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We have measured in the same hybrid semiconductor/ferromagnetic �FM� metal structures the photocurrent
obtained under polarized optical excitation and the polarized electroluminescence recorded under forward
electric bias �spin light-emitting diode operation�. The systematic investigations have been performed on
devices with different ferromagnetic spin injectors: tunnel barrier of Al2O3 surmounted by a thin Co ferro-
magnetic layer or MgO tunnel barriers with a CoFeB FM layer. The semiconductor part of the device is
composed of an AlGaAs diode with a GaAs/AlGaAs quantum well embedded in the intrinsic region. Though
a very efficient electrical spin injection is demonstrated with a measured circular polarization of the electrolu-
minescence up to 30% for an external field of 0.8 T, very weak polarizations of the photocurrent are evidenced
whatever the nature of the device is. The maximum photocurrent polarization obtained under continuous
resonant circularly polarized excitation of the quantum well excitons is about 3%. This demonstrates that the
investigated devices do not act as an efficient spin filter for the electrons flowing from the semiconductor part
toward the ferromagnetic part of these structures though these layers are very efficient spin aligners for
electrical spin injection. We interpret the weak measured polarization of the photocurrent in the percent range
as a consequence of the Zeeman splitting of the quantum well excitons which yields different absorption
coefficients for the polarized excitation laser with different helicities. This leads to different intensities of
photocurrent collected for the two different circularly polarized excitations. This interpretation is confirmed by
an experiment exhibiting the same results for photocurrent measured on a device with a nonferromagnetic
electrode.
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I. INTRODUCTION

The electrical injection of spin-polarized currents from
magnetic metals into semiconductors has been widely ex-
plored for about 10 years.1,2 An elegant way to demonstrate
an electrical spin injection is to measure optically the polar-
ization of the electroluminescence in the so-called spin light-
emitting diode �spin-LED� devices.3–6 Most of the studies
have been devoted to systems involving Schottky or insula-
tor tunnel barriers between the ferromagnetic metal and the
semiconductor.7–9 Polarizations of the electroluminescence
up to 52% have been evidenced in these structures, demon-
strating unambiguously the efficiency of electrical spin injec-
tion even at room temperature.10

The symmetrical challenge which consists in an electrical
detection of a spin-polarized current of carriers is also a re-
quirement for future spintronic devices. Some spectacular
experiments have been realized with coupled electrical and
optical techniques as in Refs. 11 and 12 where spin imaging
is obtained through spatially resolved Kerr rotation or full
electrical measurements. In a similar vein, more recent works
have demonstrated the possibility to convert the light polar-
ization into an electrical signal through inverse spin-Hall-
effect-like experiments.13,14 On the other hand, large efforts
to provide a voltage detection15–21 of the spin accumulation
electrically generated in a semiconductor has been initiated
in the so-called nonlocal16–18 geometry as well as in the
two-point20 and three-point geometries;15,19,21 the latter

method being favorably employed to probe spin accumula-
tion just beneath the tunnel spin injector.

An alternative way to probe the ability of the ferromag-
netic �FM� layer to act as a spin filter is �i� to pump a well
controlled spin-polarized electron density in the semiconduc-
tor by optical orientation22 with circularly polarized light and
�ii� to detect the photocurrent through the interface in a ver-
tical transport geometry.23–31 The photocurrent polarization is
obtained through a modulation of the helicity of the excita-
tion light for a fixed external magnetic field or equivalently
through a reversal of the magnetic field orientation with a
fixed helicity of the excitation light. In contrast to the inves-
tigation of electrical spin injection in spin-LEDs, just a few
experimental works using this technique have been reported.
Taniyama et al.28 have evidenced a photocurrent polarization
of 1.7% at 300 K for an external field B�2 T for a
GaAs /AlOx /Fe interface. Isakovic et al.26,30 estimated a po-
larization of about 0.5% for B�2 T due to spin-dependent
transport under an excitation above the GaAs band gap in
ferromagnetic-GaAs Schottky diodes with InGaAs quantum
wells at T=10 K. The same authors demonstrated the key
role played by background effects �magnetic circular dichro-
ism �MCD� in the FM layer and Zeeman effects in the semi-
conductor� on the measured photocurrent. All these experi-
mental investigations yield very weak measured
photocurrent polarization, i.e., never exceeding a few per-
cents. This contrasts with the very large circular polarization
of the electroluminescence which is obtained under forward
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bias of this kind of devices, i.e., in the spin-LED operation.
Jonker and co-workers reported, for instance, electrolumines-
cence circular polarization up to 32% in a Fe/AlGaAs/GaAs
spin-LED device with a Schottky barrier6 in the tunneling
transport regime, a structure that present some similarities
with the ones investigated in photocurrent measurements.25,26

However, a direct and clear comparison remains difficult in
general since the measurements are usually performed on
different devices and at different temperatures.

