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Abstract

In this work, diluted magnetic semiconductor GaSh:Mn thin films were grown via DC magnetron Co-sputtering on glass
substrates. The effect of synthesis parameters on the optical and structural properties was determined through spectral
transmittance measurements and X-ray diffraction (XRD), respectively. Substrate temperature was changed from 373 to 523
K and layer thicknesses were obtained between 200 and 330 nm. All samples were subjected to annealing process to 623 K in
situ. It was found that the optical constants (refractive index (n), absorption coefficient (o), extinction coefficient (x), and
energy gap (Ei)) are significantly affected by the temperature and target power used during the synthesis process. In
particular, a variation of the energy gap between 0.58 and 0.98 eV was obtained when the target power of GaSh varied
between 80 and 140 W. GaSh, Mn,Sb and SiO- phases were observed for lowest values of target power, where SiO; phase is
a contribution of the substrate. The dielectric function of the compound with a dependence on synthesis parameters such as,
the substrate temperature and deposition time was obtained, both real (e1) and imaginary part (g2). Analysis of the XRD
measurements allowed to find that the (GaSb)Mn films grow with a mixture of the GaSb and Mn,Sb phases, and an
amorphous halo associated with the glass substrate. A correlation between synthesis parameters and optical properties is
presented. Diluted magnetic semiconductors, like GaSh:Mn, are considered among promising materials for the development
of new spin-electronic devices, high speed quantum-mechanical in computational information, other more; in this case,
studies on magnetic properties in digital alloys of GaSh/Mn can be realized around of the optimization of Curie temperature.
Copyright © 2017 VBRI Press.
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Introduction

Diluted magnetic semiconductors (DMS) are studied for a
vast number of applications in spintronic devices due to
the influence of their magnetic, optical, electrical, and
transport properties. Within this important group of
semiconductor materials, 11-V1 / 111-V doped with Mn, we
can find GaMnAs [1], ZnMnO [2], InMnAs [3], and
GaSh:Mn [4]. In the last case, the GaSh:Mn has been
studied because the GaSb semiconductor matrix is an
important compound for research in quantum dots [5],
thin films for radiation detection devices [6], solar cells
[7,8], and optical communication technology devices [9],
among others. The biggest obstacle to obtaining a
manufacturing process based on GaMnSb devices is their
low Curie temperature (~25 K); however, recent studies
show the possibility of obtaining the ternary compound
with Curie temperatures above 30 K [10]. The
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experimental and theoretical states of DMS fabrication
are very complex due to difficulties in the synthesis of
this material related to low concentrations of the magnetic
elements (between 5 - 10%) on the semiconductor matrix
[11-13] and differences in theoretical prediction of high-
temperature  ferromagnetic characteristic, and other
properties [13-15].

Although much interest exists in studying DMS
materials with high critical temperature (T¢), the

ferromagnetic nature of the compound and its influence
with annealing temperature is not yet clear, given the
condition of the DMS as a non-equilibrium state system.
This material is studied for applications in systems, such
as spin injectors [16], a wide range of magnetic field
sensors [17], optical read-write memories based on optical
alignment of bound magnetic polarons [17,18], among
others.
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This work presents a study of optical and structural
properties of GaSh:Mn thin films deposited via DC
magnetron co-sputtering, changing the magnetron power
of the GaSb target and substrate temperature. From the
Swanepoel method and Beer’s law, optical properties
were calculated, including: refractive index (n), extinction
coefficient (), and energy gap (Eg), and real part (1) -
imaginary part (g) of the dielectric function. A
correlation between physical properties and synthesis
parameters is presented.

Experimental
Synthesis of GaSh:Mn samples

The GaSh:Mn thin films were deposited on glass soda
lime type substrates via DC magnetron co-sputtering
using a two-magnetron system. GaSh ((Ga) 36.5 (Sh) 63.5
wt%) and Mn targets were used with purities of 99.99%
and 99.9%, respectively. The working pressure in the
chamber was 2.5 x 102Torr and magnetron power was
changed from 80 to 140 W for the GaSh target and 65 W
for the Mn target. Samples were deposited in Ar
(99.999%) atmosphere at 20 sccm and the substrate
temperature (Ts) was varied from 373 to 523 K.

