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We have investigated the polarized emission from a n-type GaAs /AlGaAs resonant tunneling diode
under magnetic field. The GaAs contact layer emission shows a large constant negative circular
polarization. A similar result is observed for the quantum well, but only when electrons are injected
from the substrate, while for inverted biases, the polarization tends to become positive for small
voltages and large laser excitation intensities. We believe that the quantum well polarization may be
associated to the partial thermalization of minority carriers on the well subbands and is thus
critically dependent on the bias-controlled density of carriers accumulated in the well. © 2008
American Institute of Physics. �DOI: 10.1063/1.2908867�

The exploitation of the spin degree of freedom in addi-
tion to the charge of carriers, is a major aspiration for semi-
conductor device development. Some key points for this
technology are the generation, coherent transport, and ma-
nipulation of spin-selected carriers. Spin injection into semi-
conductor structures has been studied on several devices re-
sulting in significant progress in the last few years.1–9 The
possibility of using resonant tunneling diodes �RTDs� for
spin filtering was first demonstrated using semimagnetic
II-VI materials.10,11 More recently, spin selection was ob-
served in III-V nonmagnetic structures.12,13 Both approaches
are based on the Zeeman splitting of the levels involved in
tunneling and thus depend on an external magnetic field. In
this letter, we present the investigation of the polarized re-
solved photoluminescence �PL� from an asymmetric n-type
RTD with a GaAs quantum well �QW� and two AlGaAs
barriers with different widths.

Our structure was grown by molecular beam epitaxy
on a n+ �001� GaAs substrate and its active region consists
of 2 �m n-GaAs �1�1018 cm−3�, 509 Å n-GaAs
�1�1017 cm−3�, 509 Å n-GaAs �1�1016 cm−3�, 34 Å un-
doped GaAs spacer, 71 Å Al0.4Ga0.6As barrier, 59 Å GaAs
QW, 113 Å Al0.4Ga0.6As barrier, 34 Å GaAs spacer, 509 Å
n-GaAs �1�1016 cm−3�, 509 Å n-GaAs �1�1017 cm−3�, and
0.51 �m n-GaAs �1�1018 cm−3�. Circular mesas of 200 �m
diameter were processed with annular AuGe contacts to
allow optical measurements. PL measurements were per-
formed at 2 K at magnetic fields up to 15 T. A linearly po-
larized Ar+ laser was used for optical excitation, and �+ and
�− polarized emissions were selected by using appropriate
optics. Therefore, the photogenerated carriers in our structure
should not present any preferential spin polarization.

Figure 1�a� shows a diagram of our structure under laser
excitation. Due to the actual dimensions of the mesa and the
laser beam, light reaches both the top and the back contact
layers at the substrate side. Figure 1�b� shows a schematic
band diagram of our structure for positive and negative bias

voltages, under light excitation and a magnetic field applied
parallel to the tunnel current. For V�0, photogenerated
holes �minority carriers� from the top contact can tunnel
through the structure and recombine in the QW and also in
the opposite contact layers with tunneling electrons from the
n+ substrate side �majority carriers�. Under this condition, the
second barrier for tunneling electrons is larger than the first
one, which favors the accumulation of electrons in the QW.
For V�0, only those photo-generated holes generated at the
substrate side can tunnel through the double barrier and thus
recombine with electrons from the top contact. In this case,
the second barrier for tunneling electrons is the thinnest one
and we expect a reduced accumulation of electrons in the
QW. On the other hand, the asymmetry of the barriers should
favor the accumulation of holes in the QW in this configu-
ration. We believe that this point can drastically affect the
bias dependence of the circular polarization in the QW, as we
will discuss in the following.

We have not observed any PL emission from the QW at
zero bias voltage, which indicates that the generation of car-
riers inside the QW is negligible under our experimental con-
ditions. Typical PL spectra at 15 T for �0.6 V are shown in
Fig. 2. We observe two emission regions. The higher energy
band at �1.60 eV is associated with the fundamental QW
transition, whereas the emission at �1.52 eV is associated
with the GaAs contact layers, including donor-related emis-
sions from both the n+ GaAs substrate �broad emission� and
n-doped GaAs layers �narrow line at �1.523 eV�, and also
the space-indirect recombination between tunneling holes
and electrons localized at the two-dimensional electron gas
�2DEG� formed at the accumulation layer ��1.521 eV�. The
2DEG space-indirect emission is strongly bias dependent, as
recently observed in p-i-n and n-i-n RTDs.13,14 The emission
band from the n+ GaAs substrate used in the growth of our
structure is also presented in Fig. 2. The n+ GaAs substrate
presents a large negative degree of circular polarization
��55% �, which is attributed to the spin splitting of the bulk
GaAs bands. The resulting polarization must be controlled
by the g-factor of the minority carriers �holes� since the large
density of electrons should result in a negligible unbalance ofa�Electronic mail: yara@df.ufscar.br.
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electrons with distinct spin values. The calculation of the
circular polarization depends on parameters that have a rela-
tively large uncertainty, such as density of the photocreated
holes along the structure, but a simple estimation based on
the spin splitting of conduction and valence bands and carrier
statistics is in reasonable agreement with the measured value.

