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We have investigated polarization-resolved photoluminescence under applied voltage in p-i-p GaAs/AlAs
double-barrier diodes. We have observed oscillations in the degree of polarization up to 36% at B=15 T with
sign reversals occurring near to the hole subband resonances. At high voltages a polarization saturation up to
25% at B=15 T is observed. The data are interpreted by using simulations based on a simple theoretical model
that considers spin conservation for tunneling and the relaxation processes for carriers at Zeeman states in the
quantum well. Our work offers the prospect for the development of voltage-controlled spin filtering systems
using standard nonmagnetic semiconductor heterostructures.
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I. INTRODUCTION

There is great interest in the manipulation of spin degrees
of freedom in semiconductor devices for applications in
spintronics.1–5 These systems can combine the advantage of
long spin lifetimes and well-defined polarization of the emit-
ted light with the flexibility of external carrier population
control and high mobilities. In this context, the resonant tun-
neling effect has proved to be an important tool for the spec-
troscopy of new physical phenomena such as the manipula-
tion of spin polarization. Recently, the successful operation
of a semimagnetic resonant tunneling diode �RTD� as a volt-
age-controlled electron-spin-polarized filter was reported.6

Using a complex multilayer structure, Fiederling et al.7 dem-
onstrated light-emitting diodes using spin-polarized injection
of electrons from semimagnetic II-VI semiconductor layers.

The spin polarization of two-dimensional �2D� hole sys-
tems has also attracted great interest8–10 recently. The strong
interaction between the energy branches in the valence band
results in highly nonparabolic dispersions and in large and
anomalous g factors, in contrast to the almost parabolic dis-
persions and small g factors observed in the conduction band
of wide-gap semiconductors. Measurements of g factors for
carriers in a GaAs-AlGaAs quantum well �QW� have been
performed by electron spin resonance,11 Hanle effect,14 time-
resolved photoluminescence12 �PL�, and spin-flip Raman
scattering experiments.13 Most of the work in this area has
been devoted to the determination of electron g factors in
GaAs-AlGaAs as a function of well width, Al concentration,
and crystalline growth direction.14–16 For QW widths above
15 nm, a g factor close to the bulk value �−0.44� has been
observed. This increases for narrower wells and passes
through zero near 5.5 nm. Much less information is available
for hole g-factor values which are strongly anisotropic and
dependent on the type of confinement.12,13 Measurements of
the heavy-hole ground-state �HH1� g factor showed a large

difference between magnetic field applied parallel �g�

= +2.3 �Ref. 13�� and perpendicular �g�= +0.04 �Ref. 12�� to
the growth axis in single GaAs-AlGaAs quantum wells.17

Hole g factors are also very sensitive to the coupling be-
tween hole subbands; therefore, the values for excited heavy-
and light-hole states should also vary significantly.

Another point of interest is the hole spin relaxation times.
It is usually accepted that bulk holes �3D system� lose their
spin polarization quasi-instantaneously.18 However, spin re-
laxation times for confined holes �low-dimensional systems�
become significantly larger, due to changes in the valence
band structure caused by the stronger coupling in confined
regimes. The reported spin relaxation times range from
4 ps to 1 ns, depending on the structure design and on the
experimental conditions.19–24 These reports of large and
anomalous g factors and long spin relaxation times lead us to
conclude that RTD’s are interesting systems to study spin
polarization effects in quasi-2D hole gases since there is the
possibility of varying the population of carrier levels using
external voltages, with the system maintaining spin polariza-
tion for relatively long time scales.

We report on measurements of polarization-resolved pho-
toluminescence under applied voltage in a nonmagnetic
p-i-p GaAs/AlAs RTD, where a minority concentration of
electrons is photogenerated far from the quantum well layer.
The magnetic field applied perpendicular to the plane of the
GaAs well layer leads to the Zeeman splitting of both elec-
tron and hole quasi-two-dimensional levels of the QW. The
spin-dependent tunneling and energy �momentum� relaxation
of injected carriers were investigated by analyzing the bias
dependence of left ��−� and right ��+� circularly polarized
PL from the QW states, as shown schematically in Fig. 1. We
have observed that the polarized PL spectra are highly bias
sensitive, with their degree of polarization showing two dis-
tinct regimes. In the low-voltage regime �below 1 V in this
sample� the polarization of the optical emission lines exhibits
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sign inversions near the resonant hole peaks of the tunneling
current. In the high-voltage regime �above 1 V in this
sample� the polarization increases with increasing bias to a
saturation value. In order to analyze and interpret the main
aspects of these experimental results, we have developed a
simple theoretical model based on spin conservation during
tunneling and during the energy relaxation of carriers.

