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Co,FeSi/ GaAs/(Al,Ga)As spin light-emitting diodes: Competition between spin injection
and ultrafast spin alignment
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Electrical injection from the Heusler alloy Co,FeSi into (Al,Ga)As is investigated for different growth
temperatures T of the injector layer. Depending on Ty, the spin polarization of injected electrons in the
semiconductor is determined by two competing mechanisms: actual spin injection at the Co,FeSi/(Al,Ga)As
interface and ultrafast spin alignment in the (Al,Ga)As layer. This layer is strongly affected by the thermally
activated diffusion of Co, Fe, and Si during the growth of the Co,FeSi layers. Despite the electrical compen-
sation and magnetic transformation in the underlying semiconductor structure, a spin-injection efficiency of at
least 50% is achieved as deduced from the analysis of electroluminescence and time-resolved photolumines-

cence data.
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Spin injection from ferromagnetic metals into semicon-
ductors is an important building block for spintronic
applications.'”* With respect to the desired high spin-
injection efficiency, a very promising concept is the introduc-
tion of a spin-dependent tunnel barrier between the ferro-
magnetic injector and the semiconductor as demonstrated
recently for the system (Co,Fe)/MgO/(Al,Ga)As.>% Assum-
ing perfect spin filtering by the tunnel barrier, a 100% spin-
injection efficiency can in principle be achieved. An alterna-
tive approach is to utilize a halfmetal as spin-injector
material. In this case, the complete spin polarization of elec-
trons at the Fermi energy necessarily leads to a spin-injection
efficiency of 100% without the need for a tunnel barrier act-
ing as a spin filter. In this respect, ferromagnetic Heusler
alloys are of particular interest due to the fact that some of
them have been predicted to be halfmetallic. For one mem-
ber of this material class, Co,MnGe, spin injection into
(Al,Ga)As has been investigated.” However, the spin-
injection efficiency has been limited to relatively low values
due to the formation of a disordered phase at the interface
with the semiconductor. The Heusler alloy Co,FeSi is also
predicted to be a halfmetal and has the advantage to be
closely lattice matched to GaAs allowing for the synthesis of
high-quality epitaxial layers on GaAs/(Al,Ga)As spin light-
emitting diodes (spin LEDs).

In this Rapid Communication, we investigate the spin in-
jection from Co,FeSi in GaAs/(Al,Ga)As spin LEDs. The
spin LEDs with a design similar to that given in Ref. 4 (cf.
Table I) were grown in a dual-chamber molecular-beam ep-

PACS number(s): 72.25.Hg, 72.25.Dc, 72.25.Mk, 72.25.Rb

itaxy (MBE) system. These devices comprise the following
layer sequence grown in the semiconductor-MBE chamber
on p-type GaAs(001) substrates: 400 nm p-GaAs (p=1
X107 ecm™), 200 nm p-Aly;GagoAs (p=1Xx10' cm™),
50 nm of undoped material containing a 10-nm-thick GaAs
quantum well sandwiched between 20-nm-thick Alj;GajAs
barriers, 115 nm n-Al);GageAs (100 nm with n=1
% 10'® ¢m™ and 15 nm linearly graded from n=1X 10'® to
5% 10" cm™), and 15-25 nm n-Aly;GayeAs (n=5X% 10"
cm™3). After the growth of the semiconductor structure, the
samples were transferred to the metal-MBE growth chamber
in ultrahigh vacuum, and a 9-nm-thick Co,FeSi layer was
deposited at temperatures of 100 °C (LED 1 and LED la),
200 °C (LED 2), and 300 °C (LED 3). For more details
about the Co,FeSi growth, we refer the readers to Ref. 8. The
MBE-grown structures were subsequently processed into
mesa-shaped devices with a diameter of 450 um. The elec-
troluminescence (EL) measurements were performed in Far-
aday geometry with the LEDs placed in a superconducting
magnet system. The circular polarization degree of the EL
signal was analyzed by using a photoelastic modulator
(PEM) in combination with lock-in detection. The degree of
circular polarization is determined by P=(I,—1_)/(I.+1_),
where I, (I_) is the intensity of right (left) circularly polar-
ized light. The absolute value of the polarization degree P is
identical to the spin polarization of the radiatively recombin-
ing electrons if the heavy holes are assumed to be unpolar-
ized. Time-resolved photoluminescence (PL) measurements
were performed using a synchro-scan streak camera system