The samples were fabricated by different series. Series
1 consisted of varying magnetron power for the GaSbh
target from 80 to 140 W, with Ts = 423 K, and
maintaining other synthesis parameters constant (substrate
temperature, pressure in the chamber, deposition time). In
series 2, the deposition process was carried out with T at
different values: 373, 423, 473, and 523 K, with 100 W
magnetron power for the GaSb target and maintaining
other synthesis parameters constant. Deposition time and
annealing process in situ were 15 min and 623 K for both
series.

Characterizations

The samples were characterized through XRD
measurements by using a Philips X’Pert Pro
diffractometer PANalytical equipped with a Cu-Ka
source: 1.540598 A, 40 kV, 40 mA, and an X’ Celerator
detector. The XRD measurements were performed in the
range of 10° <20 <90°with angular steps of 0.02°
XRD. The software used for Rietveld refinement of
samples was the X'Pert High-Score Plus.

Absorbance spectra and transmittance measurements
were obtained using a Cary 5000 spectrophotometer
UV-Vis-NIR high yield in the range of 175 to 3300 nm.
The band gap and optical parameters were obtained
through deconvolution of absorbance and transmittance
spectra.

Results and discussion

The transmittance and absorbance spectra for the
variation of the GaSbh target magnetron power and XRD
pattern obtained for the sample with synthesis parameters
of 100 W and 423 K substrate temperature were obtained
from transmittance and x ray diffraction measurements,
respectively (Fig. 1(a), (b)). XRD pattern of samples with
variation of the GaSh target magnetron power were
obtained too (Fig. 1(c)). From transmittance spectra (Fig.
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1a) it is possible to observe that the samples obtained with
power values from 100 to 140 W present interference
fringes, in contrast with the transmittance spectrum for
the sample with 80 W. The local maximum and minimum
of the spectra are associated to the interference condition
due to the homogeneity of all the samples. The values of n
and film thickness for the samples were obtained through
the Swanepoel method [19].

(a)
1004 O 80W 208
o 100w « gor
A 120W e
) 0.5
580{ v 140W g
@ |—— Simulated 304
S Lo- 03
8 60 Boz2
8 <C 01 o
© P 0 500 1000 1500 2000 2500
= ST A (nm
EAO Sl B O 373K
7] 2 z O 423K
=)
C o
© 20 Bos
l_ § 04
0{ a°?
T T T T T < 0.0
0 500 1000 1500 2000 2500
0 500 1000 1500 2000 2500
% (nm) 2 (nm)
(b) Gasb ‘(333331‘)’
GaSb ) Gasb
(111) Mgt S (422)
o
Mn,Sb g,
= -
o | 900 T~Sab®™ho
S~—" Ga‘Sb:Mn Experimlental . ok
>
= | Gag goMng 1gSb Theoretica
n
< |
E 1 1 1 1
o=
- l —— GaSb Theoretical
l l 1 1
T T T T
20 40 60 80
(C)
~
=
©
N
=
e
[72]
[
(O]
-—
[

20 (°)

Fig. 1. (a) Transmittance spectra and absorbance measurements of
GaSh:Mn, (b) XRD pattern of the sample with 100 W and 423 K
substrate temperature, (c) XRD pattern of the samples varying the power
of the GaSb target (Ts = 423 K).

The insets show the absorbance measurements for the
samples with power variation from 100 W to 140 W,
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together with the absorbance measurements for the
samples with Ts variation (Fig. 1a). These Figures shows
that the absorbance increases in the ultraviolet and visible
region, whilst in the infrared region the absorbance
decreased; it is possible to associate to the typical
behavior of the GaSh as semiconductor matrix.

The crystalline phases found in the sample with
synthesis parameters 100 W and T = 423 K are shown in
the upper part (Fig. 1b). The atomic positions for Ga, Mn,
and Sb were obtained using a Density Functional Theory
simulation. The theoretical pattern of the ternary
compound was simulated using the atomic positions and
the X'pert HighScore Plus software. Additionally, the
pattern in the bottom (Fig. 1b) corresponds to PDF
00-007-0215 database of the GaSbh phase with zinc blend
structure, crystallographic parameters a = b = ¢ = 6.0950A
and space group F-43m.