The paper is organized as follows: in the next section we
describe the experimental setup and present the main results;
in Sec. III, we introduce the details of the theoretical model
based on the spin-sensitive carrier injection and relaxation
mechanisms; finally, in Sec. IV, we compare our theoretical
findings with experiments and discuss the main implications
of the work.

II. EXPERIMENT

The structure used in this work is a symmetric p-i-p
GaAs/AlAs RTD, similar to that previously used to probe
the strongly admixed valence subbands of the GaAs QW
using magnetotunneling spectroscopy25 and to study the ef-
fect of hole space-charge buildup on the resonant peaks.30,31

The device comprises the following layers in order of growth
from the top of a GaAs substrate: 3-�m-thick Be-doped
GaAs �p=2�1018 cm−3� lower contact layer, 100 nm GaAs
�p=1�1018 cm−3�, 100 nm GaAs �p=5�1017 cm−3�, 5.1-

nm undoped GaAs spacer layer, 5.1-nm undoped AlAs bar-
rier, 4.2-nm undoped GaAs quantum well, 5.1-nm undoped
AlAs barrier, 5.1-nm undoped GaAs spacer layer, 100 nm
GaAs �p=5�1017 cm−3�, 100 nm GaAs �p=1�1018 cm−3�,
and GaAs top contact layer, 0.6-�m �p=2�1018 cm−3� top
contact layer. The structure was processed into 400-�m-diam
mesas with a metallic AuGe annular top contact to provide
access for optical measurements under applied bias. The
sample was mounted in a superconductor magnet, and the
photoluminescence spectra were recorded using a double
spectrometer coupled to a charge-coupled-device �CCD� sys-
tem and polarization optics to select �+ and �− configura-
tions. The left and right circular polarizations were un-
equivocally defined based on the Zeeman splitting of bulk
near-band-edge GaAs emission for which the sign of the cor-
responding g factor is well known. An Ar+-ion laser was
used as the excitation power source to generate minority
electrons close to the surface of the top GaAs layer.32 We
have used linearly polarized 488 nm light from the Ar+ laser;
therefore, spin polarization of carriers by laser excitation is
not expected. The schematic potential energy profile of the
structure, under bias and magnetic field, is shown in Fig. 1,
where a majority �minority� hole �electron� 2D accumulation
layer is formed on the positive- �negative-� biased side, ad-
jacent to the right �left� interface barrier. At zero bias, no QW
emission was detected in this sample. This indicates that the
amount of light that reaches the QW and probably AlAs layer
is negligible in our experimental conditions. As the bias is
continuously increased, the alignment of each spin-split en-
ergy level of carriers in the injector layers with a split sub-
band of the QW layer produces a resonant peak in the tunnel
current. The current in our sample has two contributions, one
from minority electrons and the other from majority holes
tunneling through the diode. Figure 2�a� shows the I-V char-
acteristics �solid line� for a field B=15 T applied parallel to
the current with the main hole peak positions shown on the
top axis. The sequence is according to Ref. 25. We observe a
sensitivity of the PL with voltage, in particular the strong
oscillatory behavior of the degree of polarization at low bias.
This arises from a combination of selection rules �see Fig. 1�
governing the spin-dependent recombination of electrons and
holes and from the change induced in the population of the
spin-split QW ground states, via bias sweeping.

In order to analyze the spin polarization of electrons and
holes tunneling into the QW layer as well as the charge
buildup in the ground-state subbands, we have performed
circularly polarized PL measurements as a function of ap-
plied bias. Figure 2�b� shows some specific circularly polar-
ized PL spectra taken at the voltages �V1 , . . . ,V5� marked in
panel �a�. Note how the PL intensity changes with external
bias, an indication of how the ground-state populations in-
side the QW are changing due to carrier injection. More
specific information can be obtained from the degree of po-
larization measured at each voltage �V�; this is defined as

pol�V� = �I�+
− I�−

�/�I�+
+ I�−

� , �1�

where I�+
and I�−

are the integrated PL intensities for each
polarized spectrum. The bias dependence of this quantity is

FIG. 1. �Color online� Schematic band diagram including spin-
split levels, intraband optical transitions, and carrier injections un-
der applied bias and magnetic field. The spin polarization of states
in each spatial localization region are represented by ��� and ���.
Excitation occurs far away from the double barrier.
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also shown in Fig. 2�a�. There are two distinct regimes of
optical polarization. For the low-voltage regime, below 1 V
for this sample, pol�V� has an oscillatory behavior with peak
values of up to 36%. Also, we observe sign reversal near
each resonant peak of the tunnel current. In the high-voltage
regime above 1 V, the optical polarization shows a saturation
value �pol�V��25% �.

