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Spin light-emitting diodes based on InGaAs/GaAs heterostructures and CoPty ferromagnetic contacts, where the
composition varied within (1 < x < 2.5), were formed and studied. It is shown that varying the composition of the
ferromagnetic contact provides control over the type of magnetic field dependence of the circular polarization degree
of electroluminescence. Research has shown that control is carried out by modulating the magnetic characteristics of
the films when varying the composition. The obtained result shows the possibility of controlling the magnetization
of the contacts of a spin light-emitting diode using a magnetic field, which is useful from a practical point of view.
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1. Introduction

Spin light-emitting diodes (SLEDs) based on semicon-
ductor heterostructures A"'BY with a ferromagnetic (FM)
metal injector is one of the basic elements of spintronics,
in which spin-dependent phenomena such as electrical
injection of spin-polarized carriers from magnetized FM
electrode into a semiconductor structure, spin relaxation of
carriers during transfer in the semiconductor material [1-3],
spin precession in the magnetic field of a non-uniformly
magnetized contact [4,5], as well as radiative recombination
with the emission of partially circularly polarized light are
realized. To date, the basic functions of the spin light-
emitting diode were realized at room temperature in a series
of papers [4-8]. Further development is associated with the
search for ways of practical application of SLEDs, their
integration into existing or new integrated optoelectronic
circuits [9]. One of the problems solved within the
framework of this aim is the search for ways to control such
important functional characteristics of SLEDs as residual
polarization (polarization in a zero magnetic field due to
the residual magnetization of the injector) and switching
magnetic field (from a state with circular polarization along
right circle to a state with circular polarization along the
left circle and vice versa). Control of these characteristics is
achieved by modulating the properties of the ferromagnetic
injector. The most common types of injectors based
on CoFeB alloys have a fixed composition and a small
number of degrees of freedom [8,10]. In contrast to
them, in injectors based on alloys CoPty, considered in
papers [4,5,11], the composition X can vary within wide
limits, while the above parameters of the hysteresis loop
also vary.

177

In this paper, the spin light-emitting diodes with injector
based on alloys CoPty are considered, where the composi-
tion varied within the limits (1 < x < 2.5). It is shown that
composition varying of the ferromagnetic contact provides
control of the type of magnetic field dependence of the
circular polarization degree of electroluminescent radiation,
while the maximum value of the circular polarization degree
(obtained in the maximum magnetic field) does not undergo
significant changes. The obtained result seems to be
important in view of constructing SLEDs with controlled
parameters of operating magnetic fields.

2. Methods of creation and investigation
of samples

The semiconductor part of the light-emitting diodes,
which is a heterostructure with a quantum well
Ing.13Gap 32 As/GaAs, was grown by vapor-phase epitaxy
from metal-organic compounds at atmospheric pressure of
hydrogen on substrates n-GaAs. The distance from the
quantum well to the surface of the structure (thickness of
the coating layer) was 30nm. After the end of epitaxial
growth a thin 1nm layer of dielectric — Al,O3, and metal
film based on alloy CoPty were deposited on the surface of
structures using electron beam evaporation in high vacuum
in a single technological process. Thus, a Schottky contact
was formed based on the ferromagnetic metal/tunnel-thin
dielectric/semiconductor system. The metal contact was
formed by alternate depositing of Co and Pt layers with
varied thickness amounting to 10 periods. Technologically,
the contact was a multilayer structure [Co(a)/Pt(b)]io,
where a and b — thickness of each layer in nm. The layer
composition was specified by setting technological thickness
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Figure 1. (a) Diagram of the sample for study; (b) geometry of measurements of the circular polarization degree of electroluminescence;
(c) geometry of measurements of the circular polarization degree of light passed through the layer CoPt, (Pr) and light reflected from
the surface at close to normal incidence (Pr); (d) electroluminescence spectrum of spin LED measured at a temperature of 10K and a

current of 10mA (current density 50 mA/mm?).

values X = b/a, thickness was controlled using a quartz
thickness sensor built into the technological equipment.
The layer deposition temperature was 200°C, the total
film thickness was (a+b)-10nm. To study magneto-
optical effects on the formed films the polished surface of
semi-insulating GaAs substrate was used as semiconductor
part. The diagram of the samples for study is presented
in Figure 1,a. A total of four samples were formed,
with different compositions: sample 1 (a=2, b=75),
sample 2 (a=3, b=35); sample 3 (a=4, b=35) and
sample 4 (a =4, b =4). The composition was selected in
accordance with previously obtained results, which showed
the presence of perpendicular magnetic anisotropy [12]
in films with such a composition, which is a necessary
condition for obtaining circularly polarized electrolumines-
cence [1].

