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We demonstrate high speed pulsed electrical spin injection from a CoFeB/MgO spin injector into a
AlGaAs/GaAs semiconductor light emitting diode. Under pulsed electrical excitation, time-resolved
electroluminescence on nanosecond time scale exhibits a plateau of circular polarization degree as
high as 15% under a 0.8 T magnetic field. It follows an initial decay that could be due to electron
spin-relaxation process in the quantum well embedded in the intrinsic region of the diode. The
temporal buildup of the electronic spin polarization degree in the quantum well is much faster than

the rise time of electroluminescence intensity. © 2009 American Institute of Physics.

[DOI: 10.1063/1.3110990]

The manipulation of the spin degree of freedom in semi-
conductors could yield to devices with additional functional-
ities. Various experiments have been performed in order to
electrically generate1 and control spin-polarized carriers in
semiconductors, in particular for high speed applications.2
Besides these schemes, a promising one could consist in in-
jecting spin-polarized currents in pulsed regime from a fer-
romagnetic (FM) source into a semiconducting heterostruc-
ture. For this purpose, an efficient injection of spin-polarized
electrons can be obtained by the insertion of a thin tunnel
barrier’ at the interface between both types of materials. In
particular MgO tunnel barriers yield very efficient spin
1nJect10n % thanks to the symmetry selectlon rules which
govern the tunneling transfer of carriers.” One of the most
powerful tools to estimate the spin injection efficiency is
based on the optical detection® ™" in devices called spin-light
emitting diodes (spin-LEDs) with a quantum well (QW) em-
bedded in the intrinsic region of the diode. The electron spin
polarization within the semiconductor can be inferred from
the measured circular polarization of the electroluminescence
signal (EL) through optical selection rules'' for a QW. To the
best of our knowledge, only quasistationary (cw) operating
mode for electrical spin injection has been evidenced up to
now by EL measurements. For future applications, it is also
important to demonstrate very high speed pulsed operation.
This could appear as a cornerstone for the generation of high
speed spin currents as well as the fast initialization of quan-
tum memories based on spin.

In this letter, we explore the ability of such device to be
operated under pulsed electrical excitation by time-resolved
EL, and we report on the ultrafast electrical injection of spin-
polarized electrons in a CoFeB/MgO/AlGaAs structure. A
quasiconstant circular polarization degree (P.) as large as
15% at T=15 K for a magnetic field of 0.8 T under electrical
pulsed excitation is evidenced during the very short nanosec-
ond window of light emission. This plateau behavior for P,
occurs after an initial decay that could be due to electron
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spin-relaxation process. In addition, it is established that the
electron spin polarization reaches its maximum value before
the first 700 ps of the EL emission.

The spin-polarized light emitting diode structure
[see Fig. 1(a)] was grown by molecular beam epitaxy
(MBE) for the semiconductor part before depositing the tun-
nel barrier/ferromagnet contact by sputtering method.
The p-i-n LED device has the following structure sequence:
p-GaAs:Zn (001) substrate (p=2x10" cm™3)/500 nm
p-Aly0sGagpAs:Be (p=1.7x10" c¢m™)/50 nm undoped
Al 0gGaggrAs/10 nm undoped GaAs /50 nm undoped
Alj 0sGag 9oAs/50 nm n-Aly o3Gag grAs: Si (n=1
X 10'® ¢cm™). The LED was passivated with arsenic in the
MBE chamber and then transferred in air into a magnetron
sputtering system to grow the CoFeB/MgO spin injector. Be-
fore that, the As capping layer was first desorbed at 400 °C
by in situ reflection high energy electron diffraction control
in a separate chamber connected to the main sputtering
chamber. The spin injector consists of a MgO tunnel barrier
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FIG. 1. (Color online) (a) Spin-LED structure. (b) /(V) characteristics at 15
K (thick line) and 300 K (thin line). (c) Scheme of the high speed electrical
pulse generator. (d) Up: time evolution of electrical pulse measured by a fast
sampling oscilloscope in the 2 ns range. Down: rising edge of the EL of a
VCSEL measured by the streakscope with a temporal resolution of 25 ps.
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with a thicknesses of 2.6 nm grown at 200 °C, followed by
a 3 nm CoyyFe,oB,y FM contact capped with 5 nm Ta layer
to prevent oxidation. The sputtering conditions for MgO and
metals can be found elsewhere.'” Circular mesas with
300 wm diameter were then processed using standard pho-
tolithography and etching techniques.