Let us analyze more closely the low-voltage regime. Fig-
ure 3�a� shows I-V curves, measured at a temperature of
2.5 K, for different values of magnetic field. For clarity, the
B=0 curve has 150 �A offset and the subsequent ones,
50 �A. Three hole resonant peaks appear in this figure, and
their critical voltages were assigned on the basis of our pre-
vious work25 to the following subbands: the first one is a
heavy-hole �HH1� resonance with a very small shoulder, oc-
curring at 0.15 V; it is shown at higher resolution in Ref. 25.
The next peaks are the first light-hole resonance �LH1� at
0.37 V and the second heavy-hole resonance �HH2� at
0.70 V. As shown schematically in Fig. 1, the B field plus
spatial confinement split the levels in the QW and in the
injector layers into spin-up and spin-down Zeeman states. It
is expected, however, that the Zeeman energy separations in
the accumulation layer and in the QW layer assume different
values �g factors� due to their distinct confinement potential
and subband mixing. Note that in high magnetic fields, the
HH2 resonance shows changes that could be associated with
tunneling through distinct Zeeman-split states. As will be

discussed later, a possible explanation for the observed
change is related by the difference between g factors in the
accumulation and QW layers. In the inset in Fig. 3�a� we
show the effect of increasing temperature on the shape of this
double-peak structure. It is observed that near T=45 K, the
doublet structure of the HH2 resonance is washed out by
thermal excitations, providing a possible corroboration of
our assignment.

The I-V data are complemented by the PL measurements
which provide more information about the electronic struc-
ture. The integrated PL intensities of the �+ �up-triangles�
and �− �down-triangles� components are presented in Fig.
3�b� as a function of the voltage for B=5, 10, and 15 T. The
sensitivity of the optical polarization is evident in Fig. 3.

As can be seen from Fig. 3�b� there are two strong peaks
which correspond to the LH1 and HH2 resonances in the
I-V curve. In addition, a small peak is observed at 0.55 V.
This third contribution, not observed in the I-V characteris-
tics but observed in photocurrent measurements, corresponds

FIG. 2. �Color online� �a� The current-voltage characteristics
�solid line� under light excitation and the degree of polarization
�pol�V�� of the quantum well optical emissions �open circles�, for
B=15 T, shown as a function of applied bias. �b� Typical �+ �solid
line� and �− �dotted line� PL spectra, taken at the marked voltages
in panel �a�. For clarity, the spectra were multiplied by different
factors shown in the left.

FIG. 3. �Color online� �a� The current-voltage characteristics in
the low-voltage regime. For clarity, the B=0 curve is shown with
150 �A offset and the subsequent ones with 50 �A. Note the mag-
netic enhancement of the HH2 spin states. The inset shows �without
offset� how the HH2 doublet structure is washed out by thermaliza-
tion above T=45 K, for B=15 T. �b� The �+ �up-triangles� and �−

�down-triangles� integrated PL intensities versus voltage for B=5,
10, and B=15 T. �c� pol�V� for different values of B.
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to the maximum occupation of the E1 QW level by the reso-
nant injection of the photogenerated electrons. The main rea-
son why this electron resonance is not observed in Fig. 2�a�
is because the total current is proportional to the sum of hole
and electron densities �dcond+dval� and, for our experimental
power generation conditions, we have dcond�dval. In con-
trast, the PL intensity is proportional to the product �dcond

�dval� and, therefore, is much more sensitive to any charge
buildup variation in the conduction or valence band levels,
hence the resulting strong modulation of the PL emission
near the resonant voltage for electrons tunneling into the E1
QW level.

We emphasize that at zero bias no QW emission was de-
tected in this sample. This demonstrates that the amount of
light absorbed in the QW layer is negligible in our experi-
mental condition. For V�0, holes and electrons start to enter
the QW via tunneling into the respective subband levels and
then the polarized �+ and �− PL emissions are observed.
These emissions correspond to excitonic transitions between
the E1

± and HH1
± spin-split ground states of the QW, as shown

schematically in Fig. 1. Furthermore, they correspond to
E1-HH1 recombination even when the device is biased for
resonant tunneling of holes via higher energy states LH1

±,
HH2

± , . . . of the QW �see Fig. 1�. We were not able to detect
any PL from excited electron and hole QW subbands, such as
E1-LH1, for instance.

