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In this work, we have investigated transport and polarization resolved
photoluminescence (PL) of n-type GaAs-AlGaAs resonant tunneling diodes
(RTDs) containing a layer of InGaAs self-assembled quantum rings (QRS) in
the quantum well (QW). All measurements were performed under applied
voltage, magnetic fields up to 15 T and using linearly polarized laser
excitation. It was observed that the QRs’ PL intensity and the circular
polarization degree (CPD) oscillate periodically with applied voltage under
high magnetic fields at 2 K. Our results demonstrate an effective voltage

control of the optical and spin properties of InGaAs QRs inserted into RTDs.
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INTRODUCTION

Quantum rings (QRs) have been studied extensively in the last years®.
Particularly, great attention was given to optical studies and Aharonov-Bohm
(AB) effect in QRs!3. Particularly, AB can occur in excitonic systems in which
the charged carriers are confined and polarized in a cylindrical geometry!. The
excitonic AB effect depends on the difference in relative rotation of electrons
and holes that orbit the magnetic flux in a closed cylindrical geometry, and on
the flux between them?. This effect results in an effective difference in phase of
the carriers and in the observation of oscillations in photoluminescence (PL)
energy and/or intensity!. Although the conventional AB effect is usually
associated to charged systems, it has also been predicted for neutral excitons
in QRs!. In this case, the applied magnetic field will modulate the PL of the
system due to optical selection rules and the relative phase of these particles?.
Therefore, the AB effect in neutral excitonic systems will also result in
oscillations of PL peak position and PL intensity of QRs with increasing
magnetic field. In addition, it was also shown that these oscillations can be
controlled by an external perpendicular electrical field*.

Resonant tunneling diodes (RTDs) have also been a research focus for
many years®?3. Several works investigated their fundamental physical
properties and possible potential applications in spintronics®'’. For example, it
was shown that spin polarization of carriers in RTDs can be voltage and light
dependent under magnetic field®°. Strong oscillations of circular polarization
degree (CPD) were observed in RTDs under applied bias and high magnetic
fields with maximum values around the resonant peak voltages®. In addition, it

was evidenced the formation of highly spin-polarized two dimensional (2D)
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gases under high magnetic fields which are responsible for spin polarized
injection of carriers into the quantum well (QW) of the RTDs'.The formation of
excitonic complexes in RTDs at hole and electron resonant tunneling condition
was also demonstrated'?18, The physical properties of RTDs containing self-
assembled InAs quantum dots (QDs) were also investigated31419-22_ |t was
shown that the spin polarization of an ensemble of QDs can also be voltage and
light controlled due to the changes of charge state of QDs by an applied
voltage, particularly at resonant tunneling condition'3>4. However, there is no
study of optical and spin properties of ensemble of InGaAs QRs in RTDs which
could be an interesting system to evidence voltage controlled AB effects.

In this work, we have performed a systematic investigation of optical and
spin properties of GaAs-AlGaAs RTDs containing a layer of InGaAs QRs in the
QW region. We have measured the left and right circularly polarized PL at a
temperature of 2 K from QRs and GaAs contact layers as a function of applied
voltage under high magnetic fields up to 15 T. Under magnetic field, we have
observed periodic oscillations of the QRs’ PL intensity and the CPD with
increasing applied voltage. This effect was explained by resonant tunneling

effect and capture of carriers by an ensemble of QRs with different sizes.

SAMPLES AND EXPERIMENTAL SETUP

Our RTD devices were fabricated by molecular beam epitaxy on n+ (001)
GaAs substrates. The device structure consists of two 8-nm-thick Alo.4sGao.sAs
tunnel barriers and a 10-nm thick GaAs QW, which contains a layer of InGaAs

QRs. Undoped GaAs spacer layers with 50 nm width separate the barriers from
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2x10%” cm~3 n-doped GaAs layers of 50 nm width and 0.4 um n+ Si doped GaAs
layers?3. Similarly, uncapped ring-shaped QD layers were prepared and
investigated and revealed a QR density of 7x10° cm™2 with lateral diameter of
about 20 nm and a height of about 3 nm?3. Typical AFM images of ring-shaped
QD layers can be found in the reference [23]. The procedure used to obtain
InGaAs ring-shaped QD structures and details of the samples were also

described in reference [23].