The EL measurements are performed at low temperature
(15 K) in a helium closed-cycle cryostat. For quasi-cw EL,
the sample is excited with square pulses of 5 us at 50 kHz.
For time-resolved EL, an electrical impulse generating cir-
cuit using a step recovery diode (SRD) (Ref. 13) from
MMD-0840 Aeroflex-Metelics Corporation, is inserted in the
cryostat and driven by a square-pulsed generator with a pulse
duration of 25 ns and rise and fall times of 3 ns [Fig. 1(c)].
The repetition rate is 2 MHz. We have characterized the im-
pulse forming circuit with a fast sampling oscilloscope (Tek-
tronic 3S1 sampling head) with a temporal resolution of 350
ps [Fig. 1(d)]: the square pulse duration is 4 ns. For the
polarization resolved EL measurements, the spin-LED is
placed into a Helmoltz-split magnetic coil providing a maxi-
mum magnetic field (B) of 0.8 T normal to the sample plane.
The EL signal is detected in the Faraday geometry. The EL
circular polarization degree P, is analyzed through a \/4
wave plate and a linear analyzer and is defined as P-=(I"*
—I17)/ (17" +1°7) where I°* and I are the intensities of the
right (o*) and left (o7) circularly polarized components of
the luminescence, respectively. Two different ways of detec-
tion are available: (i) a very low noise charged-coupled de-
vice with a monochromator is used for cw measurements
(the spectral resolution of the whole setup is of about 2
meV); (ii) a streakscope with a S20 photocathode is synchro-
nized with the pulsed generator to measure the time resolved
EL with a temporal resolution of 125 ps (for the range used
for the measurements in this paper) in photon counting
mode. Using the latter detector, we have characterized the
electrical pulse provided by the impulse forming circuit
through the EL of an ultrafast vertical cavity surface emitting
laser (VCSEL) 850 nm (HFE4080-321-XBA, Honeywell).
The rise [see Fig. 1(d)] and fall times are estimated about
100=25 ps (the streakscope is used with its fastest time
range, corresponding to a temporal resolution of 25 ps), that
is consistent with the transition time of 75 ps of the SRD
embedded in the impulse forming circuit.

Figure 2 shows typical cw EL spectra acquired at 15 K
under V=2.9V bias for B=0 [inset (b) in Fig. 2] and 0.8 T
[Fig. 2(a)]. Whereas the heavy-hole exciton (XH) EL peak
observed at 812 nm does not show any circular polarization
at zero magnetic field, the EL polarization reaches 21% * 2%
under 0.8 T."* According to the optical selection rules applied
to QW," the EL circular polarization P, is proportional to
the electron spin polarization Pp (P-=FPp). The factor F
=1/(1+7/7,) takes into account the electron spin relaxation
7, during its lifetime 7 in the QW.G’IS_17 F is estimated to be
around 0.50*0.03 by independent measurements of 7,
(=450=35 psat 1/¢) and 7(=450=20 ps at 1/¢) by time-
resolved photoluminescence® (TRPL). The time evolution of
the photoluminescence degree of circular polarization P, (af-
ter a 1.5 ps (o) laser pulsed excitation at 1.653 V) is dis-
played in the inset in Fig. 3(b). From this measurement, it is
possible to extract 7,=~450=* 35 ps. So the electrons spin
polarization Py in the semiconductor part, before electrons
are trapped in the QW can be estimated to be about Py
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FIG. 2. (Color online) (a) EL spectra at 15 K under an external magnetic
field of 0.8 T for 1°* (thick line) and I~ (thin line) EL components. Inset (b)
same quantities for B=0 T. Inset (c) bias dependence of the EL polarization
degree P(B=0.8 T).