We observed that the �+ and �− PL peaks show negligible
energy splitting in the low-voltage regime as seen in curves
V1 , . . . ,V4 in Fig. 2�b�. This implies a null g factor for these
excitonic transitions where gex=ge+3gh �Ref 26�; the multi-
plying factor of 3 comes from the total spin component of
heavy holes � 3

2 , ± 3
2

�. Thus, the value gex=0 detected in our
experiments implies that the values for unbound �free� elec-
tron �E1-branch� and hole �H1-branch� carriers obey the re-
lation ge=−3gh. This value for a RTD structure is much
smaller than that reported in Ref. 15 for an isolated QW with
a similar well width. The reason for this difference is asso-
ciated with the delocalized nature of the states in the RTD in
contrast to the localized nature for a QW. For the high-
voltage regime, the �+ and �− PL peak energy separation
shows a small splitting �see curve V5 of Fig. 2�b�� that de-
pends on the applied voltage. Using a Gaussian fitting, the
highest detected splitting in our sample was 0.8 meV at
1.90 V. This effect is attributed to the electric-field-induced
spin-orbit, Stark, and interband coupling contributions to the
effective Zeeman splitting of holes and electrons.27

The line for B=0 T �open circles�, in Fig. 3�c�, shows that
the spin-up and spin-down ground states remain degenerate
and there is no detectable difference in the population of
electrons and holes in the low-voltage regime. Figure 3�b�,
for 5, 10, and 15 T, shows that the integrated PL intensities
are sensitive to changes in the spin-up and spin-down
ground-state populations, as the bias increases.

The PL intensities near the critical voltage for HH1 split
states ��0.15 V� is very small because, at this low voltage,
the probability for injecting holes directly into HH1 and E1
states becomes small. Note that the electrons involved in the
optical transition in the range of voltage ��0.5 V� are in-
jected out of resonance. As the voltage increases, the number

of positive and negative charges tunneling into a high-energy
level and relaxing to the HH1 and E1 spin-split states in-
creases and thus the integrated PL intensities also increase. It
is interesting to note from Fig. 3�b� the increase of the �+

and �− PL intensity resolution near E1 ��0.55 V� and HH2

��0.75 V� resonant voltages, as the magnetic field increases.
Figure 3�c� shows the dependence of the optical degree of

polarization with bias applied to the structure for different
values of the magnetic field. We draw attention to the high
sensitivity of pol�V� to the changes in the population of the
electron and hole ground states. An interesting feature of the
data is that pol�V� exhibits sign inversions as the voltage is
swept near the hole resonances and, for B=15 T, the polar-
ization reaches 36% near the HH2

± resonant voltage. As al-
ready mentioned, these emissions come from E1-HH1 recom-
bination and the dipole optical transitions between E1

+ÛHH1
+

and E1
−ÛHH1

− states are governed by strict selection rules.
The sign inversion of pol�V� is associated with the change in
the population of HH1

± and E1
± states, when the bias sweeps

through any resonant state �see Fig. 2�b��. A saturation of
pol�V� is observed at high applied bias. In the next section
we discuss how this saturation can be explained in terms of
the spin-selective increase of the QW escape rates at high
voltage along with thermalization processes.

In the next section, we present a theoretical model to ex-
plain in a more quantitative way our experimental data.

III. THEORETICAL MODEL

To analyze our experimental results we have developed a
model to calculate the PL spectra and polarization in a RTD
based on the following ideas. The degree of polarization for
the E1

±ÛHH1
± emissions may be produced by two main ef-

fects: �i� the preferential occupation of E1
± or HH1

± spin
ground states in the QW following thermal redistribution
over these two lowest-energy QW Zeeman-split states and
�ii� the preferential spin-polarized injection of carriers di-
rectly into the QW spin-type states. Both effects require the
existence of energy relaxation mechanisms when a carrier is
injected into a high-energy level �high k-vector energy
branch or Landau level� of the conduction or the valence
bands, En, HHn, and LHn, n=1,2 , . . . states, respectively.