The paper carried out studies of the phase composition
of the formed films, as well as measurements the magnetic
field dependences of the circular polarization degree of
the electroluminescence of the formed spin light-emitting
diodes. The phase composition and crystal structure of

the formed films were studied by X-ray diffraction using
a Bruker D8 Discover X-ray diffractometer. The crystal
structure of the GaAs substrates on which the multilayer
metal film was formed corresponds to a single-crystal and
is not considered in this paper. Phase analysis of the
films was performed using the built-in software of the
(DIFFRAC.EVA) device, using the database PDF-2. The
magnetic field dependences of the polarization characteris-
tics were measured in the magnetic field range 0—2000 Oe
at a temperature of 10K. To excite electroluminescence
radiation a direct electrical bias was applied to the samples,
and electroluminescence was recorded from the substrate
side. The electroluminescence spectrum is presented in
Figure 1,d. A peak with an energy of 1.35eV was recorded
in the spectrum, corresponding to the main transition in
quantum well with a given content of In. When LED is
introduced into magnetic field directed perpendicular to the
surface, its radiation becomes partially circularly polarized
due to the spin-polarized injection of carriers from the
ferromagnetic CoPt contact into the quantum well. In
this paper we measured the magnetic field dependences
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of the circular polarization degree of electroluminescent
radiation (Pgp).

To analyze the mechanisms of electroluminescence polar-
ization, as well as to study the magnetic properties of the
formed films, the circular polarization was measured upon
transmission and reflection of unpolarized light from a CoPt
film (the experimental diagram is shown in Figure 1,c).
For measurements we used standard structures formed on
i-GaAs substrates. During measurements the samples were
irradiated with unpolarized light with wavelength corre-
sponding to the main transition in the InGaAs quantum well.
The magnetic field dependence of the circular polarization
degree of radiation passed through a translucent film CoPty
and transparent for the used wavelength substrate GaAs
(Pr), as well as the circular polarization degree of Pg of
radiation components reflected from the layer CoPty at light
incidence close to normal (Figure 1, c).

The values of the circular polarization degree for all
geometries were calculated using the formula

1(6*) —1(c7)

P = —7 '1 0 1

where Pgprr) — the circular polarization degree of EL,
transmitted or reflected radiation in percent, |(c™) and
[(c—) — intensity of ¢t and o~ of polarized radiation.
To calculate Pt and Pg, the relative intensity of the
monochromatic radiation of a halogen lamp was measured.
To calculate Pgp the intensity of the diode radiation
was used; in this case, the intensities were obtained by
integrating the part of the spectrum corresponding to the
main transition in InGaAs quantum well.

3. Experimental results and discussion

Figure 2 shows the X-ray diffraction spectra of the films
studied for samples 1,2 and 3. The spectrum for sample 4
is similar to those presented, but is not shown to avoid
the Figure cluttering. The position of the main diffraction
maximum (DM) in the spectra does not correspond to
the lines for Co and Pt and known Co-Pt compounds.
The analytical software interprets the indicated peaks as
solid solution CoPty with a composition dependent on the
thickness ratio. Note, that this spectrum is typical for
most studied samples, the only difference being the precise
position of the main diffraction maximum. A monotonic
increase in the angular position of the DM with decrease
in Co relative thickness can be seen. Thus, in the formed
sample Co and Pt layers are significantly mixed with each
other, and the film itself is mainly a solid solution with
an average composition CoPty. The obtained result is
consistent with previously obtained data [13].

When diodes are introduced into external magnetic field
in the geometry shown in Figure 1,5, the electrolumines-
cent radiation becomes partially circularly polarized. The
dependencies of the circular polarization degree of EL on
the magnetic field for all studied samples are shown in
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Figure 2. X-ray diffraction spectra measured in the area

corresponding to the peak from the formed film. The numbers
correspond to the samples labeling. Vertical lines indicate the
angle values corresponding to the diffraction of Co and Pt.
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Figure 3. Magnetic field dependences of the circular polarization
degree of electroluminescence, measured at temperature of 10K
and diode current of 10mA (current density 50 mA/mm?). The
sample number for each curve is indicated on the graph (compo-
sition values are given in parentheses).