In order to get further insights on this problem, we present
in this paper a systematic investigation of both polarized
photocurrent and polarized electroluminescence measure-
ments in a series of hybrid FM/semiconductor structures. For
increasing the generality of our results we have tested two
kinds of interfaces that involve tunnel oxide barriers which
are commonly used in electrical spin-injection devices,6,10,32

i.e., MgO/CoFeB and Al2O3 /Co. We also studied devices
with different quantum well barrier heights �aluminum con-
tent 8% or 15% for the AlGaAs barrier� to probe its role on
the polarized photocurrent. Our experiments are carried out
in a wide range of temperatures ranging from low tempera-
ture �20 K� up to 160 K.

From all these measurements we conclude that the de-
vices based on FM spin aligners providing very efficient
electrical spin injection in the semiconductor can hardly act
as efficient spin filters in spin photocurrent experiments in
continuous wave �cw� regime. For all the investigated de-
vices we measure a maximum photocurrent polarization of
about 3% and we demonstrate that this effect does not origi-
nate from an expected spin-filtering effect but from a differ-
ent absorption of the polarized excitation light due to the
Zeeman splitting of the exciton in the GaAs quantum well
�QW�. We show that these structures, optimized for electrical
spin injection, are not suitable to evidence spin photocurrent
phenomena under cw excitation.

The paper is organized as follows. Section II describes the
hybrid semiconductor/metal devices which are studied by
several complementary techniques. The different setups of
photocurrent, electroluminescence �EL�, and time-resolved
photoluminescence �TRPL� are also presented. The experi-
mental results of photocurrent spectroscopy showing very
weak polarizations ��3%� are presented in Sec. III. In con-
trast efficient electrical injection under forward bias of spin-
polarized electrons is measured by polarization-resolved
electroluminescence in the same devices �Sec. IV�. In order
to interpret the results, complementary TRPL measurements
are also performed for various temperatures. These TRPL
measurements provide an independent characterization of the
spin dynamics in the quantum well and its temperature de-
pendence. A discussion of the results enlightening the funda-
mental differences in the two operation modes of the device
is finally presented in Sec. V.

II. SAMPLES AND EXPERIMENTAL SETUPS

The studied samples are hybrid semiconductor/metal
structures �Fig. 1�a�� that were grown by molecular-beam
epitaxy for the semiconductor part and by sputtering for the
tunnel barrier/ferromagnetic metal part. We have fabricated

and tested a large set of samples. We present here the results
on five of them which reflect the general behavior.

The semiconductor part of the samples consists in a p-i-n
AlxGa1−xAs structure grown on a p-doped GaAs:Zn substrate
�p=4�1017 cm−3�. The p-doped AlxGa1−xAs:Be layer
�p=1.4�1019 cm−3� is 500 nm thick. The doping of the
n-AlxGa1−xAs layer �thickness: 50 nm� is 1016 cm−3 to mini-
mize the spin-relaxation processes.33 The intrinsic
AlxGa1−xAs zone contains a 10 nm symmetric GaAs quan-
tum well �with AlxGa1−xAs barriers of 50 nm�. The structure
was capped by amorphous As. The sample is then transferred
from the molecular beam epitaxy machine in the atmosphere
to a separated chamber. It was desorbed at 450 °C under
ultrahigh vacuum in this chamber in which desorption is
monitored by reflection high-energy electron diffraction. For
samples AS1, AS2, and B1, the Al content in the barrier is
8%. In order to investigate the effect of the barrier height,
sample B2 is fabricated with an Al content of 15%.

The samples were then transferred in situ in the sputtering
chamber where tunnel insulator and ferromagnetic thin films
were grown. For sample AS1, the top contact is composed of
an Al2O3 tunnel barrier �2.2 nm� and a cobalt ferromagnetic
thin film �8 nm� grown at room temperature. The tunnel bar-
rier was formed by oxidation of 1.5 nm Al under a O2 and Ar
plasma. Gold cap layer �2 nm� was finally deposited to pre-
vent cobalt from oxidation. The size of the contact area on
the sample is 3�3 mm2. AS2 is a test structure without
Al2O3 and Co for time and polarization-resolved photolumi-
nescence experiments.