TABLE I. Co,FeSi-growth temperature 7, postgrowth thermal annealing temperature 74, injector mate-
rial (Co,FeSi or Ti), and type of magnetic-field dependence in a spin-injection experiment (PM
=paramagnetic or FM=ferromagnetic) for the spin LEDs under investigation.

LED 1 LED 2 LED 3 LED la LED 2t LED 3t
T (°C) 100 200 300 100 200 300
T, (°C) — — — 300 — —
Injector Co,FeSi Co,FeSi Co,FeSi Co,FeSi Ti Ti
Type — PM FM FM PM —
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FIG. 1. Degree of circular EL polarization Pg; as a function of
external magnetic field of LED 2 at 20 K (squares), 50 K (circles),
and 100 K (triangles) together with the out-of-plane magnetization
curve measured by SQUID (dashed line in arbitrary units) and the
expected polarization for a paramagnetic DMS (solid lines) accord-
ing to a model based on Egs. (1) and (2).

in conjunction with a Ti:sapphire laser emitting 200 fs pulses
with a repetition rate of 76 MHz. An initial spin polarization
of photoexcited carriers was created by pump pulses, which
were right circularly polarized by means of a quarter-wave
plate. The emitted PL light was analyzed into its right (7,,)
and left (/,_) circularly polarized components.

Investigations of Co,FeSi/GaAs structures by transmis-
sion electron microscopy (TEM) as described in Ref. 9 re-
vealed interfacial reactions at growth temperatures T
>250 °C with the conclusion that 7;~200 °C is optimal
for achieving high spin-injection efficiency from Co,FeSi
into GaAs. However, the investigated LEDs exhibit varia-
tions in their electro-optical characteristics wider than ex-
pected from the structural data obtained by the TEM study.’
In particular, the EL intensity of LED 1 is too weak to de-
termine its polarization. In contrast, the EL intensity of LEDs
with higher Co,FeSi growth temperature is several orders of
magnitude higher, but their polarization properties are strik-
ingly different. The EL polarization (Pg;) of LED 2 is shown
in Fig. 1 as a function of the external magnetic field. Pg; of
this device does not follow the out-of-plane magnetization of
the Co,FeSi injector measured by superconducting quantum
interference device (SQUID) magnetometry (shown in Fig. 1
as dashed line in arbitray units and with the sign selected
according to that of P ), from which a saturation at an ex-
ternal magnetic field of about 1 T is expected. Instead, the
saturation of Pgp at 20 K requires a field as high as 8 T,
which resembles the magnetic response of a paramagnetic
material, such as a dilute magnetic semiconductor (DMS).

In contrast, the EL polarization of LED 3 clearly evi-
dences a ferromagnetic response since it tracks the magneti-
zation of the injector material over the whole range of mag-
netic fields as shown in Fig. 2 (note the different scale
compared to Fig. 1). A further striking difference between
LEDs 3 and 2 is the opposite sign of Pg;. Thermal annealing
of LED 1 for 30 min at 300 °C (LED 1la in Table I) results in
an EL intensity and a polarization response basically identi-
cal to the one of LED 3. It is important to note that the
observed polarization degrees of 15% to 20% in the satura-
tion range are basically one order of magnitude larger as
compared to our previous spin-injection experiments using
Fe, Fe;Si, or MnAs injectors.! 1011
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FIG. 2. Degree of circular EL polarization Pg; as a function of
external magnetic field at 20 K of LED 3 (squares) together with the
out-of-plane magnetization curve measured by SQUID (solid line in
arbitrary units). For a better comparison with the EL polarization,
the sign of the magnetization curve has been reversed with respect
to that in Fig. 1.