Figure 3. All dependences Pgp, describe a hysteresis loop
reaching saturation in fields up to 550—1300 Oe. The type
of dependences Pgp (H) is determined by the magnetic field
dependences of the magnetization of the studied layers
CoPty, which clearly demonstrates the similarity of the
hysteresis loops of circular polarization of EL (Pgp(H))
and polarization of light Pp(H) passed through the magnetic
layer (dependences Pr(H) are presented in Figure 4). For
both cases the magnitude of the coercive field (H¢), as
well as of the saturation magnetic field (Hs) depend on
the selected composition. The minimum values H; and
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Figure 4. Magnetic field dependences of the circular polarization
degree of transmission (Pt — lines) and reflection (Pr — dots),
measured at temperature of 10 K. Sample number for each curve
is given in graph.

Hs were obtained for the sample with the largest Co
layer thickness (a = 4), while Pt content varying has little
effect on these parameters. As Co thickness decreases,
the values H; and Hs monotonically increase to 1300 and
1700 Oe, respectively.

Thus, varying the thickness of Co layers in multilayer
structure makes it possible to effectively control the re-
magnetization parameters and set the magnetic fields for
switching circular polarization. The degree of EL polariza-
tion at magnetization saturation (Pgrs) non-monotonically
depends on Co thickness and varies from sample to sample
in the range of 0.6—1%. In contrast to Pgrs the polarization
of light when radiation passes through the film Prg varies
slightly from sample to sample (Figure 4) and amounts to
~ 2% for all samples.

Summary data on the circular polarization degree mea-
sured in various geometries for the studied samples are
presented in the Table.

Values of the circular polarization degree of electroluminescence,
as well as the circular polarization degree of transmitted and
reflected light, measured in magnetic field corresponding to
magnetization saturation (PgLs, P1s and Pgs respectively) for the
studied samples

No Composition | Pgrs, | Prs, | Pkrs, He, Hs,
(a/b) % % % Oe Oe
1 2/5 099 | 200 | —0.29 | 1350 | 1700
2 3/5 067 | 2.00 | —0.35 | 1150 | 1650
3 4/5 084 | 2.00 | —0.30 570 | 1150
4 4/4 064 | 200 | —0.44 500 | 1100

Let us proceed to discussion of the experimental results
obtained. The change in the parameters of the hysteresis
loop with varying Co content in the film CoPty is associated
with change in the magnetic anisotropy constant [14,15],
which value depends on the film composition. Note that
previously perpendicular magnetic anisotropy was recorded
for compositions in the range (a = 1-4A, b=4-5A),
when the composition deviates from the specified range,
the films are formed with easy magnetic axis in the
plane [13-15]. Thus, the film composition significantly
affects the magnetic anisotropy. Variation in the circular
polarization degree of electroluminescence may be due to
the following factors [1,5,16].

1. Equilibrium spin polarization caused by Zeeman split-
ting of levels in quantum well. According to the paper [5],
the value of the equilibrium spin polarization linearly
depends on the magnetic field, and in field of 2000 Oe the
value of the equilibrium spin polarization does not exceed
0.2%. Due to the specific nature of the dependence of the
equilibrium polarization, as well as due to its smallness this
factor will be excluded from consideration.

2. Injection of spin-polarized charge carriers from mag-
netized ferromagnetic contact into semiconductor and
spin relaxation of injected carriers at the ferromag-
net/semiconductor heterointerface and in the bulk of the
semiconductor. The circular polarization degree of recombi-
nation radiation in quantum well as a result of spin injection
is determined from the relation

PeL = Prmexp(—x/1)/ [1 + (TS/TR)], (2)

where Psm — spin polarization degree of carriers in ferro-
magnet [16], | — length of spin diffusion in semiconductor,
Ts — spin relaxation time, 7r — life time relative to
radiative recombination. Expression (2) is valid in the
case of relatively small external magnetic field, and under
the condition of high contact resistance at the ferromag-
net/semiconductor interface, which is quite consistent with
the CoPt/Al,O3/GaAs system under consideration. The
characteristic length of spin diffusion for holes in GaAs
is ~ 100nm [17). The spin relaxation time of holes in
similar InGaAs/GaAs quantum well system was previously
estimated as 6.5ps at temperature of 14K [18]. Also,
expression (2) does not take into account spin relaxation
at the ferromagnetic/semiconductor interface; this process
will ensure a decrease in the Psn, factor.