The current-voltage �IV� characteristics at 0 and 15 T in
the dark and under two different light excitation intensities
�I1�9.5 W /cm2 and I2�13.3 W /cm2� are presented in the
upper panels of Fig. 3, including positive and negative bias
voltages. We observe two resonant peaks associated with the
first �e1� and second �e2� electron resonances followed by
negative differential resistance regions. The resonant volt-
ages are different for positive �0.98 and 1.27 V� and negative
biases �−0.28 and −1.31 V� due to distinct charge accumula-
tion conditions, as discussed before. Under magnetic field,
some structures are observed in the IV curves associated with
tunneling through the Landau levels formed in the accumu-
lation layer and QW. We remark that for low voltages, the
photocurrent due to photogenerated holes is markedly larger
than the electron current in the dark, which indicates that the
holes actually become the effective majority carrier inside
the QW under this condition.

The lower panel of Fig. 3 presents the degree of circular
polarization from the contact layer and the QW emissions as

function of the bias voltage. In the case of the contact layer,
the polarization degree was calculated by integrating the
whole emission band, which is mainly dominated by the re-
combination from the GaAs substrate, but it also includes the
emission from the n-doped layers and the h-2DEG transition.
The polarization from the integrated contact emission is
�−50% for all bias voltages. For V�0, the QW emission
also presents a large negative polarization degree, which is
comparable to the contact layer polarization and is mainly
independent of the bias voltage and laser intensity. In con-
trast, for V�0, the QW emission presents a circular polar-
ization that depends on the bias voltage, varying from posi-
tive ��+10% � to negative ��−40% � values. In this case,
the QW polarization degree is also sensitive to the laser ex-
citation intensity. The spin splitting obtained from the QW
emission bands is of the order of 1 meV. Only a small varia-
tion of this value as a function of the bias voltage is ob-
served, which we believe is a result of a mixture of two
distinct QW emission bands related, respectively, to the ex-
citon and trion recombination. The relative intensity of those
bands varies with the applied bias and should have slightly
different spin-splitting energies, but since they cannot be re-
solved, it results on the observed spin-splitting variation.
For V�0, the QW spin splitting varies from �1.5 to
�0.8 meV as we increase the voltage from 0 to 1.8 V. We
remark, however, that within this bias voltage range the po-
larization of the QW emission does significantly change and
it even presents a sign inversion. For V�0, the spin splitting
varies within 1.3–1.7 meV for the same bias variation and
the polarization mainly remains constant. Therefore, the ob-
served circular polarization of the QW emission cannot be
simply attributed to the QW spin-splitting variation.

As discussed before, the minority carriers tend to define
the effective polarization of an optical recombination. We
have to remark, however, that the quasibound states of the

FIG. 1. �Color online� �a� RTD structure. �b� Schematic band diagram of our
structure under forward and reverse voltages.

FIG. 2. �Color online� Typical �+ and �− PL spectra for an n+ bulk GaAs
substrate sample and from the RTD under a �0.6 V bias voltage and 15 T.
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RTD QW should not follow a simple thermal equilibrium
statistics. The final polarization of the QW emission should
thus depend on the spin polarization of the injected carriers,
and also on the density of the electron and holes in the well
and the QW spin splitting, and in a rather complex way. We
also point out that the density of carriers in the QW is volt-
age controlled and also depends on the asymmetry of our
structure.

For large voltages, when the density of electrons in the
well becomes clearly dominant, both effects discussed above
should induce a negative circular polarization of the QW
emission, as observed. On the other hand, for low voltages
��1 V�, the photogenerated holes become the major contri-
bution for the tunneling current. The hole density inside the
QW can thus become comparable and even larger than the
electron density. This effect should be strongly reinforced for
negative bias, since in this configuration, the barrier’s asym-
metry favor the accumulation of holes and hamper the accu-
mulation of electrons at the QW, as discussed before. As the
density of holes becomes larger than the density of electrons,
the occupation of the spin-split hole levels should play a
more significant role on the QW polarization. Since the hole
g-factor from our GaAs QW should have a sign opposite to
that of the electron,15 this may result in a sign inversion of
the QW polarization emission, as observed. This tendency
becomes stronger as we increase the laser intensity, in agree-
ment with the increasing density of photogenerated holes.
This is also in qualitative agreement with the previous results
in p-type RTD structures12,13 where the QW circular polar-
ization is positive due to the majority of holes in the struc-
ture, except for those bias voltages where the photogenerated

electrons resonantly tunnel into the QW, when the polariza-
tion became negative. For positive low voltages, photogener-
ated holes also become the major contribution for the tunnel-
ing current but no sign inversion is observed in the
polarization degree. This behavior is probably due to the
barrier asymmetry that favors the accumulation of electrons
in the QW under positive bias.

