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Increase in spin injection efficiency of a CoFe/ MgO„100…
tunnel spin injector with thermal annealing
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Postgrowth thermal annealing of a CoFe/ MgO共100兲 tunnel spin injector grown on a
GaAs/ AlGaAs quantum well structure results in a significantly increased spin injection efficiency as
inferred from the polarization of heavy-hole electroluminescence from a quantum well optical
detector. The as-deposited sample displayed an initial polarization at 100 K of 43%, which was
increased to 52% after a 1 h anneal at 300 ° C, and finally to 55% after a second 1 h anneal at
340 ° C. The polarization remained unchanged upon further annealing to temperatures as high as
400 ° C. These results show that tunnel spin injectors based on CoFe/ MgO are robust with high
thermal stability, making them useful for device applications. © 2005 American Institute of Physics.
关DOI: 10.1063/1.1787896兴
The pursuit of electronic devices with enhanced functions deriving from the manipulation of electron spin has
created a field of “spintronics.” Manipulation of spin states
within metals and semiconductors has the potential to produce sensors, memory, and circuit components that could
provide nonvolatility, increased speed, and density, and decreased power consumption as compared to existing chargebased technologies.1–3 In recent years there has been much
focus on the creation of populations of spin-polarized carriers inside semiconductors, since this is the first step towards
the development of semiconductor spintronic devices. Initial
work using diluted magnetic semiconductors at low temperatures demonstrated highly efficient spin injection into
semiconductors.4–6 However, the low magnetic ordering
temperatures of these materials make them less attractive
than injectors using traditional ferromagnetic 共FM兲 metals,
which have Curie temperatures well above room temperature. While the conductivity mismatch between such metals
and semiconductors may limit spin injection efficiency in the
diffusive regime,7 transport in the tunneling regime overcomes this obstacle.8 Indeed, several groups have successfully injected electron currents with high spin polarizations
into semiconductors using tunneling contacts between FM
metals and semiconductors.9–14
A key characteristic of a spin injector is its tunneling
spin polarization 共TSP兲, which determines the maximum
possible spin polarization of the current injected into the
semiconductor. The TSP will depend significantly on the tunnel barrier material and structure.15,16 In particular, theoretical modeling by Butler et al.15 revealed that the tunneling
conductance in an Fe/ MgO共100兲 structure is dominated by
the majority spin ⌬1 state, which decays slowly inside the
crystalline MgO barrier along the 共100兲 direction, thereby
giving rise to highly spin-polarized tunneling current. Indeed, Fe/ MgO/ Fe tunnel junctions have been predicted to
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display tunneling magnetoresistance 共TMR兲 values as high
as 1000%.16 Experimental studies motivated by these predictions have shown TMR values exceeding 220% at room temperature and tunneling spin-polarization values of up to 85%
in tunnel junctions using MgO, far outperforming conventional junctions with Al2O3 barriers.2 In this letter, we demonstrate that highly spin-polarized current injection from
CoFe/ MgO injectors into GaAs is significantly improved by
thermal anneal treatments and that these tunnel spin injectors
show remarkable thermal stability to temperatures up to
400 ° C.
In these experiments, the semiconductor light-emitting
diode for spin detection was grown by molecular
beam epitaxy with the following structure: p+-GaAs共100兲
substrate/570 nm p - Al0.08Ga0.92As buffer layers with a
stepped
doping
profile/ 75 nm i - Al0.08Ga0.92As/10 nm
i-GaAs / 15 nm i - Al0.08Ga0.92As / 100 nm n - Al0.08Ga0.92As
共n ⬃ 5 ⫻ 1016 cm−3兲 / 5 nm i-GaAs. The sample was then
capped with an arsenic protective layer and transported in air
to a magnetron-sputtering chamber where the tunnel spin
injector was grown. Prior to growth, the sample was heated
to 550 ° C to remove the arsenic cap, and then cooled to
room temperature for deposition. Shadow masks were used
to deposit ⬃3 nm MgO barriers followed by 5 nm CoFe ferromagnetic emitter electrodes. Finally, a 10 nm Ta layer was
grown to protect the emitter from oxidation. The final spin
injector structure had an active area of ⬃100⫻ 300 m2.
The postgrowth anneals were conducted in a high vacuum
annealing furnace for 1 h at the selected anneal temperatures.