=42% * 6%. Let us note that the saturation field for CoFeB
measured by superconducting quantum interference device
(SQUID) magnetometer measurements is 1.3 T. An extrapo-
lation procedure by matching the EL polarization results with
the SQUID data in the linear regime6 allows a rough estimate
of Pr at saturation; we find Pp~68% = 10%, proving the
very high efficiency of CoFeB/MgO spin injector. The bias
dependence of P is shown in the inset (c) of Fig. 2. After a
first increase toward a maximum regime of 21%, P monoto-
nously decreases with the applied Volta%e. This trend has
also been observed by Adelmann et al."™™® and Dong et al. 1
for different FM spin injectors. These authors attribute this
dependence to the variation in the ratio 7/ 7 as a function of
the applied voltage.
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FIG. 3. (Color online) (a) Right axis: time-resolved EL intensity at T
=15 K of the o+ (thick line) and o~ (thin line) polarized components with
an applied bias V=4 V for B=0.8 T. Left axis: time evolution of the EL
circular polarization degree P (open circles). The dotted line is a guide for
the eyes. (b) Right axis: time-resolved EL intensity at 7=15 K of the o+
(thick line) and o~ (thin line) polarized components with an applied bias
V=4 V for B=0 T. Left axis: time evolution of the EL circular polarization
P (open circles). Inset: time evolution of the circular polarization degree
P of the PL at T=15 K after a 1.5 ps (o+) laser pulsed excitation at 1.653
eV (above AlGaAs gap).
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After the characterization of spin injection by cw and
spectrally resolved EL, we turn now to the study of time-
resolved EL in the nanosecond range performed on the XH
peak. Figure 3 (right axis) shows time-resolved EL spectra
for I°" and I°” intensities acquired at 15 K for B=0.8 T (the
applied bias is V=4 V). The time origin r=0 is chosen when
the EL signal appears, that is 1700 ps after the rising edge of
the electrical pulse. We observe first an increase of the EL
signal with a rise time of about 1250+ 125 ps (measured
between 10% and 90% of maximum signal), followed by a
sudden drop with a characteristic time at (l/e) of
200125 ps, close to the temporal resolution of our setup.
This slow EL rise time, compared to the fast rise time (100
ps) of the applied voltage, is due to parasitic resistances,
inductances, and capacitances of the device. The temporal
window for EL emission (around 2.4 ns at the foot of the EL
pulse) is shorter than the electrical pulse duration (about 4
ns): it could be due to the fact that the threshold voltage for
EL emission is only reached for this window. The very fast
quenching of the EL signal in 200 ps indicates that the life-
time of carriers during the fall of the electrical pulse is no
more governed by radiative recombinations. This is opposite
to the case of TRPL measurements under pulsed laser exci-
tation where a characteristic lifetime at (1/e) 7 of
450£35 ps was previously measured® at 15 K. The fast de-
crease of EL intensity could be ascribed to the sweep of
carriers out of the QW corresponding to a short reverse peak
current at the end of the electrical pulse. The analysis of this
dynamical behavior is currently under investigation and is
beyond the scope of this paper. The time evolution of the EL
circular polarization degree P, can be deduced from /7* and
I°~ intensities and is displayed on the left axis of Fig. 3.
When a longitudinal magnetic field of 0.8 T is applied, an EL
circular polarization is evidenced [Fig. 3(a)], whereas no cir-
cular polarization can be detected for B=0 [Fig. 3(b)]. This
demonstrates a rapid establishment of the current-spin polar-
ization below the nanosecond scale. Due to a poor signal to
noise ratio, it is however not possible to determine P(z)
during the first 700 ps of the dynamics. From 700 ps to 1000
ps, P, decreases and then remains quasiconstant
(=15% *3%) during the whole dynamics. This could be due
to electron spin relaxation in the QW measured previously,
and could be responsible for the circular polarization de-
crease during the rising time of EL, before the system
reaches a quasistationary regime after around 1 ns (from the
point of view of P, evolution). The presence of a large cir-
cular polarization as soon as any EL signal is detectable
proves unambiguously that the build-up time of the elec-
tronic spin polarization in the QW embedded in the intrinsic
region of the diode is much faster than the rise time of EL
signal. The former takes place on a time scale at least shorter
than 700 ps.

In conclusion, we have demonstrated high speed pulsed
electrical spin injection from CoFeB/MgO spin injector into
a AlGaAs/GaAs semiconductor light emitting diode. This in-
jection is characterized by an EL circular polarization plateau

Appl. Phys. Lett. 94, 141109 (2009)

as high as 15% during the short nanosecond windows of
light emission at 15 K under a 0.8 T magnetic field. This
plateau occurs after an initial decay that may be due to elec-
tron spin-relaxation process in the QW embedded in the in-
trinsic region of the diode. We observe that the rise time of
electronic spin polarization rate in the QW is much faster
than the rise time of EL. Note that the time response of the
device could be shortened by reducing the size of the mesa
and by using an undoped substrate with air bridges to reduce
its capacitance. This could allow the excitation of the device
with electrical pulses shorter than 250 ps in order to follow
more accurately the spin dynamics as well as to get the elec-
trical spin injection at a higher repetition rate.
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cussions. This work is partially supported by the French
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