For samples B1 and B2, the top contact is composed of a
MgO tunnel barrier and a CoFeB ferromagnetic layer.34 The
MgO barrier has a thickness of 2.6 nm grown at 300 °C,
followed by a 3 nm Co40Fe40B20 FM contact capped with 5
nm Ta layer to prevent oxidation. The sputtering conditions
for MgO and metals can be found elsewhere.34 Finally
sample C is a test sample where the FM contact is replaced
by a simple non-FM platinum �Pt� layer with a thickness of 3
nm. The samples characteristics are summarized in Table I.
Circular mesas with 300 �m diameter were then processed
using standard photolithography and etching techniques.

The photocurrent measurements are performed at normal
incidence under an optical excitation provided by a cw cir-
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cularly polarized Ti-sapphire laser with a tunable wave-
length. The intensity of the laser is monitored by a silicon
photodiode. The incident power is about 15 mW and the
laser is focused on a spot with a 100-�m-diameter size �we
have checked that the measured photocurrent signal is linear
with the incident laser power�. The circular polarization of
the laser excitation ��+ or �−� is tuned using electrically
controlled liquid-crystal retardation plates. The photocurrent
intensities J+ and J− generated, respectively, by circularly
right ��+� and left ��−� polarized light are detected through
the voltage variation measured on a load resistor of 500 �.
The circular polarization Pc

J of the photocurrent is defined as
Pc

J=
�J+−J−�
�J++J−� .

35 All the photocurrent experiments are realized
under a magnetic field produced by a Helmoltz coils �0–0.8
T� in a closed-cycle cryostat with a temperature ranging from
20 to 300 K. For the EL measurement, the device was placed
in the same cryostat and forward biased with squared shape
voltage pulses of 1 �s width and a repetition rate of 50 kHz.
The EL signal was detected in the Faraday geometry �applied
magnetic field along the growth axis� by a standard setup
�monochromator equipped by a cooled low noise charge
coupled device camera� with a spectral resolution of about 2
meV. For TRPL experiments, a mode-locked Ti:sapphire la-
ser �1.5 ps pulse width� was used for the nonresonant circu-
larly polarized excitation at �1.697 eV �i.e., in the AlGaAs
barrier�. The PL signal was detected by a synchroscan streak
camera, which provides an overall temporal resolution of 8
ps. The circular polarization Pc of the luminescence is de-
fined by the following quantity Pc

L=
�I+−I−�
�I++I−� . where I+ and I−

are relative, respectively, to the right and left circularly po-
larized components of luminescence. Pc

L is analyzed by pass-
ing EL and PL through a � /4 wave plate and a linear ana-
lyzer. Finally we will refer in the following to forward and
reverse biases applied to the devices, keeping in mind these
terms are relative to the bias across the p-i-n junction. Thus,
a forward bias corresponds to a positive voltage applied to
the p substrate of the device with respect to the top metallic
electrode.

III. PHOTOCURRENT MEASUREMENTS

We present first the photocurrent measurements per-
formed at 20 K under circularly polarized light at zero bias
�Vbias=0� in sample AS1. The experiments are carried out
under an excitation laser with photon energies resonant with
the exciton absorption lines of the GaAs/AlGaAs quantum

well �when the laser is tuned with the heavy exciton line, an
initial 100% spin-polarized electrons population can be gen-
erated due to optical selection rules22�. The photogenerated
excitons are dissociated by the internal electric field inside
the p-i-n junction: electrons extracted by tunnel effect from
the quantum well flow into the n-AlGaAs layer and through
the insulator Al2O3 tunnel layer, before passing through the
ferromagnetic Co layer. Figure 2�a� displays the measured
photocurrent J=J++J− as a function of the laser excitation
energy with and without longitudinal magnetic field �0.8 T�
for sample AS1. One can see a clear signature of the heavy-
hole exciton �XH� and light-hole exciton �XL� lines. The
splitting between these two lines is of about 7.5 meV, which
is consistent with an aluminum concentration of 8% for a
GaAs/AlGaAs 10 nm quantum well. As expected the weak
external field of 0.8 T does not change significantly the pho-
tocurrent spectrum. We turn now to the dependence of the
photocurrent polarization Pc

J with the laser excitation energy
�Fig. 2�b��. When B=0, the current polarization remains be-
low �0.3%. For B=0.8 T, a clear oscillation of the polar-
ization is evidenced: a peak of positive polarization of about
2.7% appears at Emax=1.545 eV followed by a dip of nega-
tive polarization at Emin=1.548 eV. For a magnetic field of
0.8 T, and a Co layer of 8 nm, the background effect associ-
ated to the magnetic circular dichroism of the FM layer that
may contribute to the photocurrent polarization can be ruled
out: we have checked that this contribution is smaller than
0.4% by measuring the photocurrent polarization under lin-
early polarized excitation light �not shown�. We note in Fig.
2�b� that the positive peak of photocurrent polarization does
not coincide with the XH line but is rather situated close to
the XL absorption peak.