The electroluminescence 共EL兲 measurements utilize a
superconducting magnet cryostat with optical access, to allow for the measurement of the polarization of light emitted
from the GaAs/ AlGaAs quantum well. A magnetic field was
applied perpendicular to the film plane. The EL signal was
detected from the front side of the sample through the
CoFe/ MgO injector. In this Faraday geometry, the optical
selection rules provide a direct correlation between the EL
polarization and the spin polarization of the electrons just
prior to recombination.17 A bias voltage 共VT兲 applied between the back side of the semiconductor wafer and the
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FIG. 1. Magnetic-field dependence of PEL 共a兲 and PC 共b兲 at 100 K with
VT = 1.8 V for the measured EL polarization before annealing 共䊏兲 and after
annealing at 340 ° C 共쎲兲. The current was 0.12 mA before anneal and
0.1 mA after the 340 ° C anneal. Inset in 共a兲 are typical EL spectra 共here,
taken after the 340 ° C anneal兲 at −5, 0, 5T, where bold and thin black lines
represent the left 共+兲 and the right 共−兲 circular polarization components,
respectively. The solid lines in 共b兲 represent the CoFe moment measured
with a SQUID magnetometer at 20 K, where the moment values are scaled
for comparison with the PC curves.

CoFe/ MgO injector was used to vary the injection current.
Figure 1 shows representative EL polarization measurements at 100 K for the sample before 共䊏兲 and after annealing
at 340 ° C 共쎲兲. In these measurements a 1.8 V bias voltage
was applied. The measured current was 0.12 and 0.10 mA
before and after the anneal, respectively. The inset in Fig.
1共a兲 shows typical EL spectra in perpendicular magnetic
fields of −5, 0, and 5 T. The heavy-hole emission at longer
wavelengths is well separated from the light-hole emission
that appears at shorter wavelengths. Since the electron
heavy-hole EL polarization is equal to the spin polarization
of the recombining electrons, only the heavy-hole EL polarization, denoted as PEL, will be considered here. The dominance of the left 共+兲 circular component at positive field and
the right 共−兲 circular component at negative field indicates
majority spin carrier injection, and as expected, the two components are identical in the absence of a magnetic field. The
relative intensities of the two circular components determine
PEL: PEL = 共I+ − I−兲 / 共I+ + I−兲 where I+共I−兲 is the intensity of the
+共−兲 component. As the magnetic field is increased from
zero, PEL increases quickly as the CoFe moment is rotated
out of plane. After the moment saturates at ⬃2 T, PEL continues to increase, but slowly, with field. This slight increase
of polarization at high field may be due to field-dependent
spin relaxation or electron-hole recombination inside the
quantum well. Although the higher polarization at higher
fields may more truly reflect the polarization of the injected
electrons, the increase in polarization at higher fields is
treated here as a linear background contribution and is subtracted from the PEL curves shown in Fig. 1共a兲 to produce the
polarization 共PC兲 curves plotted in Fig. 1共b兲. At 100 K, PC
reaches a value of 43% before annealing 共䊐兲, but increases
significantly to 55% after annealing at 340 ° C 共䊊兲. A measurement of the CoFe magnetic moment 关carried out with a
superconducting quantum interference device 共SQUID兲 magnetometer兴 with field perpendicular to the sample plane is
plotted in Fig. 1共b兲 共solid lines兲 with the magnitude scaled
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FIG. 2. Measured temperature dependence of PC at 1.8 V before annealing
共쎲兲 and after the 300 ° C 共䉱兲, 340 ° C 共䊐兲, and 400 ° C共+兲 anneals. A significant increase in PC occurs at temperatures above 70 K after the 300 ° C
anneal, and subsequent annealing to 340 ° C increases PC slightly at all
temperatures. Further annealing up to 400 ° C produced only very small
additional changes in PC.

for comparison with the PC curves. The excellent matching
of the SQUID data to the PC results confirms that the measured polarization derives from the CoFe film layer. To exclude possible artifacts in the experiment, the same measurement was conducted on a control device with a nonmagnetic
Pt/ MgO injector, which showed only a small PEL共⬍1%兲 that
was not field dependent. In addition, photoluminescence experiments indicated that the effects of polarization-dependent
absorption and reflection within the CoFe/ MgO injector and
semiconductor structure are small 共⬍2 % 兲.
Figure 2 plots the PC values for temperatures up to
100 K with VT = 1.8 V before annealing 共쎲兲 and after the
300 ° C 共䉱兲, 340 ° C 共䊐兲, and 400 ° C共+兲 anneals. Note that
the small confinement potential of the GaAs/ Al0.08Ga0.92As
quantum well detector precluded measurements at temperatures greater than ⬃100 K. The curves in Fig. 2 closely resemble the temperature dependence of PC reported in similar
devices,14 which likely derives from changes in both the spin
relaxation time and recombination lifetime with temperature
within the quantum well.18,19 Anneals at 180, 220, and
260 ° C introduced negligible changes in the EL polarization
共not shown兲. However, annealing at 300 ° C produced a pronounced increase in PC by nearly 10% for temperatures
above 70 K, although only a modest improvement in polarization was seen for measurements below 70 K. Further annealing up to 400 ° C resulted in marginal additional improvements in PC at all temperatures 共see Fig. 2兲.
