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By using current—voltage characteristic and electro-photo luminescence measurements,

the efficiency of spin

electronic injection was investigated in the Co/ Al,O3 tunnel barrier/GaAs based structure, where spin current was
generated by electric injection from FM to GaAs through the tunnel barrier. The investigations were performed on the
devices with different tunnel barrier thickness of Al;,O3 surmounted by a thin Co ferromagnetic layer. The increase of
the effectiveness of the electrical injection was identified by an increase in the intensity of electroluminescence; thereby
we can define the optimal thickness of the layer of Al,O; as a tunnel and as a diffusion barrier. Also, manipulation of
the tunneling barrier thickness leads to control of emission threshold of diode structures and sensitive diode. We also
demonstrated the dependence between the tunneling barrier thickness and Schottky barrier height and the resistance

of diode structure.
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Introduction

Spintronics, in which spin degree of freedom
of electrons utilize for novel electronic devices
with potentially lower power consumption, faster
operation and smaller size [1—-2] such as spin light
emitting diode (spin-LED) devices [3—4], has
gained a lot of attention in recent Several decades
in solid state and semiconductor Systems [5].
Spintronics, represents one of the most promising
candidates as an alternative solution to standard

electronics technology, which it is known will

reach physical limitations in the near future [6].

Spin-LED
studied for development of semiconductor-based

structures have been extensively
spintronics technology, because of the ease and
low cost of manufacturing as well as lack of
need for complex and advanced equipment for
the preparation of such structures. Development
of spintronic devices needs to achieve efficiently
injecting spin polarized carriers from FM into a
semiconductor, transporting them over reasonable
distances without spin-flipping and then efficient
detection of them. Generation of spin polarization
can achieve by optical techniques or by magnetic
semiconductors or ferromagnetic contacts [7; 8]. In
process efficient injection spin polarized carriers
from FM into a semiconductor, it is created some

of problems as the conductivity mismatch [9]

on interface between FM and semiconductor,
it overcome this problem bye use typically a
thin tunneling barrier [10—11] between FM and
semiconductor as AlyOg barrier [12—13], through
MgO [13—14] and through GaO [15].

Our study was carried on the diode structures
based on InGaAs/GaAs QW with FM (Co)/
Al,O3, where AlyOg3 played a role of the tunnel
barrier. The deposition of Co layer directly on the
semiconductor leads to the emergence of several
problems including: 1. Emergence of defects on the
interface, which leads to an increase of relaxation
speed (the speed of loss of polarization increases).
2. Diffusion of defects (impurities) into the cover
layer leads to increase of dispersion as well as
their arriving into the diode effective region leads
to formation of the non-radioactive recombination
centers. 3. The conductivity mismatch problem
between the semiconductor and the metal, which
form the basis of an obstacle in the process of
spin injection.

In order to overcome these problems we
used a thin tunnel barrier [16; 17] between the
and the
which is considered as a tunnel for polarized

ferromagnetic metal semiconductor,
electrons transit without resistance and without
any loss of energy and spin polarization of the
carriers. Thickness of the tunneling barrier plays

a key role in the control of the injection process
© Saeid S., 2015
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Fig. 1. Electron microscopic image of a cross section structure with three QWs

also as a diffusion barrier, which prevents the
diffusion of FM cobalt atoms into the cover layer
and thus reduces amount of defects in the cover
layer and in the interface. Several experiments
were carried to obtain the optimum value of the
thickness of the tunneling barrier, which allows
access to the maximum amount of spin injection.