In Fig. 3�a�, the amplitude of the photocurrent polariza-
tion peak �detected for Emax� is plotted as a function of the

TABLE I. Samples characteristics.

Sample name
Al in AlGaAs/GaAs QW

�%� Tunnel barrier Metal

AS1 8 Al2O3 Co

AS2 8 No No

B1 8 MgO CoFeB

B2 15 MgO CoFeB

C 8 MgO Pt
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FIG. 2. �Color online� Sample AS1; Vbias=0. �a� Photocurrent
spectra for B=0 �opened circles� and B=0.8 T �bold squared�. �b�
Polarization of the photocurrent as a function of the laser energy for
B=0 T �opened circles� and B=0.8 T �bold triangles�. The vertical
dashed line is a guide for the eyes.
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applied magnetic field. Let us emphasize here that the ap-
plied magnetic field is not sufficient to saturate the magneti-
zation of the thin Co layer along the growth axis of the
structure but only has the effect to rotate the magnetization
from the in-plane to the out-of-plane direction. The behavior
of the current polarization could be consistent with the in-
crease in the component along the growth axis of the mag-
netization of the Co layer in the range of magnetic fields
explored. As in Ref. 28, these results could thus be inter-
preted in terms of efficient spin-filtering effect of the FM
layer. We will show in the following that it is definitely not
the case.

All the previous measurements were performed at 20 K.
We investigate now the influence of the temperature on the
measured photocurrent polarization. Figure 3�b� displays the
decreasing behavior of Pc

J �measured again at Emax� with
temperature under B=0.8 T. Note that Emax follows the
same behavior with temperature as the energy band gap of
GaAs. Pc

J exhibits a decreasing trend with temperature.
We have also performed the same investigations in hybrid

FM/semiconductor structures where the Al2O3 /Co layers are
replaced by a MgO/CoFeB layers which are known to yield
very high electrical spin-injection efficiencies.10,32 Figure 4
displays the photocurrent characteristics �intensity and polar-
ization� as a function of the excitation light energy in sample
B1 at T=20 K �AlGaAs barrier with 8% of aluminum con-
tent, i.e., the semiconductor part of the structure is identical
to samples AS1�. The results are very similar to the ones
obtained in sample AS1 �Fig. 2�b��, displaying the same os-
cillating behavior close to the XL line. A polarization close to
zero is again measured on the low-energy side of the XH
absorption and a maximum of polarization of about 3% is

measured in the vicinity of the XL absorption. The same
trend is observed at higher temperature �160 K� for AlGaAs
barriers with 15% aluminum content �not shown�.

Moreover, we have investigated the role of the band pro-
file away from zero bias on the measured photocurrent po-
larization. By applying a reverse bias we could expect a
more efficient extraction efficiency of the carriers from the
quantum well. However, under an external bias of Vbias=
−0.8 V and T=160 K on sample B2, a polarization close to
zero is again measured on the low-energy side of the XH
absorption line and a maximum polarization of about 1.5% is
evidenced close to the XL line �Fig. 5�. This demonstrates
that the negative external bias has a weak effect on the small
polarized photocurrent measured in these devices. The latter
could be explained by the fact that the spin-polarized elec-
trons are photogenerated in the quantum well and lose their
spin orientation before reaching the ferromagnetic layer �i.e.,
during the extraction process from the QW� in the range of
negative bias explored. To reduce this effect we have also
measured the polarized photocurrent following a laser exci-
tation in the AlGaAs barrier �spin-polarized electrons do not
need anymore to be extracted out of the well by tunnel ef-
fect�. However, almost no photocurrent polarization was ob-
served in these conditions.
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IV. ELECTRICAL SPIN-INJECTION MEASUREMENTS

In order to get further insights on the investigated hybrid
structures, we have then performed polarization-resolved
electroluminescence experiments in the same devices studied
in Sec. II, now operated as conventional LEDs by applying a
forward bias �with respect to the p-i-n junction� to the
structures.1,2,4–6,10,32 Results on the polarization of the emit-
ted light are displayed in Fig. 6 for sample AS1. When B
=0, both circularly polarized components of the electrolumi-
nescence related to the XH line are superimposed �Fig. 6�b��,
corresponding to a zero circular polarization rate as it is ex-
pected. On the contrary, when a longitudinal magnetic field
of 0.8 T is applied �Fig. 6�a�� rotating the magnetization in
the out-of-plane direction, an electroluminescence circular
polarization Pc