In conclusion, we have observed an interesting behavior
of the degree of circular polarization from the QW emission
in our asymmetric n-i-n RTD structure under 15 T. For posi-
tive bias, the polarization shows a rather large constant nega-
tive value. For negative bias, the polarization depends on the
applied voltage and the laser excitation intensity, and tends to
become positive for small voltages and large excitation in-
tensities. We attribute our experimental results to the thermal
occupation of the Zeeman-split levels by the minority carri-
ers. The occupation of the spin-split contact levels results in
the large negative polarization of the bulk GaAs emission
and also affects the polarization of the QW emission, as it
selects the dominant spin of the holes tunneling into the well.
The occupation of the spin-split QW levels should also con-
tribute to the polarization of the QW emission, even though
the QW should not follow an equilibrium distribution. A
main point is that this effect should be strongly affected by
the large variation of the density of electrons and holes in the
QW as a function of the bias voltage, which can even invert
the minority carrier character in the QW. The observed con-
trol of the QW emission polarization by the applied bias
voltage may be explored to design devices for spintronic
applications.

The financial support from FAPESP, CAPES, CNPq, and
U.K. Engineering and Physical Sciences Research Council is
gratefully acknowledged.

1A. Hanbicki, O. M. J. Van Erve, R. Magno, G. Kioseoglou, C. H. Li, B. T.
Jonker, G. Itskos, R. Mallory, M. Yasar, and A. Petrou, Appl. Phys. Lett.
82, 4092 �2003�.

2X. Jiang, R. Wang, R. M. Shelby, R. M. Macfarlane, S. R. Bank, J. S.
Harris, and S. S. P. Parkin, Phys. Rev. Lett. 94, 056601 �2005�.

3V. F. Motsnyi, P. Van Dorpe, W. Van Roy, E. Goovaerts, V. I. Safarov, G.
Borghs, and J. De Boeck, Phys. Rev. B 68, 245319 �2003�.

4R. Fiederling, M. Keim, G. Reuscher, W. Ossau, G. Schmidt, A. Waag,
and L. W. Molenkamp, Nature �London� 402, 787 �1999�.

5Y. Ohno, D. K. Young, B. Beschoten, F. Matsukura, H. Ohno, and D.
Awschalom, Nature �London� 402, 790 �1999�.

6M. J. Oestreich, M. J. Hübner, D. Hägele, P. J. Klar, W. Heimbrodt, W. W.
Rühle, D. E. Ashenford, and B. Lunn, Appl. Phys. Lett. 74, 1251 �1999�.

7B. T. Jonker, Y. D. Park, B. R. Bennett, H. D. Cheong, G. Kioseoglou, and
A. Petrou, Phys. Rev. B 62, 8180 �2000�.

8J. G. Braden, J. S. Parker, P. Xiong, S. H. Chun, and N. Samarth, Phys.
Rev. Lett. 91, 056602 �2003�.

9R. Mattana, J.-M. George, H. Jaffrès, F. Nguyen Van Dau, A. Fert, B.
Lépine, A. Guivarc’h, and G. Jézéquel, Phys. Rev. Lett. 90, 166601
�2003�.

10T. Gruber, M. Keim, R. Fiederling, G. Reuscher, W. Ossau, G. Schmidt,
M. Molenkamp, and A. Waag, Appl. Phys. Lett. 78, 1101 �2001�.

11A. Slobodskyy, C. Gould, T. Slobodskyy, C. R. Becker, G. Schmidt, and
L. W. Molenkamp, Phys. Rev. Lett. 90, 246601 �2003�.

12H. B. de Carvalho, Y. Galvão Gobato, M. J. S. P. Brasil, V. Lopez-Richard,
G. E. Marques, I. Camps, M. Henini, L. Eaves, and G. Hill, Phys. Rev. B
73, 155317 �2006�.

13H. B. de Carvalho, M. J. S. P. Brasil, Y. Galvão Gobato, G. E. Marques, H.
V. A. Galeti, M. Henini, and G. Hill, Appl. Phys. Lett. 90, 062120 �2007�.

14L. F. dos Santos, Y. Galvão Gobato, G. E. Marques, M. J. S. P. Brasil, M.
Henini, and R. Airey, Appl. Phys. Lett. 91, 073520 �2007�.

15M. J. Snelling, E. Blackwood, C. J. MacDonagh, R. T. Harley, and C. T.
B. Foxon, Phys. Rev. B 45, 3922 �1992�.

FIG. 3. �Color online� Bias voltage dependence of �a� current in the dark
and under light excitation for two laser intensities and �b� current in the dark
and under light excitation under magnetic field 15 T parallel to the tunnel
current. �c� Circular polarization degree from the GaAs contact layers and
QW emissions under forward and reverse biases.
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