The complex behavior evidenced by Figs. 1 and 2 is elu-
cidated by secondary-ion mass spectrometry (SIMS) and
TEM. Figure 3 displays the SIMS depth profiles for Co [Fig.
3(a)], Fe [Fig. 3(b)], and Si [Fig. 3(c)] in spin LEDs onto
which a Co,FeSi injector was deposited at T;=100 °C,
200 °C, and 300 °C. Note that the injector layer has been
removed by selective wet chemical etching withHF prior to
the SIMS depth profiling. The concentration of all elements
in the upper Alj ;Gay9As layer, but particularly of Co and Fe,
is seen to increase drastically with increasing T;. For T
=300 °C, the concentration of both Co and Fe exceeds sev-
eral 10%° cm™ in the topmost 20 nm of the LED structure.
For the case of Fe, an Arrhenius plot of the integrated con-
centration yields an activation energy of 0.44 eV, while the
diffusion of Co seems to be more complex and cannot be

10"

“‘\"/4’.:' ;‘,...M‘M .
10" ML T i
107§ Si
10
10k
E
E

Concentration (cm™®)

—— T,=300°C
------ T, =200°C

10" ~

10" A ;(,'} g Ll T,

10°hL @ R

0 50 100 150
Depth (nm)

FIG. 3. Concentration depth profiles of (a) Co, (b) Fe, and (c) Si
in LEDs with Co,FeSi injectors grown at T;=300 °C (solid
curves), T3=200 °C (dotted curves), and T;=100 °C (dashed
curves) measured by secondary-ion mass spectrometry (SIMS). The
vertical dash-dotted lines indicate the intrinsic region of the LED
structures (i-QW).
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described by a simple activated process. Finally, the SIMS
profiles of LED 1la (cf. Table I) reveal that postgrowth ther-
mal annealing at 300 °C does not induce significant diffu-
sion into the semiconductor structure (not shown here).

SIMS integrates over an area of typically 60X 60 um?
and thus does not give information about the actual lateral
distribution of the diffused species. As mentioned above, pre-
vious TEM experiments in conjunction with x-ray diffraction
have revealed the formation of (Co,Ga)As precipitates at
growth temperatures above 250 °C.° At lower temperatures,
no precipitates were found suggesting that both Co and Fe
are incorporated as isolated impurities, which are expected to
be electrically active.

With the help of these additional experiments, we are in a
position to suggest a tentative yet comprehensive model for
the explanation of our results. At T;=100 °C, we suppose
that nonradiative defects are generated at the
Co,FeSi/ Al Gag ¢As interface and remain there due to their
insufficient mobility at this low temperature. Consequently,
the EL efficiency of LED 1 is very low. At T5=200 °C,
these nonradiative defects are presumably annihilated by dif-
fusion at the interface. However, significant diffusion of Co
and Fe sets in simultaneously, effectively converting the up-
per Aly;GajoAs layer into a DMS with paramagnetic re-
sponse. Finally, at T5;=300 °C, bulk segregation of Co and
Fe occurs causing the formation of precipitates and the
depletion of Co and Fe from the DMS matrix, which is very
similar to the behavior reported for Fe in GaAs.'>!3 This
process effectively depletes the matrix of substitutional Co
and Fe.