L of about 10% is measured. Figure 6�c� shows
the dependence of this circular polarization rate as a function
of the applied magnetic field. It is consistent with the in-
crease in the projection of the magnetization of the Co layer
along the growth axis, that is the quantization axis, in the
range of magnetic fields explored. As the hole spin is not
polarized under electrical excitation, the circular polarization
of the luminescence Pc measured for the XH exciton line
reflects directly the electron spin polarization Pe=

�n+−n−�
�n++n−�

�where n+ and n− are relative to the populations of electrons
with spin Sz=+1 /2 and Sz=−1 /2, respectively�. As the elec-
tron spin can undergo spin relaxation within the quantum
well during its lifetime, Pc is a low limit for Pe in a cw
experiment. A factor of merit 	= Pc

L / PCo of the spin injection
can be estimated. For a magnetic field of 0.8 T, the electron
spin polarization PCo in the Co �at the Fermi level�, which
tracks the magnetization of the Co layer, is of about 18%
�PCo�42% for B=1.7 T, at saturation36�. This leads to a

factor of merit of about 50% at 20 K. It is comparable to the
results obtained by Jonker and co-workers for a Fe /Al2O3
spin injector6 and demonstrates the quality of our device as
an efficient spin-polarized electron injector. We can notice
the much larger polarization measured here for electrical spin
injection compared to the very weak polarization of the pho-
tocurrent extracted from the same sample �see Sec. II�. To
complete these measurements, we have also probed the evo-
lution of the circular polarization of the electroluminescence
with temperature. Figure 6�d� exhibits a relative stability of
this circular polarization up to 70 K, with a slight decreasing
trend.

In order to interpret the photocurrent and electrolumines-
cence experiments at various temperatures, the electron spin-
relaxation time in the quantum well is an important param-
eter of the problem and should be measured independently.
This explains why we have performed time and polarization
resolved photoluminescence experiments22 on sample AS2,
similar to sample AS1, but without Al2O3 and cobalt layers.
The laser excitation is tuned above the band gap of the Al-
GaAs barrier �h
�1.697 eV�. Under these nonresonant ex-
citation conditions, the hole spin-relaxation time is very
short37 and the circular polarization of the luminescence
measured for the XH exciton line reflects then directly the
electron spin polarization. Figure 7�a� displays the copolar-
ized and counterpolarized PL intensity components, I+ and
I−, versus time at 20 K and the corresponding circular polar-
ization dynamics Pc

L. We find an electron spin-relaxation
time of �s�1000 ps and a carrier lifetime ��250 ps at T
=20 K. The temperature dependence of the electron spin-
relaxation time is displayed in the inset of Fig. 7�b� up to 90
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K. No strong dependence is observed in this temperature
range.

Using these complementary results obtained by TRPL, we
can now interpret the behavior of the circular polarization of
the electroluminescence with temperature displayed in Fig.
6�d� for sample AS1. One has to consider that, under cw
electrical excitation, the circular polarization rate of elec-
troluminescence is related to the circular polarization of elec-
trons Pe

initial just before they are trapped in the quantum well
by Pc=FPe

initial. The F factor can be written as F= 1

1+ �
�s

,

where � and �s are, respectively, the luminescence lifetime
and the electron spin-relaxation time.38,39

As it can be seen in the inset of Fig. 7�b� �bold triangles�,
�s is larger than 700 ps in the range of temperatures explored.
Besides the electron spin-relaxation time �s, the lifetime �
can also be measured; we find ��250–350 ps in the inves-
tigated temperature range �inset of Fig. 7�b�; open circles�. It
allows us to calculate the F factor �Fig. 7�b��. As �s is larger
than �, F remains close to the value 0.75. So one can deduce
from the relative stability of the circular polarization of the
electroluminescence with temperature on the one hand and
of the constant value of the F factor around 0.75 on the other
hand, that the electrical spin-injection process through the
interface is efficient and stable up to 70 K. Let us recall that
the photocurrent polarization measured on the same sample
in the same temperature range is in contrast very weak �about
2.7% at T=20 K and �0.5 % at T=70 K, see Fig. 3�b��.

The same striking difference is observed for samples B1
and B2 where the Al2O3 /Co layers are replaced by MgO/

CoFeB layers. Figure 8�a� presents the characteristics of the
polarized electroluminescence of sample B1 at T=20 K. We
measure a circular polarization of 30% at B=0.8 T, demon-
strating the very efficient electrical spin injection in this spin-
LED device. Again this polarization is much larger than the
one measured in photocurrent spectroscopy �about 3%, see
Fig. 4�. For higher temperature the electrical spin injection is
still robust as shown in Fig. 8�b� where the electrolumines-
cence circular polarization is close to 18% at T=160 K in
sample B2. Note that it is possible to measure the EL inten-
sity at T=160 K �and even at room temperature� in sample
B2 contrary to sample AS1 because of the higher AlGaAs
barrier �15% Al� in the former that allows a better carrier
confinement. Nevertheless the photocurrent polarization
measured on the same device is again very weak �see Fig.
5�a��.