The devices were processed into circular optical mesas with 400 um
diameter with annular AuGe electrical contacts. The optical excitation was given
by a linearly polarized green line (532 nm) of a solid state laser. As a
consequence, the photo-created carriers in RTD have not preferential spin
polarization degree. Optical measurements were performed at low temperature
(2 K) using a 0.5 m Andor spectrometer (wavelength resolution of 0.06 nm) with
an electrically cooled InGaAs diode array. All measurements were performed
under high magnetic field parallel to the tunnel current. Circularly-polarized right
(o%) and left (o) PL from the devices were selected with appropriate linear

polarizer and quarter wave plate.

RESULTS AND DISCUSSION

Fig. 1(a) shows a schematic layer structure of a GaAs/AlGaAs RTD with
InGaAs QRs inserted inside a GaAs QW. Fig. 1(b) shows schematically the
potential profile of the RTD under applied voltage, light excitation and magnetic
field parallel to the tunnel current. Under applied voltage, the majority electrons

tunnel though the QW resonant states (labeled E1, E2, E3) which are formed by
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the combination of the residual InGaAs wetting layer potential and the GaAs
QW?23, For simplicity, the InGaAs wetting layer was not included in Fig.1. Photo-
created holes are generated at the top contact region and can also tunnel
resonantly through valence band QW confined states. In addition, carriers can
also tunnel resonantly via higher energy confined states of different QRs. For
simplicity, we have not shown all these levels in this diagram. These
resonances were previously observed and reported in the literature®®. Fig. 1(c)
shows the current-voltage (I(V)) characteristics curve under dark and laser
excitation at zero magnetic field. Under dark condition, we observed two
electron resonances in the I(V) characteristics curve. The weak shoulder
detected around 0.15 V (labeled E1) was associated to electron resonant
tunneling into the lowest confined state of QW 23. The strongest resonance was
observed at 0.9 V which is associated to electron tunneling into the second QW
subband labeled E2. Under laser excitation a large photocurrent is observed at
lower voltages in the range of 0 - 0.4 V due to hole tunneling through the
device. A hole resonant peak is also expected to be observed at low voltages
due to resonant tunneling through hole confined state in the QW. However, we
have only observed an additional structure in the I(V) curve under light
excitation which was associated to the hole resonance .

Fig. 2(a) shows typical QRs’ PL spectra obtained at zero magnetic field
for different applied voltages. The PL spectra consist of four main peaks in the
range of 1.1 - 1.3 eV. The physical origin of these PL spectra is due to different
physical processes. The first process is associated to the direct photo-excitation
and recombination in QRs. Under applied bias, another process can occur as

carriers photo-created in the contacts can tunnel resonantly into the confined
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levels, and eventually they are captured by the QRs where they can recombine
radiatively?. Actually, the typical capture time of carriers by QRs is ~ 1 ps,
which is much shorter than the characteristic dwell times of electrons and holes
which tunnel resonantly through the QW?2L. In addition, carriers can also tunnel
through the confined states of QRs with different sizes and recombine
radiatively in the lowest QRs states?3. ‘It was observed that the PL spectra
shape of QRs does not present important dependence with the laser excitation
power, which indicates that these different bands do not arise from higher
energy levels in QRs?3. Therefore, the PL features were associated to lower
energy interband transitions from a multimodal distribution of QRs consisting of
about four different sizes and/or composition?3. We noted that the PL spectra
are very sensitive to applied bias voltage. Fig. 2(b) shows the voltage
dependence of the QRs PL intensity and the (V) characteristics curve. Usually,
the PL intensity and I(V) characteristics curve of RTDs are correlated as will be
discussed below!®!, |t was observed that the PL intensity increases with the
increase of applied voltage up to about 0.4 V which corresponds to the voltage
range that gives important photocurrent values. This result was associated to
the hole resonant tunneling condition. The PL intensity depends on the hole and
electron density of carriers in the QW region. In a simple model, the PL can be
given by the product of the electron and hole density. It is well known that the
carrier density in the QW increases with voltages associated to resonant
tunneling condition'®1t, Therefore, peaks of PL intensity are expected to be
observed around the hole or electron resonance and therefore are correlated to
the I(V) characteristics curve. In our case, we observed a PL intensity peak