The observed saturation of the polarization at 8§ T for LED
2 (cf. Fig. 1) is a signature of spin alignment in a paramag-
netic semiconductor. Consequently, spin alignment in the up-
per Al ;GagoAs barrier has to be taken into account. We thus
expect the following magnetic-field dependence of Pg; in
thermal equilibrium:'#

B + B;
8 IU’B( 1nt) :| i (1)

Pg; (B) =tanh
EL( ) =tan { 2T

where kp is the Boltzmann factor and 7 is the temperature.
AE(B)=gugB is the energy separation between the Zeeman
sublevels of electrons in the upper Al ;Gag¢As barrier in an
external magnetic field B. For a magnetic semiconductor, we
have to consider the additional splitting AFE;,(B)=gugBin
generated by the internal field produced by the magnetic at-
oms given by

(2)

int

3 NoaxJB (gM,uBJB>
SMB ! kgT )’

where g,, is the g factor, J is the total angular-momentum
quantum number, and x is the concentration of magnetic at-
oms. Nya is the exchange constant and B;(B,T) is the Bril-
louin function. We analyze the data with a rate-equation
model, which takes into account spin scattering, such that
thermal equilibrium according to Eq. (1) is reached when the
spin-relaxation time is much shorter than the transit time of
the electrons through the upper Aly;GagoAs barrier.!> Fur-
thermore, our model assumes a generation term, which cor-
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responds to spin injection with a magnetic-field dependence
according to the ferromagnetic out-of-plane magnetization of
Co,FeSi. Indeed, the magnetic-field dependence in Fig. 1 can
be described very well by our model using a spin-relaxation
time about two orders of magnitude shorter than the transit
time. Since the transit time is expected to be on the order of
picoseconds, this finding constitutes an ultrafast spin align-
ment. For the remaining parameters in Egs. (1) and (2), we
assume values which are typical for GaAs-based DMS. !> The
observed temperature dependence between 20 and 100 K is
characteristic for a paramagnetic DMS and can be simulated
consistently with our DMS-related model (cf. Fig. 1; for de-
tails see Ref. 15) The sign of Pg; due to spin alignment
depends on the sign of the g factors of free electrons and
holes in the semiconductor structure. These signs and, exclu-
sively for a DMS, the sign of the exchange constant Nya
define the ordering of the Zeeman levels. We verified that the
spin alignment due to Zeeman thermalization in LEDs with-
out ferromagnetic injector leads to the opposite sign of Pg
as compared to that of LED 2. The corresponding contribu-
tion to Pg;, from Zeeman thermalization inside or below the
active region is observed in Fig. 1 for 7=20 K at very large
magnetic fields as a slight decrease of Pg;. Thus, the ob-
served sign of Pg; strongly supports our model.

The experimental observation for LED 3 (cf. Fig. 2) pro-
vides evidence for spin injection from Co,FeSi with the pref-
erential spin orientation opposite to that in thermal equilib-
rium in the DMS-like Al ;GayoAs barrier of LED 2. This
result is explained by the effective depletion of the upper
Aly 1Gag oAs barrier of substitutional Co and Fe so that spin
alignment is rendered ineffective. Our model is confirmed by
the results obtained from LEDs after the replacement of the
Co,FeSi injectors by a nonmagnetic Ti injector. After the
exchange of a Co,FeSi injector grown at 300 °C (LED 3t in
Table I) neither paramagnetic nor ferromagnetic behavior is
obtained. On the contrary, after removal of a Co,FeSi injec-
tor grown at 200 °C (LED 2t in Table I) we still observe a
clear paramagnetic signature with the absolute value of Py,
remaining nearly unchanged. The situation for Co,FeSi
growth at 200 °C is particularly interesting, since spin injec-
tion from ferromagnetic Co,FeSi presumably coexists with
the competing ultrafast spin alignment in the underlying
paramagnetic semiconductor. In order to explain the com-
plete absence of a remaining ferromagnetic signature in the
EL polatization (cf. Fig. 1), we have to assume a very strong
spin scattering in the topmost Alj;Gaj¢As layer leading to a
complete relaxation of spins into thermal equilibrium as
given by Eq. (1). Considering the large concentration of
magnetic impurities in that layer, this strong spin scattering
is not surprising.