In summary all the FM/semiconductor hybrid structures
investigated here exhibit large EL circular polarization, dem-
onstrating efficient electrical spin injection. However, in the
reverse operation regime, i.e., polarized photocurrent under
cw laser excitation, very small polarizations are measured
that we discuss in more details in the next paragraph.

V. DISCUSSION

First we propose to comment on the excitation energy
dependence of the polarized photocurrent measurements
�Figs. 2�b�, 4, and 5 in samples AS1, B1, and B2, respec-
tively�. As demonstrated below these measurements are key
elements to interpret the spin physics of these hybrid FM/
semiconductor structures. To simplify the interpretation we
have first measured the variation in the carrier spin polariza-
tion as a function of the excitation energy in a structure
�AS2� with no FM layer �photoluminescence under circularly
polarized light �+�. This measurement gives a good picture
of the dependence of the photogenerated carriers spin polar-
ization as a function of the laser excitation energy.40,41 We
then compare this dependence with the one measured by
photocurrent in the hybrid structure.

Let us recall the well-known optical selection rules for
optical orientation experiments in a GaAs/AlGaAs quantum
well.22 Due to confinement, the degeneracy between heavy-
hole �HH� and light-hole �LH� levels is lifted in the center of
the Brillouin zone. The transfer of the angular momentum of
a circularly polarized photon will result in two different
bound electrons-hole pairs involving different electrons spin
depending on the nature of the optical transition. A photon
�see Fig. 1�b�� from circularly right polarized light will create
a �Sz : �− 1

2 � ;Jz : �+ 3
2 �� electron-hole pair if the laser is tuned on

the E-HH transition whereas it will create in addition �Sz : �
+ 1

2 � ;Jz : �+ 1
2 �� electron-hole pair if the laser is tuned on the

E-LH transition �with an oscillator strength three time
smaller�. Here Sz and Jz are the projections along the growth
axis of the total angular momentum of the electron and the
hole, respectively.

The dependence of the photogenerated carrier spin polar-
ization as a function of the laser excitation energy h
 can be
easily measured independently in a polarized excitation of
photoluminescence �PLE� experiment.40,41 We have per-
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formed this experiment on the test sample AS2 which is
identical to the other samples except that there is no FM
layer. Figure 9�a� displays the PLE intensity measured at T
=15 K where the two excitons absorptions lines �at EXH for
XH and EXL for XL� are clearly evidenced. The detection
energy is set to the XH PL emission energy. In Fig. 9�b� the
circular polarization of the XH photoluminescence is pre-
sented as a function of the laser excitation energy h
. When
h
�EXH, we measure a very large PLE circular polarization,
up to 70% �reflecting the photogenerated electron-spin polar-
ization�. For larger photon energies h
, the circular polariza-
tion drops, becomes negative when h
=EXL and finally in-
creases up to 20%. This behavior is exactly what we expect
in a quantum well due to the optical selection rules.40,41 The
negative value observed when the laser energy is resonant
with the XL is due to the larger oscillator strength of the XL
exciton compared to the one of the E-HH pair transition oc-
curring at the same energy.

At this stage let us mention two important features when
one compares the polarized PLE and the polarized photocur-
rent experiments �Figs. 2�b� and 9�b�, for instance�: �i� a very
large electrons spin polarization is photogenerated when h

�EXH while zero spin-polarized photocurrent is measured
for the same energy: for instance, at h
=1.537 eV, the pho-
togenerated electron spin polarization is 70% �Fig. 9�b�� and
the polarized photocurrent polarization is Pc

J about 0
��0.2%�. No spin photocurrent is thus measured though a
strong electron spin polarization is photogenerated.

�ii� A small negative circular polarization is observed in
both experiments for excitation energies close to the XL ab-
sorption at h
=1.546 eV. A fast interpretation of the data for

these excitation energies would then lead to the conclusion
that the FM layer in that case would act as a spin filter and a
spin photocurrent would be evidenced. Nevertheless, we
demonstrate below that this interpretation is not valid.

As the results look rather contradictory �apparent obser-
vation of spin photocurrent for h
�EXL and no spin photo-
current for h
�EXH though the photogenerated electron spin
polarization is much larger�, we have measured the polarized
photocurrent on a test sample where the FM layer has been
replaced by a nonmagnetic platinum layer �sample C�.