3. Precession of injected spin-polarized carriers as they
are transferred from the injector to the active region. This
factor affects both the absolute value and the sign of the
circular polarization degree; spin precession in spin light-
emitting diodes was studied in detail in the papers [4,5];

4. Additional factors influencing the value of Pgp are the
polarization of EL radiation upon reflection of unpolarized
light from magnetic layer and upon light passing through
magnetized ferromagnetic layer (Pr and Pt respectively).
In the measurement geometry used (Figure 1,b) the
detector registers only that part of the radiation that is
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output from the substrate side, so the light polarization
during transmission does not affect the measured value Pgp.
The polarization of the radiation reflected from the ferro-
magnetic layer can contribute to Pgp, since part of the
EL radiation is reflected from CoPt contact and output
from the substrate side in the geometry of Figure 1,5. To
estimate the polarization degree of the reflected radiation,
appropriate measurements were performed. In Figure 4,
the dots show the magnetic field dependence Pgr(H)
for the sample 1, measured in the geometry shown in
Figure 1,c. Similar to other characteristics, the type of
dependence Pg(H) is determined by the magnetization
of the ferromagnetic contact, and the polarization value
does not exceed 0.4%. The Table shows the values of
Prs at magnetization saturation. Due to the geometry
of the experiment, the polarization of the reflected light
has the opposite sign and, therefore, reduces the final
value Pgr. The quantitative contribution of this effect to the
value Pgp, cannot be assessed due to the complexity of the
intensity estimation of the light component reflected from
the contact CoPty (it is necessary to take into account the
transmittance, the possibility of multiple reflection, and the
directional pattern of EL radiation). At the same time note
that samples with the highest value Pgp, are characterized
by the smallest values Pr, which indirectly confirms the
influence of the reflected wave on the measured value of
the circular polarization degree, but does not explain the
recorded differences in Pgp for different samples.

Let us consider the influence of the second and third of
the listed factors on circularly polarized luminescence. The
coincidence of the values of the circular polarization degree
of light transmitted through CoPty indicates the similarity
of the magnetic structure, since the degree of interaction
of magnetic moments with the transmitted radiation is the
same for all samples. Therefore, we can conclude that
the value of the initial polarization Py is close for all
compositions of magnetic films. Spin relaxation during
transport of charge carriers in the spin injection mode
does not differ, since the films are formed on the basis
of the same semiconductor structure. Spin relaxation at the
interface also cannot differ significantly due to the similarity
of the properties of heterointerfaces for all films: in all
cases, a layer of Al,O3 1nm thick was deposited on the
semiconductor surface, and the first metal layer on the
surface of Al,O3; was always platinum.

According to papers [4,5] the value Py, is significantly
influenced by the precession of spin-polarized carriers
injected into the semiconductor from CoPty layer. It
was previously shown that the cause of precession is the
magnetic field of nonuniformly magnetized contact. The
presence of inhomogeneities of structure and composition
in the film creates an additional built-in magnetic field
in the near-surface region, which has components in the
direction perpendicular to the film normal. Due to the
precession of carriers in this built-in magnetic field, as they
are transferred to the active region, the average value of
the spin polarization and, as a consequence, the circular
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polarization degree of EL change. The magnitude of the
built-in magnetic field and, accordingly, the final recorded
value Pg; depend on the density of magnetic inhomo-
geneities.  Presumably, exactly this parameter changes
when the thickness of the layers of multilayer structure is
varied, which determines the modulation of the value Pgp,
from sample to sample. Note that the modulation of the
polarization degree is relatively small: the minimum value
obtained for the sample 2 was 0.6%, the maximum for the
sample 4 — close to 1%. The obtained values significantly
exceed the level of experimental error in Pg;, measurements,
which is ~ 0.05%.

4. Conclusion

Thus, the paper demonstrated the possibility to control
the parameters of the magnetic field dependence of the
circular polarization degree of electroluminescence in spin
LEDs with multilayer magnetic contact CoPty. Control
of the coercive field and saturation magnetic field within
500—15000Oe is carried out by varying the thickness of
Co layer (a). The paper did not reveal the influence
of thickness of Pt (b) on the magnetic characteristics;
nevertheless, Pt thickness affects the maximum value of the
circular polarization degree of electroluminescence. It is
assumed that the mechanism that controls the parameters
of the hysteresis loop is change in the magnetic anisotropy
constant; the mechanism responsible for the change Pgp
is spin precession in the built-in magnetic field of the
inhomogeneous magnetic film.

From a practical point of view, the obtained values of
the circular polarization degree of EL significantly exceed
the measurement error, which makes the formed diodes
promising in optical information coding systems [1]. The
ability to control the coercive field allows you to vary the
required value of the magnetic field of switching of the
spin light-emitting diode between two states of saturated
magnetization.
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