Another interesting point we would like to stress is the
high EL polarization measured for LED la. Apparently, the
annealing effectively removes nonradiative defects but does
not induce a diffusion of Co and Fe into the semiconductor.
Consequently, MBE growth at low temperatures combined
with postgrowth annealing seems to be a potentially attrac-
tive strategy to produce efficient spin-injection devices with-
out strong interdiffusion at the ferromagnet/semiconductor
interface.

For obtaining the actual spin-injection efficiency S at the
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FIG. 4. Right (circles: 1,,) and left (squares: I,_) circularly po-
larized PL transients of the reference sample upon right circularly
polarized excitation in the barrier at 20 K. The lines indicate the
simultaneous fit of the data by the model mentioned in the text.

ferromagnet/semiconductor interface, we examine the carrier
recombination and spin dynamics in the active region of our
spin LEDs.!? For this aim, we perform time-resolved PL on a
reference n-i-n structure with an active region identical to
that of the spin LEDs under investigation. Figure 4 shows the
right and left circularly polarized PL transients from this
sample for excitation at an energy above the band gap of the
Al 1GagoAs barriers at 20 K. We analyzed the data with a
model which takes into account not only the spin flip of
excitons (7,) but also the spin flip of electrons (7,) and holes
(7,) and thus the participation of dark exciton states.'® A
simultaneous fit of the data for both polarizations by this
model (cf. Fig. 4) yields 7,=250, 7,=800, 7,=20, and the
radiative lifetime 7,=150 ps. With these values, the mea-
sured circular polarization Pg; of 17% corresponds to an
actual value for S of 51%. While this value is lower than the
desired one (100%), one has to bear in mind the efficient
scattering of spin-polarized electrons by the magnetic impu-
rities in the upper Al ;GagoAs layer as mentioned above.
This scattering reduces the initial spin polarization of the
electrons prior to their capture by the GaAs quantum well.
Therefore, the value deduced for § is still a lower limit for
the actual spin-injection efficiency at the ferromagnet/
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semiconductor interface. This result leaves us with the open
question of whether or not Co,FeSi is indeed a halfmetallic
spin injector. In this context, it is interesting to note that the
sign of Py observed for LED 3 (cf. Fig. 2) is opposite to that
of our previous spin-injection experiments using Fe, Fe;Si,
or MnAs injectors"!%!! reflecting a qualitatively different
electronic band structure in Co,FeSi.

Finally, let us stress that the diffusion of Co and Fe not
only leads to a magnetic modification of the topmost semi-
conductor part in our spin LEDs but also to an electrical one.
Since both Co and Fe are deep acceptors in (Al,Ga)As and
are both present in very large concentrations (cf. Fig. 3), the
topmost Aly ;GayoAs layer in our LEDs is unlikely to be n
type as intended but is probably entirely compensated by the
huge concentration of deep acceptors present in the material.
Thus, the topmost layer is expected to be depleted, which is
actually confirmed by capacitance-voltage measurements
(not shown here). Consequently, the formation of a Schottky
barrier at the ferromagnet/semiconductor interface cannot
take place, and tunneling should not play a significant role
for the injection process. At the same time, we observe a
rather large spin-injection efficiency, which casts doubt onto
the common belief that tunneling is a prerequisite for spin
injection from a metal into a semiconductor.

In summary, we have studied the electrical injection from
the Heusler alloy Co,FeSi into (Al,Ga)As. The magnetic and
electrical properties of the semiconductor part in the investi-
gated spin LEDs have been found to be strongly modified by
thermally activated diffusion during MBE growth. The cor-
responding polarization of the EL reflects the competing
mechanisms of spin injection and ultrafast spin alignment.
Despite the strong diffusion of magnetic acceptor species, a
large spin-injection efficiency of at least 50% has been
achieved. Our results demonstrate the potential of Co,FeSi
for being a halfmetallic spin injector and indicate that tun-
neling is not necessarily an important process for spin injec-
tion at metal/semiconductor interfaces.
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