Case �i� becomes dominant for spin-unpolarized injection
of carriers or for spin-polarized injection but when the spin-
coherence time of carriers is smaller than other relevant time
scales such as tunneling, relaxation, and optical recombina-
tion times. In contrast, the second case may become domi-
nant when at least one of the injected carrier types is spin
polarized and its spin-coherence time is larger than the other
time scales involved.

Case �i� does not apply to our experiments since thermal
excitations and spin-flip processes would be efficient spin-
depolarizing mechanisms for the carriers entering the HH1

±

and E1
± states. Furthermore, any residual optical degree of

polarization for case �i� should remain roughly constant as
the bias increases. The lack of a thermal redistribution of
carriers is evident from Fig. 3�a� where the splitting of the
HH2

± resonances is clearly resolved at B=15 T. Here the
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spin-split related peaks have slightly different height, indicat-
ing no significant thermalization of carriers at T=2.5 K. For
small B fields—that is, smaller Zeeman splitting—the polar-
ization is observed at the same temperature which indicates
the absence of a thermal depolarization effect. As the tem-
perature increases the energy splitting of the HH2 doublet
peak is smeared out and, above T�45 K as shown in the
inset of Fig. 3�a�, the spin-depolarization thermal processes
become activated.

As discussed in the Introduction, hole spin relaxation
times may become quite large for GaAs quasi-2D states in
the presence of a magnetic field.19–24 We conclude that in our
sample, the optical polarization is due to the injection of
spin-polarized carriers into the QW and that they maintain
their spin polarization during tunneling and during energy
relaxation processes, corresponding to case �ii�. Based on
these facts, we also conclude that the spin-coherence times of
injected carriers are larger than the tunneling and energy re-
laxation times, a necessary condition to observe spin-
polarized emissions in the system at all bias.

Furthermore, the detection of ground-state �+ and �− PL
emissions at all voltages requires that a fraction of the holes
injected into the high-energy states should relax to the HH1

±

and E1
± energy states, before recombination. It is known that

electron-phonon interaction Hamiltonians are independent of
the spin degree of freedom. The other possible spin-flip scat-
tering mechanism, as studied by D’yakonov and Perel,28 may
lead to spin depolarization during relaxation. The spin-flip
relaxation time 	SF is proportional to the reciprocal of the
square of the spin-splitting energy �
EZy� and the typical
momentum �energy� scattering time via phonons �	ph�. This
gives 	SF

−1 = �	ph /2��
EZy /��2. However, the considerably
higher degree of optical polarization observed in our experi-
ments is strong evidence for carrier energy relaxation occur-
ring through spin-preserving phonon emission processes.
Furthermore, for the low-voltage regime, any contribution
due to spin-orbit interaction can be neglected. However, for
the high-voltage regime, where local electric fields are large,
at least the Rashba spin-orbit contribution may play a role
whereas the spin-orbit parameter for the Dresselhaus term is
small29 for the GaAs layer. This effect will be considered
here only as an effective renormalization of the Landé g
factors. Therefore, we do not include any spin-flip relaxation
process in our model.

Our theoretical model is therefore based on the following
processes: �i� e-h pair recombination that generates the PL;
�ii� efficient spin-sensitive tunnel injection of holes into a
QW state of any energy �k-vector or B-dependent� HHn

± and
LHn

± followed by a spin-conserving energy relaxation to HH1
±

ground states; �iii� efficient spin-sensitive tunnel injection of
electrons into the En

± states, with a spin-conserving energy
relaxation to E1

± ground states; and �iv� voltage-dependent
probability of escape of carriers from the QW, via tunneling
through the second barrier.

By including these effects on the carrier dynamics in the
conduction and valence QW subbands, the PL intensity, as a
function of the emitted light frequency �, is calculated as

I�s
��� = − D�

j

Im� 	Pj
s	2�1 − nvalj

s �ncondj

s

�� − 
Ej + i
 j

 , �2�

where D= �eB� / �2��� is the spin-split Landau-level degen-
eracy per unit area.

The j sum runs over all possible dipole transitions con-
necting conduction �	condj�� and valence �	valj�� bands al-
lowed by optical selection rules that determine the oscillator
strengths 	Pj

s	= 	�condj	�sp	valj�	. Here �s defines the circular
polarization of the emitted light and 
 j is the line broadening
for each excitonic optical transition.