1. Experimental

The studied samples were grown by metalorganic
chemical vapour deposition (MOCVD) method
under atmospheric pressure of hydrogen [18]
for the semiconductor part and by the electron-
beam evaporation method in vacuum for the
tunnel barrier/ferromagnetic metal part. We have
fabricated structures containing three QWs (fig. 1.)
with different contents of In (x =0.25, 0.20 and
0.15) and located at different depths (30, 70, and
110 nm, respectively) from the surface. The QWs
emit photo- or electroluminescence with different
intensity and then it enabled us to measure
the penetration of Co atoms into structure. We
used substrates of n-GaAs (001), so that the
circular polarization was due to spin-polarized
holes injection from ferromagnetic contact into a
semiconductor. The experiments were carried on
two types of samples: 1 — samples with cover layer
depositing at temperature 630°C, 2 — samples with
cover layer depositing at temperature 400°C. The
cover layer thickness was up to 30 nm. Also we
confirmed the data obtained in the investigation
of structure by transmission electron microscopy
(JEM-2100F) on cross-sectional samples.

The distribution of components and impurities
were analyzed at the cross-sectional structure
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Fig. 2. The current-voltage characteristics of the diode: 1 —
Al,O3 (0.5 nm)/Co/Au; 2 — Al,O3 (1 nm)/Co/Au; 3 — AlyO4
(1,2nm)/Co/Au; 4 — AlyO5 (2 nm)/Co/Au

using of Energy dispersive X-ray spectroscopy
(EDS), integrated in the electron microscope. The
PL was excited by He-Ne laser with power of
30 m W, and spectra PL and EL were recorded at
77 K, spectra current—voltage characteristic were
recorded at 300 K and 77 K.

2. Results and discussion

The fig. 2 shows, that resistance increases with
tunneling barrier thickness growing and at the
same 0.75 V voltage the least thickness passes the
largest tunneling current. But the decrease of the
tunneling barrier thickness leads to the diffusion
of the larger amount of impurities into the diode
structure. So there is an equation which must be
achieved, that is the largest amount of electrons
injected from FM to semiconductor and smallest
amount of impurities diffuse into diode structure.

As a result of application of the Al,Os film
between the FM (Co) and GaAs cover layer, QW-1
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Fig. 3. The photoluminescence spectra of the structure with
three quantum wells: 1 — initial sample; 2 — after deposition
of Al,O5(1,2nm)/Co; 3 — after deposition of AlyO3 (1 nm)/Co;
4 — after deposition of Al,O3 (0,5 nm)/Co

and QW-2 (fig. 3.) have not changed (intensity
of PL peaks are practically unchanged). QW-3
(closest to the surface) is partially changed due
to changes in the thickness of AlyO3 (intensity
of PL peaks partially changed). This depends
on the change of amount of Co atoms (defects)
which diffuse through the tunnel-thin layer of
Al,Og3. Fig. 3 shows that, as a result of AlyOg film
deposition (1.2 nm) the intensity stays the same
(PL intensity peaks are practically unchanged).
Fig. 3 demonstrates slow penetration of Co atoms
by wusing tunnel-thin layer of Al,O3 (=1 nm
thickness) as the diffusion barrier, which prevents
a negative effect of luminescence quenching.

Fig. 4 shows that the Schottky barrier height of
the diode structures with Au, Au /Co is relatively
0.85 eV,
respectively. In forming the Co layer between
the Au and GaAs, the Schottky barrier height
is reduced on 0.1 eV, ie. the height is virtually
constant.

large and it is approximately 0.86,

As the resistance increases slightly and its value
is 0.95 Q, the resistance is practically unchanged
(fig.5). The resistance of diode structures with Au,
Au / Cois approximately 3.04, 3.994 Q. In forming
the AlyO3 tunnel barrier between Au / Co and
GaAs with a thickness of 0.5 nm, the Schottky
barrier height sharply decreases to 0.74 eV. This is
due to the low amount of impurities diffused into
the structure, and due to the tunnel effect, which
allows the charge carriers to move freely between
the semiconductor and the conductor.