Figure 10 displays the photocurrent characteristics �inten-
sity and polarization� as a function of the excitation light
energy in sample C at T=20 K. The surprising result is that
the data are very similar to the ones obtained in samples
AS1, B1, and B2 where FM layers were expected to play a
spin-filtering effect. No polarization is measured for h

�EXH and the maximum polarization, measured in the vicin-
ity of the XL absorption, is on the order of 2.9%. The same
oscillating behavior �a positive peak followed by a negative
one� is observed. The conclusion is that no spin photocurrent
originating from filtering effects has been evidenced in our
experiments whatever the nature of the hybrid structure
�samples AS1, B1, and B2�.

The observation of a small polarized photocurrent signal
for excitation energies close to XL more likely originates
from the following background Zeeman splitting effect. The
exciton Zeeman splitting in the external 0.8 T field yields a
slightly different absorption coefficient for �+ or �− excita-
tion light. As a consequence, the photocurrent intensity is
different for �+ or �− excitation yielding a polarized photo-
current signal with an oscillating behavior close to the exci-
ton absorption. Why do we observe this effect on the light-
hole exciton and not on the heavy-hole exciton? It is simply
due to the very different exciton g factor for XH and
XL.42–44 Carmel et al. measured a longitudinal exciton g
factor for XL five times larger than the XH one;44 this was
confirmed by magnetophotoluminescence experiments per-
formed by Chen et al. who claimed a factor 8 difference.42

This explains that for our modest external magnetic field of
0.8 T, no polarization is measured in the XH region whereas
a value on the order of 2–3 % is detected when the laser is
resonant with the XL absorption line. Figure 11 confirms this
interpretation. We have performed a very simple simulation
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of the photocurrent measurement by considering two Gauss-
ian XL exciton absorption lines separated by the Zeeman
splitting corresponding to 0.8 T. Using the light-hole exciton
g factor ��5� measured in Ref. 42, a linewidth �of 3.2 meV�
and a relative oscillator strength of the XL absorption with
respect to the E-HH free-carrier absorption extracted from
measurements of Fig. 4, we reproduce quite fairly the experi-
mental results of Fig. 4: a polarized signal of about 3% with
a positive and negative oscillation is observed in the vicinity
of the XL absorption line. This demonstrates that the FM
layers play no spin-filtering effects in the photocurrent mea-
surements presented in this paper: the weak polarization
��3%� evidenced in the experiments is simply attributed to
the Zeeman splitting of the XL absorption. Note that the
decreasing value of the photocurrent polarization with tem-
perature displayed in Fig. 3�b� for AS1 could be explained by
the broadening of the XL line with temperature.

Let us now come back to previous published results. Po-
larized photocurrent measurements in hybrid Ni80Fe20 /GaAs
Schottky diode structures were previously reported by Hiro-
hata et al.45 The excitation light was absorbed in bulk GaAs
and the variation in the photocurrent upon the light helicity
was measured. These authors initially claimed the observa-
tion of spin-dependent transport due to spin filtering in this
structure but more recently the same group performed sys-
tematic investigation with different FM layers �NiFe, Co, and
Fe� and concluded that at reverse and zero bias only circular
dichroism �
0.6%� was found and no spin-filtering effect
could be evidenced.31 This is in agreement with our results
obtained with the aforementioned hybrid FM/semiconductor
structures with insulator tunnel barriers �Al2O3 or MgO�. The
key point in our measurements is that we have checked on
the same structure that the FM layer acts as an efficient spin
aligner for electrical spin injection �spin-LED operation�
whereas the efficiency of this spin aligner was not probed in
previous published works.

Moreover, we now may provide further comments about
the very interesting work on spin photocurrent that was also
performed by Isakovic et al.26,30 in a device composed of an
InGaAs/GaAs quantum well and a Fe �or FeCo� FM layer on

a Schottky diode structure. They measured weak polarized
photocurrent signals �on the order of a few percents�. Nev-
ertheless considering the importance of background effects
�MCD in the FM layer and Zeeman effects in the semicon-
ductor�, they considered their results as suggestive of spin
transport but not conclusive. Our results obtained on devices
with insulating tunnel barriers confirm that the background
effects explain the weak measured polarized photocurrent.