around 0.4 V and a small shoulder around 0.9 V. The small shoulder around 0.9
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V was associated to the E2 resonance because there is a resonant peak E2 in
the (V) characteristics curve at this voltage. This shoulder is associated to the
increase of electron density in the QW at the electron resonant tunneling
condition. For higher applied bias the PL intensity is reduced due to the
reduction of charge accumulated in the QW which reduces the carrier capture

process by QRs and consequently reduces the PL intensity.

The PL intensity peak around 0.4 V is probably due to the increase of
photogenerated hole density at the hole resonant condition. We have observed
a structure in the I(V) characteristics curve which was associated to the hole
resonant peak under light excitation which could explain the observed peak of

PL intensity around 0.4 V.

Fig. 3(a) shows the polarization resolved PL from GaAs contact layers at
15 T. The contact PL spectra are very broad and clearly show the contribution
of different emission bands: the excitonic transition from the undoped GaAs
spacer layers (narrow peak at ~ 1.51 eV) and the recombination involving the n-
doped GaAs layers (broad band). Both emissions are not expected to show
changes in their peak energy with increasing applied bias voltage!l. An
additional PL emission peak was also observed at ~ 1.5 eV at B =15 T. We will
show below that this new peak is clearly voltage-dependent (Fig. 3(b)). This PL
peak was associated to the recombination between confined electrons in the
two-dimensional electron gas (2DEG) formed in the accumulation layer (Fig.
1(b)) and free tunneling holes!! (labeled 2DEG-h). Fig. 3(b) shows the color
code plot of polarization resolved PL intensity at B=0T and B =15 T. It was
observed that the contact PL intensity does not show important changes with

applied bias except after E2 resonance where the optical recombination of
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2DEG-h emerges!!. It was observed that the 2DEG-h emission is highly
circularly polarized. This result suggests that highly spin polarized carriers next
to the barrier can inject highly spin polarized carriers! into the QRs which could
increase the CPD .

Fig.4 shows typical polarization resolved PL spectra and the energy
dependence of CPD of QRs under 0 V and 0.2 V. The energy dependence of

the CPD was estimated by:
CPD = (I°* —=1°7)/(I°* +1°7) (1)
Where I°* and |= are the intensity of o+ and o— polarized emission.

It was observed that the polarization degree is higher for higher energies (where
the emission due to smaller QRs. It was also observed that the polarization
degree is higher under 0.2 V. This voltage corresponds to the hole resonant
tunneling condition. Under 0 V, the polarization degree is associated to thermal
occupation of spin states in the QRs. Under resonant tunneling condition,
carriers tunnel through different spin states in the QW region and the

polarization degree is increased as expected?!!.

Fig. 5 shows the color-coded maps for QRs emission under O T and 15
T, and T= 2 K. We observed that the QR PL intensity is higher at low voltages
and decreases for higher voltages. Changes in PL spectra were observed such
as the intensity and linewidth variations with applied bias voltage. These
changes cannot be correlated to resonant tunneling peaks observed in the 1(V)
characteristics curve. However, small structures were observed in the 1(V) curve

of other diodes for the same RTD?3 and were associated to excited states of
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QRs?3. Therefore we associated these changes to resonant tunneling through

excited states of QRs.