The electron occupation function probability determining
the charge buildup in the valence �Evall

� and conduction
�Econdl

� band levels is represented by nval
s and ncond

s , respec-
tively. In the presence of a field B, the optical transition
energy 
Ej becomes 
El,N=Econdl

−Evall
−
Eex+ �N

+1/2��
�l,N+s�gj
ex�B /2�B+
Ediamag, where 
�l,N=eB /

c�1/mcondl
−1/mvall

� is the electron-hole �e-h� cyclotron fre-
quency difference for the level l, N is the Landau level index,
s=±, gj

ex is the effective excitonic Landé g factor of the reso-
nant levels involved, 
Eex is the QW exciton-binding energy,
and 
Ediamag is a diamagnetic correction. We use the weak-
Coulomb-binding approximation in which the excitons can
be described as weakly coupled e-h pairs.

The summation can be dropped for our present experi-
mental condition in which only one PL line with �+ or �−

polarization is detected �see Fig. 2�b��. Therefore, the elec-
tron occupation probability in the spin-polarized valence
band ground state is calculated as nHH1

s =1−��p�
s ��

s , where
p�

s is the voltage-dependent density of holes with spin s in-
jected into a QW state � ��=HH1

s ,HH2
s , . . ., LH1

s ,LH2
s , . . .�

and ��
s is the annihilation rate between electrons in the upper

valence band level and holes in the state �. Analogously, the
electron occupation probability of the conduction band
ground state involved in the optical recombination is given
by nE1

s =��n�
s ��

s , for our sample which has two QW conduc-
tion subbands, �=E1

s , E2
s . In the model, these injected carri-

ers may either undergo an energy relaxation process de-
scribed by a probability �����

s which favors the luminescence
or be ejected from the �-valence ��-conduction� band state,
with a probability ��

s ���
s �. Charge conservation requires that

�����
s +�����

s =1 in the valence �conduction� band.
In order to describe the density of injected electrons and

holes, we have constructed a model derived from the I-V
characteristics of the sample. The occupation function prob-
ability of a spin-polarized hole state depends on the voltage
drop Vd between the accumulation layer and the QW level,
which aligns the Fermi level in the accumulation layer to the
QW hole subband, according to the following relation:

p�
s �Vd� = ��

s ��
2

�eVd − 
E� − s�B
g�B/2�2 + ��
2 , �3�

where 
E�+s�B
g�B /2 is the difference between the en-
ergy of a hole state � ��=HH1

s ,HH2
s , . . ., LH1

s ,LH2
s , . . .� inside

the QW and the energy of the hole ground state �HH1
s� in the

accumulation layer both with same spin polarization s; 
g�
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is the difference between the g factors of these two related
states. The Zeeman term has been kept explicit in order to
highlight the spin-dependent injection, whereas the Landau-
level dependence, proportional to the cyclotron frequency
difference between the QW and the accumulation layer, is
implicit in 
E�. We consider a Fermi-level filling only the
HH1 state in the hole injector layer �see Fig. 1�. Also, ��

s is a
relative level filling for the QW-hole-split level in the pres-
ence of field B which defines the occupation in a given va-
lence Landau state due to the charge density injected from
the accumulation layer. The Kronecker-like 
 function,
which characterizes the accumulation layer and QW-level
alignment, has been modified through the introduction of an
effective lifetime broadening ��. Each hole resonant peak in
the I-V characteristics is associated with the voltage drop Vd,
which defines the value of 
E� for the sample. The relation
between the external bias V applied across the entire device
and this local voltage drop Vd will be discussed below.

In a similar way, the occupation function probability de-
termining the charge buildup of the injected polarized elec-
trons can be defined as

n�
s �Vd� = ��

s ��
2

�eVd − 
E� − s�B
g�B/2�2 + ��
2 , �4�

where 
E�+s�B
g�B /2, ��, s, 
E�, and eVd have the
equivalent meanings for the conduction band as in Eq. �3� for
the valence band; since electrons are photogenerated, ��

s is
proportional to the optical excitation intensity and depends
smoothly on the external voltage.

Including all the processes responsible for the charge
buildup in the QW layer, the PL intensity as a function of the
emitted light frequency � for different transitions is given by

IPL
�s

��� = D�
�,�

	Ps	2
1,0�p�
s �1 − ��

s �n�
s �1 − ��

s ��
��� − 
E1,0�2 + 
1,0

2 . �5�

It can be seen from this relation that IPL
�s

��� is given by the
sum of the linewidth of the electron ���� and hole ���� states
involved on the optical transitions. Note also the dependence
on the injected densities �p�

s and n�
s � and on the escape prob-

abilities ��
s and ��

s .
Finally, the integrated PL emission for each polarization,

as a function of applied bias, can be calculated from the
above equation and becomes

I�s
�Vd� = �D	Ps	2�

�,�
p�

s �Vd��1 − ��
s �n�

s �Vd��1 − ��
s � . �6�

It is interesting to note that the level lifetime dependence
remains only in the occupation functions defined in Eqs. �3�
and �4�. Therefore, the optical degree of polarization pol�V�
can be calculated directly from Eq. �6�. However, pol�V�
depends on the local voltage drop Vd which requires us to
establish one relation between applied bias V and Vd.