The fundamental question is why spin-filtering effects of
the FM layer can hardly be evidenced in these photocurrent
measurements though the same devices, as demonstrated in
this paper, exhibit strong electrical spin-injection efficien-
cies. As initially suggested by Isakovic et al.,30 the key point
to measure spin photocurrent induced by spin-filtering ef-
fects of the FM layer is that the minority photogenerated
electrons �that is to say with a spin aligned in the direction
opposite to the magnetization of the magnetic layer� which
are reflected by the FM layer must undergo efficient recom-
bination �for example, with holes� in the semiconductor; oth-
erwise they could simply bounce back and finally enter the
ferromagnet, yielding the same flow of minority and majority
electrons through the FM layer in cw regime and thus lead-
ing to an overall vanishing spin photocurrent. This require-
ment of efficient recombination of minority electrons is usu-
ally not fulfilled in the hybrid FM/semiconductor devices
investigated here. If negative or zero external bias is applied,
there is no specific recombination channel for the electrons
which have a spin-orientation opposite to the FM magneti-
zation direction; in cw regime, this yields the same flow of
electrons with spin-up and spin-down tunneling through the
barrier and thus zero spin photocurrent can be measured.

However, if a competition channel �that allows recombi-
nation� exists, spin photocurrent might be measured. This
could explain why some signature of spin photocurrent may
have been evidenced for the devices of Ref. 31 under for-
ward bias i.e., close to �but inferior to� the voltage corre-
sponding to the flat-band situation. Nevertheless the interpre-
tation of the experiments in the forward-bias regime is rather
complicated since a large electron flow occurs simulta-
neously with the photocreated one.

In the end, let us comment a more recent experimental
result evidenced on a hybrid device based on a GaAs quan-
tum well and a Fe/Tb multilayer on top of an MgO tunnel
barrier.29 The novelty of this device is that the Fe/Tb
multilayer structure exhibits spontaneous out-of-plane mag-
netization induced by interfacial magnetic anisotropy. Polar-
ized photocurrent of about 3% was measured in this device
for zero external magnetic field and the authors of this work
demonstrated that this value is not due to the MCD in the
FM layers. These results could thus be interpreted in terms of
spin photocurrent due to the spin-filtering effect. However,
the excitation conditions used in this work are very different
to the ones used in previous work and in the present paper.
The photocurrent was measured with an ultrafast laser �pulse
width �80 fs� for the excitation source. This pulsed laser
excitation has two consequences: the peak power is very
large compared to the standard cw experiments �yielding a
much larger photogenerated carrier density� and �ii� the pho-
togenerated carriers are generated on a large spectral width
��25 meV�. These two characteristics make the comparison
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with the other experiments not straightforward. Though we
cannot exclude the possibility of true spin photocurrent in
this kind of device �the strong peak power might induced
nonlinear effects yielding specific recombination channel for
minority electrons in the semiconductor�, we believe that fur-
ther work is required to understand the exact role of the FM
layer as a spin filter. Finally, because the problem of
electron-hole recombination is involved, we believe that the
remaining obstacles to the evidence of spin-polarized cur-
rents photogenerated in a seminconductor should be dis-
criminated from those concerning all electrical injection-
detection measurements.15–21,46 More generally, the
observation of spin-filtered photocurrents requires alterna-
tives processes �other than the tunneling out process toward
the ferromagnetic electrode�, which are electron-hole recom-
bination or reabsorption �by the source� processes as in giant
magnetoresistance with metals. The general rule to obtain
desired effect is to ensure a matching between the injection
and detection impedances which is hardly attainable with
standard spin-LEDs operated in reverse bias regime

In conclusion, we have demonstrated the fundamental dif-
ferences between electrical spin injection and spin-polarized
photocurrent detection in hybrid ferromagnetic-
semiconductor devices. Though a very efficient electrical
spin injection is demonstrated with a measured circular po-
larization of the electroluminescence up to 30% for an exter-
nal field of 0.8 T, very weak polarizations of the photocurrent
are evidenced whatever the device is. The maximum mea-
sured value of the photocurrent polarization obtained under
resonant circularly polarized excitation of the quantum well
excitons is about 3%. The investigated devices based on
AlGaAs /Al2O3 /Co and AlGaAs/MgO/CoFeB layers do not

act as efficient spin filters for the currents flowing from the
semiconductor part to the ferromagnetic part of these struc-
tures though these layers are very efficient spin aligners for
electrical spin injection. We interpret the weak measured po-
larization of the photocurrent as a consequence of the Zee-
man splitting of the quantum well excitons which yields dif-
ferent absorption coefficients for the polarized excitation
laser with different helicities. This leads to different photo-
current intensities measured for the two circularly polarized
excitation cases. Finally, the requirement to measure large
spin photocurrent due to the spin-filtering effect of the FM
layer is the following: the minority photogenerated electrons
which are reflected at the interface must be cancelled out
through a channel competitive with the one corresponding to
the back scattering from the semiconductor part toward the
ferromagnetic layer. Engineering of new type of hybrid de-
vices where this condition is fulfilled will be an important
challenge in the future.
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