From XRD experimental pattern (Fig. 1b) is not
possible the identification of this material like a DMS due
to that GaSb and Gags,Mno.18Sb phases have zinc blend-
type structure [20,21]. It is observed in the matching
peaks between the experimental GaSh:Mn, the GaSh
PDF, and the Gag.s2Mno.1sSb theoretical pattern (Fig. 1b).
However, the experimental pattern and Rietveltd
refinement show presence of the Mn,Sh phase and the
amorphous halo associated with the glass substrate.

On the other hand, T variation allows the formation of
GaSb and Mn,Sb phases due to thermal agitation exciting
the atoms on the surface and permits the bond among
elements. In addition, this provides better adherence of
the material deposited on the substrate. Moreover, the
competition between MnySb phase and GaSb phase
formation is favored by the co-sputtering method of
precursor materials.

Reports of this material deposited over different
substrates and methods shows a study with
substrate temperature, which affect the phase’s formation
(Table 1).

Table 2. Synthesis parameters reported for GaSh:Mn thin films for
different methods (PLD - Pulsed laser deposition and MBE - Molecular
beam epitaxy).

Method Substrate Ts (K) Reference
Single crystal i
PLD AlLOs 373-623 [22]
MBE GaAs 548 [23]
MBE GaAs 580 [24]
MBE GaAs 523 - 833 [25]

The difference between the magnetron power variation
(GaSb and Mn targets) plus the annealing process during
film growth influences the structural properties in this
material (Fig. 1c). In these XRD patterns is possible to
observe that an increase of the GaSb target power
(Fig. 1(c) Power 140 W), which generate a major amount
of the atoms of GaSb target to substrate, contributes to the
formation of samples more thickness without evidence of
the SiO; phase in the sample.

The refractive index (n) as a function of the wavelength
(A) for (Fig. 2(a)) power variation and (b) Ts variation
(Fig. 2(b)) were obtained from transmittance
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measurements. The behavior of n is affected by the power
variation in the GaSb target (Fig. 2a), associated to the
competition of the binary phases formation (GaSh and
Mn,Sb). Given that the power of the Mn target is
constant, the proportion of atoms emitted remains
unchanged, whilst the GaSh proportion and deposition
rate were increased. Comparing the behavior of n for an
applied power of 100 and 140 W, the tendency is similar,
although the n value for the sample at 140 W is greater
(Fig. 2a).
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Fig. 2. Refractive index calculated for GaSh:Mn samples varying:
(a) Magnetron power of the GaSb target, and (b) Ts.

Another important optical constant is the extinction
coefficient, «, which is proportional to the probability of
absorption of a photon in the sample [26]. « is the
probability that an interaction among electrons of the
material and the incident electromagnetic wave occurs.
presents high values around 1900 nm in the case of power
variation and around 1500 nm when Ts was 373 and 423
K, respectively (Fig. 3a). The maximum values of k were
between 1900 and 2100 nm when temperatures were 473
and 523 K (Fig. 3b); this is associated to absorption
processes. The absorption spectra were obtained as a
function of energy (Fig. 4) for samples where powers of

652



Research Article

the GaSb target and substrate temperature were varied.
Absorption coefficient, a, was calculated from the sample
thickness and by using Beer’s law. The energy gap (Eg)
values were obtained from o. In the case of power
variation (Fig. 4a), the Eq was 0.65 £ 0.01eV for 120 W;
however, by increasing power the gap decreases to
0.58 £ 0.01eV (Table 1). This fact can be associated to
the formation of alloys of binary phases (Fig. 1b).
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Fig. 3 Extinction coefficient as a function of wavelength, varying:
(a) Power in GaSb target, and (b) Ts.
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Fig. 4. Absorption curves of the GaSh:Mn samples for both series.

When the substrate temperature was varied (Fig. 4b),
an increased energy gap was observed from 0.77 £ 0.01
to 0.98 £0.01 eV (Table 2) in relation to the presence of
the GaSb phase, which has an E; of 0.72 eV [27].
This value can vary depending on amorphous fraction
and other phases present in the sample [28,29]. Hence, the
presence of the Mn,Sb phase strongly affects the
energy gap in the samples because it is a metallic alloy
[30, 31].