The energy drop of a level in the QW region, eVd, is
proportional to the total external bias V in the form

Vd = �V , �7�

where the electrostatic leverage parameter � depends on the
composition of the sample and on the space-charge distribu-
tion. Reference 30 describes a model to extract the 2D
charge buildup in the QW levels of the same sample that is
studied here. The dependence of � on the applied bias is
shown in Fig. 4. In a zeroth-order approximation � may con-
sidered as independent of V; the mean value is �0=0.17 for
this sample. In the next section, we determine the unknown
parameters 
g���� and �����, �=HH1,HH2, . . ., LH1,LH2, . . .
��=E1, E2� using the V-dependent value ��V� in our numeri-
cal simulation; the electrostatic leverage parameter simply
rescales the values of 
g’s and �’s.

IV. RESULTS AND DISCUSSION

Our model describes the optical polarization in the low-
and high-voltage regimes according to the strength of the
QW escape probabilities ��

s and ��
s as compared to unity. In

the low-voltage regime these probabilities are very small
���

s �1, ��
s �1� due to the large barrier height �see Fig 1�. In

this bias range the integrated PL intensities are determined
mainly by the spin-selective electron- and hole-injected con-
centrations into the QW. For the high-voltage regime, the
effective barrier heights for tunneling out of the QW become
lower and the escape probabilities increase. Therefore, the
integrated intensity should decrease �see Fig. 5�b�� in the
high-bias region.

Figure 5�a� shows a comparison between �+ �up-triangles�
and �− �down-triangles� experimental integrated intensities
of the PL spectra and the theoretical simulation �solid lines�
obtained with our model, for B=15 T over the entire bias
range. The vertical arrows in Fig. 5�a� label the positions of
the main resonant voltages. The overall agreement for each
polarization is quite satisfactory. It is interesting to note the
weak PL intensities near the electron resonance E1 as well as
in the high-voltage regime near the HH3 and LH3 spin-split
doublets. The electron resonant tunneling condition at

FIG. 4. Electrostatic leverage factor establishing the relation be-
tween the total voltage �bias� V applied to the entire sample and the
voltage drop Vd causing the alignment between the QW subband
levels and the injector layer level, taken from Ref. 30.
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0.55 V takes place between the LH1 and HH2 resonances
which, inevitably, will interfere in the final emission intensi-
ties due to the line broadening effects and, more important,
to the off-resonance injection condition of these two hole
states that are populating the HH1 doublet, after energy re-
laxation.

Figure 5�b� compares the calculated degree of polariza-
tion �solid line� with the experimental data �symbols�. Note
that in the low-voltage regime, the optical polarization shows
sign inversion each time the injector level crosses the spin-
doublet structure of a QW subband. The measurements show
clearly that the optical emission from the QW is a sensitive
mechanism able to probe very small changes in the relative
population of the spin-split states.

It is interesting to note that the strong �LH2� as well as the
two very weak �HH3 and LH3� resonant emissions for �+ and
�− configurations in the high-voltage regime �V�1.0 V�
�Fig. 5�a�� have positive values for the optical degree of po-
larization. Moreover, pol�V� increases to the saturation value
pol�V�� +25%. Note that for voltages near E2, HH3, and
LH3 resonances, the approximations ��

s �1 and ��
s �1 no

longer hold. For this regime, the applied voltage has reduced
the effective QW barrier heights to a condition in which the
carriers arriving into these levels escape more easily from the
QW; thus, the fraction relaxing to E1 or to HH1 ground levels
decreases, so that the polarized PL intensities show weak
peaks since the population in each spin-split ground level
becomes very small. Our theoretical model reproduces this
imbalance between the spin-state populations via the terms
nE2

+ �Vd��1−�E2

+ � and nE2

− �Vd��1−�E2

− � in the conduction band.
Similar terms for the valence band contribute to the sum in
Eq. �6�. Note that the higher the energy level inside the QW,
the lower is the occupation provided to the ground-level
population.