Figure 3 illustrates, more clearly, the temperaturedependent increase in PC seen after annealing. The change in
PC with temperature is plotted as:
⌬PC共T兲 PC⬘ 共T兲 − PC共T兲
=
,
PC共T兲
PC共T兲
where PC⬘ is the polarization after a respective anneal and PC
is the polarization before any anneal treatments. Since PC
exhibits a strong nonmonotonic temperature dependence, this
normalization procedure allows changes in PC at each temperature to be identified more easily. Since the growth temperatures for the semiconductor heterostructure far exceed
the anneal temperatures used in these experiments, the spinrelaxation mechanisms in the quantum well should not
change much with these anneal treatments. From Fig. 3,
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FIG. 3. Temperature dependence of normalized changes in polarization
⌬PC共T兲 / PC between PC before and after annealing at 300 ° C 共䉱兲, 340 ° C
共䊐兲, 400 ° C 共ⴙ兲 for VT = 1.8 V.

⌬PC / PC at temperatures greater than 70 K is noticeable
larger than below 70 K, while a spike occurs at 80 K due to
a large improvement of PC. Subsequent anneal treatments at
higher temperatures show similar ⌬PC / PC behaviors.
The annealing effects on EL polarization, seen in Figs. 2
and 3, merit further discussion. Thermal annealing likely improves the MgO interfaces as well as the quality of the
CoFe/ MgO共100兲 tunnel barrier. Changes in the tunnel injector on annealing resulted in successive decreases in tunneling
current, at 1.8 V, from 0.12 mA before any anneal treatments to 0.093 mA after the final 400 ° C anneal. Improvements in the tunnel spin injector structure with anneal treatments have been found to lead to a more highly spinpolarized current2 which should thereby lead to increased
PC. However, PC does not increase systematically at each
temperature, but rather there appears to be an unusual temperature dependence to ⌬PC共T兲 / PC, as shown in Fig. 3.
One possible explanation for the temperature dependence of the polarization improvement shown in Figs. 2 and
3 is a contribution from a low Curie temperature component
to the magnetization of the device. It has been postulated that
such a contribution may account for discontinuous increases
of TMR with decreasing temperature below ⬃70 K, sometimes observed in magnetic tunnel junctions 共with Al2O3 tunnel barriers兲.20 Annealing could raise the Curie temperature
of this component and thus extend its magnetization contribution to higher temperatures. However, the increase of ⌬PC
with temperature seen between 70– 80 K is too abrupt to
model as such a Curie temperature effect and, moreover, the
source of such an effect is unclear.
Another possible explanation for the experimental results are possible variations in electron spin relaxation arising indirectly from thermal annealing. While the semiconductor heterostructure is unlikely changed by the
comparatively low-temperature anneal treatments used here,
changes in the tunnel barrier could affect the trajectories of
the electrons injected across the tunneling barrier. Since the
tunneling probability depends exponentially on the tunnel
barrier thickness, it is possible that changes in the tunnel
barrier structure on annealing alter the angular spread of the
cone of injected electrons. Since the relaxation of the electron’s spin is strongly dependent on its momentum perpendicular and parallel to the plane of the quantum well structure, changes in the cone angle may well result in changes in

spin relaxation in the semiconductor heterostructure. Since
PC shows a nonmonotonic temperature dependence, changes
in spin relaxation could account for the observed changes in
PC with anneal treatments. Indeed, the large spike at 80 K
seen in Fig. 3 arises because the increase in PC with temperature observed at temperatures above ⬃80 K in the asdeposited sample begins at a lower temperature of ⬃70 K
after the anneal at 340 ° C. Similarly, the minimum in PC共T兲
shown in Fig. 2 is moved to a lower temperature after annealing. These observations suggest the possible decrease of
a temperature at which a specific spin-relaxation mechanism
is suppressed by thermal annealing effects.
In conclusion, a tunnel spin injector formed from
sputter-deposited CoFe/ MgO共100兲 at room temperature not
only exhibits high spin injection efficiency into GaAs at temperatures up to ⬃100 K 共where the measurement temperature is limited by the properties of the quantum well optical
detector兲, but the spin injection efficiency increases when the
device is thermally annealed. Heavy-hole electroluminescence polarization values as high as 55% are observed at
100 K after anneal treatments up to 400 ° C. Their efficient
spin injection and robust thermal stability make CoFe/ MgO
tunnel spin injectors attractive candidates for spin injection
and detection in semiconductor spintronic devices.
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