Fig. 6 shows the voltage dependence of PL intensity and CPD of QRs
under 15T. The CPD was obtained by the integrated PL intensity of the total PL
spectra of QRs. Therefore, the polarization degree is due to the contribution of
all different bands associated to QRs with different sizes. The PL intensity and
polarization degree show periodic oscillations with applied bias voltages. The
QRs polarization degree reaches a maximum modulus value of ~ 30% around ~
0.2 V. We would like to emphasize that these oscillations are only observed for
RTDs with QRs. We have also investigated the voltage dependence of RTD
with InAs QDs'314. For RTDs with QDs the polarization degree is also higher at
low voltages and decreases with increase applied bias. However, no oscillations
of CPD were observed with applied bias voltage for RTDs with QDs. The
voltage dependence of CPD for InAs QDs was previously associated to the
formation of excitonic complexes around hole and electron resonant tunneling
condition. In our case, there is no evidence of formation of excitonic complexes
with applied voltage in RTDs with QRs. These oscillations of PL intensity and
polarization degree were associated to resonant tunneling to excited states of
QRs in agreement of a previous work carried out on this device?3.

We have also investigated the magnetic field dependence of intensity
and CPD of PL spectra of QRs. As it was discussed in the introduction, it was
expected to observe oscillations and voltage control of these oscillations of PL
intensity and polarization degree with magnetic field due to AB effect. However,
we have not observed any evidence of the AB effect in the magnetic

dependence of both PL intensity (not shown here) and polarization degree,



©CO~NOOOTA~AWNPE

10

Figure 7 shows the magnetic field dependence of CPD for the ensemble of
QRs. The polarization degree increases with the increase of magnetic field and
we have no evidence of oscillations. Therefore, it is very difficult to associate

our results to the AB effect.

CONCLUSION

We have investigated the magneto-transport and polarization-resolved
PL under linearly polarized laser excitation from an ensemble of InGaAs QRs
incorporated in GaAs/AlGaAs RTDs as function of applied voltage. Under
magnetic field, the PL intensity and the spin polarization degree of the QRs
shows periodic oscillations with applied bias voltage. These oscillations were
associated to resonant tunneling to excited states of QRs in agreement of a
previous experiment performed on this device?d. It was found that the QRs
polarization degree presents a maximum value (~ -30% at B = 15 T) around the
hole resonant tunneling condition. In addition, there is no evidence of the AB
effect in the RTDs with InGaAs QRs. Our results could be useful for voltage
control of spin properties of QRs incorporated in RTDs and for the possible

design of semiconductor devices containing QRs.
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FIGURE CAPTIONS

Fig.1: (a) A schematic layer structure of a GaAs/AlGaAs RTD with InGaAs QRs
(b) Schematic conduction and valence band diagram of the device containing
InGaAs QRs under applied bias, optical excitation and magnetic field. For
simplicity, the InGaAs wetting layer was not included; (c) (V) characteristics

curve at 2 K and 0 T under dark and laser excitation.

Fig 2: (a) Typical PL spectra from QRs for different applied voltages under B = 0
Tand T = 2 K; (b) InGaAs QRs PL integrated intensity as function of applied

bias voltage.

Fig.3: (a) Typical polarized resolved PL spectra from GaAs contact layers at 15

T and 2 K; Color coded maps of polarized resolved PL intensities from GaAs
contact as a function of applied voltage under (b) OT and 15T for (c) o+ and (d)

o- emission at 2K.

Fig.4: QRs’ PL spectra under 15 T and 2 Kfor 0 V and 0.2 V.

Fig. 5: Color-coded maps of polarization resolved PL intensities of QRs as a
function of voltage under (a) 0 T and 15T for (b) o+ and (c) o- PL at 2 K.

Fig. 6: (a) Voltage dependence of integrated PL intensity and the modulus of

CPD of the ensemble of QRs. (b) Modulus of CPD versus applied bias voltage.

Fig 7: Magnetic field dependence of CPD for the ensemble of QRs for 0 and 0.4

VunderB=15Tand T =2K.
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