Table I shows the set of parameters that best reproduce
the experimental data in our simulation model. We have used
the V-dependent electrostatic leverage parameter ��V� �Fig.
4� to determine the local voltage drop Vd.

Two points need to be considered when analyzing this set
of parameters. The first is that the Zeeman splitting energies
of the hole levels localized at the interface region and con-
fined in the quantum well have different values; this is re-
lated to the well-known dependence of g factor on the
strength of the confining potential. The second point con-
cerns the spin-flip mechanism during tunneling and relax-
ation processes. In the presence of spin-flip, if holes confined
in the accumulation layer had the same g factor as, for in-
stance, in the HH2 QW level, we should observe three cur-
rent peaks: one single resonance peak at the voltage where
both spin-up and spin-down levels become simultaneously
resonant and two other adjacent smaller peaks corresponding
to spin-flip tunneling processes: up → down and down → up.
In contrast, for different g factors in the layers, the resonance
should result in four peaks: two strong peaks at different
resonant voltages for spin-up and spin-down, plus the two
additional weak peaks when spin-flip processes are present.
The splitting of the HH2 level into one doublet structure,
which is not well resolved as shown in Fig. 3�a�, could pro-
vide some evidence that the holes in the accumulation and
QW layers have different g-factor values and that spin-flip
processes have a negligible probability.

In principle, it is difficult to calculate or measure the g
factors of excited levels. Our simulation only provides effec-
tive values for the difference between the g values that best
represent our experimental data. The unknown g parameters

FIG. 5. �Color online� �a� Theoretical �solid line� and experi-
mental integrated PL intensity for �+ �up-triangles� and for �− �up-
triangles� configurations, as functions of bias. �b� Comparison be-
tween calculated �solid line� and experimental �symbol� degrees of
polarization as functions of bias. In both cases, the magnetic field is
B=15 T.

TABLE I. Parameters determined from the theoretical simula-
tion model.

QW state ��V� � �meV� 
g

E1 0.20 8.20 0.0

E2 0.15 122.86 0.018

HH1 0.25 5.00 0.0

LH1 0.22 2.64 0.25

HH2 0.19 15.01 7.66

LH2 0.20 31.2 0.24

HH3 0.15 13.50 3.46

LH3 0.14 21.60 6.63
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for any doublet carrier level are determined during the simu-
lation for the resonant injection condition at the respective
bias values. It becomes difficult to assign specific values for
these carriers since the reported values14,16,17 are for local-
ized states in a QW whereas our data refer to delocalized
�extended� states in a RTD, in the presence of applied bias.

Finally, even though we have not obtained quantitative
values for the carrier relaxation times, our experimental and
theoretical results provide evidence that these characteristic
time scales are larger than the luminescence decay time in
our structure, which should be �1 ns.

Moreover, the agreement between our experimental re-
sults and the theoretical simulation, which neglects hole
spin-decoherence processes, provides further evidence of
hole spin relaxation times which are significantly longer than
the tunneling and recombination times. These results are im-
portant for possible future applications since they demon-
strate the possibility of developing hole-based spintronic de-
vices. Despite the approximations in our model, it provides a
simple and fairly accurate explanation for the observed bias
dependence of the optical polarization from the E1

+-HH1
+ and

E1
−-HH1

− QW emissions.
In summary, we have investigated spin-polarized carrier

injection in nonmagnetic RTD structures. A strong bias-
dependent optical polarization, with sign inversions near the
low-bias resonant peaks and with positive saturation in the
high-voltage regime, is observed. We have proposed a simple

model based on the dynamical balance between carrier injec-
tion and energy relaxation which describes the observed bias
dependence of the PL polarization for the low- and high-
voltage regimes. The main feature of our results is the effi-
cient spin-selective tunneling into excited QW subbands fol-
lowed by spin-conserving relaxation to the HH1 and E1 spin-
split ground states. Our results demonstrate indirectly that
the g factors and spin-coherence time of holes on a quantum
well may assume large values due to the mixing of the hole
subbands and confining potential. We also demonstrate
voltage-controlled injection of spin-polarized holes into a
QW using standard nonmagnetic semiconductor heterostruc-
tures. The high sensitivity and the bias dependence of the PL
polarization, including the inversion of polarization near hole
resonances, are direct manifestations of this possibility; effi-
cient spin-polarized injection requires well-resolved Zee-
man-split states. New devices based on nonmagnetic semi-
conductor structures can be designed to take advantage of
these effects to work as efficient spin filters.
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