Thus the resistance begins to increase to a value
of 22.01 Q. It should be noted that with increasing
of the tunnel barrier thickness to 1 nm and then
to 1.2, the Schottky barrier height increases to

0.9 [T=300K
[ ] |
> 0.7
Qo
5 0.6
<
.%‘3 0.5
< 04af— [T=77K]
0 3 L '\ ‘/_/ll
: | \“_/n/
0.2 0.0 0.5 1.0 1.5 2.0

Thickness, AlyO3, nm

Fig. 4. Schottky barrier height dependence of the thickness of
Al,O3 intermediate layer at 300 K and 77 K
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Fig. 5. The resistance dependence of the thickness of AlyO4
intermediate layer at 300 K and 77 K

2.0

0.75—0.81 eV respectively. The Schottky barrier
height reaches the initial value by using a thin
layer of 2 nm thickness.

This means that the tunneling process is more
difficult with increasing of the AlyO5 thickness.
And it becomes almost uninteresting to us, when
the thickness of AlyO3 reaches almost 2 nm.
With increasing the thickness of the tunnel
barrier up to 0.5, 1, 1.2 nm the efficiency of
the injection gradually increased. Next, after the
value of 2 nm injection efficiency decreases and
becomes ineffective. It is seen that when applying
electric current of 20 mA (fig. 6) the diode
structure with Al,Og thickness of 0,5nm emits
electroluminescence with intensity of 2000 rel. u.

The diode structure with the Al;,Os thickness
of 1 nm emits electroluminescence with intensity
5000 rel. u at the electric current of 10 mA. The
diode structure with the Al;,O3 thickness of
1.2 nm and the electric current of 10 mA emits
electroluminescence with intensity of 14000 rel. u.
This means that the electroluminescence intensity

varies with the same wvalue of the injection



T.18, Ne2 THE INFLUENCE OF TUNNEL EFFECT ON THE CURRENT INJECTION .. 81
16000 5 5 100mA 5000 /6\ 1-05mA
4 — 80mA 2 - 1mA
14000 3—60mA \ 3 - 2mA
,,f‘\\ 2 - 40mA 4000 5 4 =4mA
w 12000 1—20mA ) 5 — TmA
e /[ \ £ 6~ toma
:f 10000 // 3 \ 5 3000
T AN : ) A\
" S 2000
SR ARA\\N
4000 N 3
I \ L 1000 '/ ~ \
2000 % -l / 2 \
0 ™ \= 0 : /’_\\x\
124 126 128 1.30 1.26 127 128 129 130 1.31
a) hv, eV b) hv, eV
18000 " 600 "
L6000 R 1-1mA , 3 - 200mA
3mA 2 —
[ 4\ J ~ 5mA 500 N 1= éggnn;A
14000 4—10mA
" / \l\ 5 - 15mA "
+= 12000 < 400
5 10000 / A \ \ 5 /
3 WA g 300
ER ) R\ : o
26000 & 200 ;
A PR\ AN
100 1
Y A\ 0
0 1.32 1.34 1.36 1.38 1.24 1.26 1.28 1.30
c) hv, eV d) hv, eV

Fig. 6. The photoluminescence spectra of the structure: 1 — after deposition of AlyO5 (0.5 nm)/Co/Au; 2 — after deposition of
Al)Os5 (1 nm)/Co/Au; 3 — after deposition of Al,O; (1,2 nm)/Co/Au; 4 — after deposition of AlyO3 (2 nm)/Co/Au

current by increasing the radiative recombination
and efficient injection.

We should note that the effective injection of
the charge carriers through the AlyO5 disappears
at the thickness of 2 nm. This means that through
such a thickness the tunneling effect disappears.
Comparing the fig. 6, a and b, we see that at
the current of 1 mA, the electroluminescence
intensity is approximately 400, 1000 rel. u, i.e. the
efficiency and sensitivity of the diode grow with
the increasing of tunnel injection efficiency.

Conclusions

It has been shown that the control of the
electronic injection is done by manipulation in the
thickness of the tunneling barrier and thus we
control intensity of radiation emitting from the
spin-LED. Thus we can build a relation between

the thickness insulator and the electronic injection.

We showed that the optimum thickness of the
tunneling barrier is between the 1—-1.2 nm.
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