Table 2. Energy gap values obtained for the GaSh:Mn samples.

Target Power Substrate Temperature

Sample By (V) Sample By (V)
+0.01 +0.01
100 W 0.52 373 K 0.77
120 W 0.65 423 K 0.69
140 W 0.58 473 K 0.91
523 k 0.98

Knowing the extinction coefficient and refractive index,
it is possible to determine the real and imaginary parts of
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the dielectric function, as: &1 = n? (A) — «? (A) and &, =
2n(X) x (\), respectively [32].

The real and imaginary parts of the dielectric function for
the GaSh:Mn samples as a function of wavelength are
shown (Fig. 5, Fig. 6). In the case of the polar crystal is
possible to establish a correlation between &; and the
photon incident frequency, when is considered the
contribution of free electrons in the valence band of a
semiconductor (behavior similar to the metallic). This is
according to the observed in the absorbance
measurements, where there is an evidence of the high
reflectivity (Fig. 1(a)).
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Fig. 5. Real part of the dielectric function of GaSh:Mn samples, varying:
(a) Power in GasSb target, and (b) Ts. Insets in the figures show ¢; as a
function of 1/ €2,

Given that the real part of the dielectric function
depends on the plasma frequency (w,), it is possible to
express & as:

_ (0w})

- &)

& = &€x

Under the conditions wt « 1 and n? >» k? (Fig. 2,
Fig. 3); where 7 is the relaxation time, € » is the limiting
value of the high-frequency dielectric function, and w is
the frequency of the incident photon (c/A) [32]. Insets
show &, as a function of 1/w? where the slope and the

intercept are the wp and &, respectively (Fig. 5(a),(b)).
In the case of power variation in the GaSb target, the w,

varied between 2.3 x 10 and 44x10™ s, and ¢.
between 7.73 and 15.08; this can be associated to the
displacement of quasi-free electrons in the valence band
as whole, regarding to the positive ions that constitutes
the atomic cores. When substrate temperature varies, the
values obtained for wp and ¢ ., were 3.2 x 10 s, 16.84
for Ts = 373 K, and 2.3 x 10 s, 14.21 for T = 523 K.
This is possible due to the crystalline phases like GaSh
and Mn,Sb (metallic phase) preponderant in the samples
with the increased Ts. This is accompanied by reduced
formation of Sbh and Mn;Sb> crystals. The variation of wp
is strongly correlated with the substrate temperature,
which agrees with absorbance measurements (Inset
Fig. 1(a)).

The imaginary part of the dielectric function () is non-
zero in regions where light is absorbed [33]. e, for the
samples varying the power of the GaSh target
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and substrate temperature, was obtained (Fig. 6); it is
possible to observe that the range of high absorption is in
the infrared region. When Ts was varied, the high
absorbance region was located between 1300 and
1900 nm (Fig. 1, Table 2).

500 1000 1500 2000 2500 500 1000 1500 2000 2500
2 (nm) 2 (nm)

Fig. 6 Imaginary part of the dielectric function of the GaSb:Mn samples,
varying: (a) Power in the GaSb target, and (b) Ts.

Conclusion

GaSh:Mn samples were fabricated via DC magnetron Co-
sputtering, varying in a wide range the synthesis
parameters. XRD patterns showed the presence of two
binary phases GaSb and when the GaSb power and
substrate temperature were of 100 W and 623 K,
respectively. These phases were identified from Rietveld
refinement. It was not possible to establish a single phase
of GaSb:Mn compound due to that crystalline planes are
the same in comparison with the binary elements; Bragg
reflections not represent significant changes about to the
positions of the Mn ions. The optical and structural
properties of the samples were affected for the variations
of the GaSb target power and substrate temperature
during the synthesis process. The spectral absorbance
measurements showed that GaSb:Mn compound has high
absorption regions in the range between 1800 nm and
2100 nm. This absorption can be associated to the
presence of the phase, which strongly affects the energy
gap in the samples. A correlation between the dielectric
function, &;, and the plasma frequency, w,, Wwas
established as a function of synthesis parameters.
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