increasing applied bias volt-
ages. For large voltages, the intensity of this band
decreases and it becomes much weaker for biases
> 0.45 V. This behavior is fully consistent with the
optical recombination between tunneling electrons
and holes from the 2DHG formed at the accumula-
tion layer (e-2DHG emission). We have also ana-
lyzed the voltage dependence of the e-2DHG
recombination in detail by subtracting the constant
PL emission from the degenerated p-doped GaAs
layers (Fig. 2b). For increasing bias voltages, the
electric field increases along the structure and the
band bending results in an energy shift of the e-
2DHG transition to smaller energies. Furthermore,
the larger electric field gives rise to an increasing
spatial separation between the electrons and the
holes. Therefore, a decreasing overlap of the carri-
ers’ wavefunctions is expected, and, subsequently, a
decreasing PL intensity with increasing bias.

Under light excitation and applied bias voltage,
both two-dimensional electron (2DEG) and hole
(2DHG) gases should be formed at the accumulation
layers next to the barriers.20 We attribute the
observed low-energy peak to the e-2DHG recombi-
nation based on previous reported experimental
results that showed that optical transitions involv-
ing a 2DHG are observed both with and without an
external magnetic field, while transitions associated
to the 2DEG are observed solely in the presence of
external magnetic fields.20 The distinct behavior of
2DEG and 2DHG emissions must be associated to
different effective masses and mobility of electrons
and holes.
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Fig. 1. (a) Schematic potential profile of the sample layer structure; (b) typical PL spectra; (c) I(V) characteristic curves under dark and light
excitation.

Fig. 2. (a) and (b) Color-coded maps of the RTD GaAs contact emission as a function of applied bias voltage under B = 0T (Color figure online).
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Figure 3a and b presents the color-coded maps of
the contact emission for right (r+) and left (r�)
circularly polarized emission at 15T. In order to
analyze the contribution due to the 2DHG, we have
also subtracted the emission from the contact
layers. Figure 3c and d was obtained by subtracting
the constant emission from the GaAs contact layers.
It is worth pointing out that the 2DHG emission is
clearly r� circularly polarized and voltage-depen-
dent. On the other hand, the GaAs broad band is r+
circularly polarized. We have estimated the polar-
ization degree of the GaAs broad band to be
� + 10% at 15T which is independent of the applied
bias voltage.

Figure 4 illustrates the bias voltage dependence
of (a) the current, (b) the total PL integrated
intensity, (c) the spin-splitting energy and (d) the
degree of circular polarization (DCP) for the e-
2DHG emission band at 15T for two laser excitation
intensity conditions, 3.5 W/cm2 and 15 W/cm2. As
discussed before, the intensity of the e-2DHG
emission band increases for increasing voltages up
to � 0.3 V, reflecting the increasing density of the
2DHG with applied bias. For larger voltages, the
strong electric field separates the electrons and
holes, and the intensity of the spatially indirect e-
2DHG emission tends to vanish. However, we

observe from Fig. 4b that the e-2DHG intensity
shows oscillations with increasing applied bias,
which must be related to the resonant tunneling of
holes through the double barrier. Even though the
peaks in the I(V) curves are not clearly resolved, the
PL intensity minimum at � 0.24 V must be related
to the onset of a hole resonance.

In addition, we observed that the e-2DHG spin-
splitting energy is very sensitive to the laser
intensity and applied voltage. In particular, an
increase of the spin-splitting is observed by increas-
ing the laser intensity for voltages> 0.18 V. For the
lower excitation intensity, the e-2DHG spin-split-
ting is rather small and tends toward negative
values, except for low bias voltages (< 0.2 V) when
it becomes positive with a value of � 1 meV. For
higher excitation intensity, the spin-splitting
becomes significantly larger and shows some oscil-
lations, but it tends to increase with applied bias up
to � 5 meV. The voltage and the light intensity
dependence of the spin-splitting energy must be
associated to significant variations of the 2DHG
density and to the local electric field, which couples
the spin degree of freedom of the confined holes.

We have also calculated the DCP of the e-2DHG
emission by using the relationship: (Ir+ � Ir�)/
(Ir+ + Ir�), where Ir+ and Ir� are the integrated PL

Fig. 3. (a)–(d)Color-codedmaps of the circularly polarized contact emissions asa function of applied bias voltage underB = 15T (Color figure online).
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intensities of the right and left circularly polarized
emissions. We have observed that both the spin-
splitting and the circularly polarization degree of e-
2DHG emissions are very sensitive to laser power
and applied voltage. In addition, they show sign
inversion at different laser intensity conditions.
Actually, for applied voltages > 0.15 V, the polar-
ization degree has a positive value for the higher
laser intensity and a negative value for the lower
laser intensity. Furthermore, we note that, for the
lower excitation intensity condition, the 2DHG-e
polarization degree shows a signal inversion around
0.15 V. The sign of the polarization degree seems to
be correlated to the sign of the Zeeman splitting of
the 2DHG (Fig. 4c). In fact, the Zeeman splitting is
positive for the higher laser intensity and has a
tendency to be negative for low laser power and
higher voltages. The physical origin of this sign
inversion and the voltage dependence of the DCP
and spin-splitting are difficult to interpret quanti-
tatively, and a theoretical model would be necessary
in order to understand the obtained results. How-
ever, our experimental results must be attributed to
the electric field-induced coupling of the hole spin
degree of freedom, the Rashba spin orbit and Stark
effects on the whole electronic structure.15

CONCLUSION

In summary, we have investigated the spatially
indirect emission 2DHG-e involving spin-polarized
hole gas formed at the accumulation layers of
resonant tunneling diodes under high magnetic
fields. We have observed that the spin splitting
and the polarization degree of the 2DHG emission
are voltage- and light-dependent. In particular they
show sign inversion for different laser power condi-
tions. These results, which are attributed to the
effects of changes of the electric field in the valence
band of the RTD and the modulation of hole Rashba
spin–orbit, show the importance of valence band
contributions for the spin polarization of carriers in
p-type resonant tunneling diodes. These findings
can be useful for spintronic devices whose operation
relies on the tuning of the spin splitting by applying
an electric field, and should also stimulate further
experimental and theoretical investigations of the
spin properties of semiconductor heterostructures
and devices.
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