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III–V ternary alloys semiconductor materials, in particular Ga1�xInxSb, are ideal candidates for device sub-
strates because of the possibility to define the lattice constant as a function of the third element, indium.
Aluminum, an isoelectric dopant for Ga and In, increases the carrier mobility in GaSb crystals and has
influence over the concentration of native defects by passivating and/or compensating them. To
understand the influence of Al on the distribution of indium in ternary alloys of Ga0.8In0.2Sb, pure and
doped ingots were obtained with approximately 1020 atoms/cm3 of Al using a vertical Bridgman system.
Analysis by scanning electron microscopy (SEM), energy dispersive X-ray spectrometry (EDX), X-ray
diffraction (XRD), particle induced X-ray emission (PIXE) and particle induced gamma ray emission
(PIGE) were used to obtain information on the structure defects and chemical composition of the crystals.
The doped ingots showed good structural homogeneity when compared with the undoped alloy, and

they were free from cracks and micro cracks. All of the obtained ingots present precipitates, twins and
grains with different concentrations of In.
The small compositional variation observed in the doped ingots along the radial direction (measured by

PIXE), may be related to the solid–liquid interface’s quasi-equilibrium behavior. Regarding to the growth
direction, it was observed that the undoped ingots exhibit a higher segregation phenomenon of the third
element than the doped ingots.
The obtained results indicate that aluminum influences the indium distribution in the ingots, thus tern-

ary ingots with more homogeneous composition can be obtained and consequently electrical properties
improved.

� 2015 Elsevier B.V. All rights reserved.
1. Introduction

Semiconductor alloys that exhibit complete miscibility in both,
liquid and solid, state as SiGe, InGaAs, and GaInSb, are of great
interest as substrates for micro and optoelectronics, as well as bulk
for thermophotovoltaic devices [1–4].

Applications of ternary alloys as substrates are related to the
possibility to change the lattice constant as a function of concen-
tration of a third element [4,6,5]. The presence of indium in the
Ga1�xInxSb compounds modifies the lattice parameter of the alloy
from 6.09 Å when x = 0 (GaSb) to 6.48 Å when x = 1 (InSb), and also
the bandgap from 0.72 eV (x = 0) to 0.18 eV (x = 1) [4,6,5]. The use
of GaInSb as substrate for the thermophotovoltaic cells necessi-
tates low band gaps, which correspond to x > 0.2 [7].

The solid–liquid (S–L) interface shape during growth process,
the growth rate and the rejection on the third element towards
the melt, are the main factors that make difficult the growth of
these ingots with a structural and compositional homogeneity
[1,8–16]. In this way, the main challenge to overcome when
growing these ternary alloys is the indium segregation, that causes
a constitutional supercooling (CSR) due to solute accumulation at
S–L interface front [3,17–22].

The Bridgmanmethod is the most suitable growth technique for
obtaining large-diameter GaInSb alloys ingots. To grow these
ternary ingots, low temperature gradient and low growth rate
are required. A low temperature gradient helps to ensure a planar
melt–solid interface shape, which is necessary for a uniform radial
composition in the ingots as well as reducing the strain level in the
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Fig. 1. Image of an ingot highlighting the regions analyzed by EDS/SEM. Radial
samples (beginning, middle and end) taken from the body of ingot and analyzed by
XRD and IBA techniques are also identified.
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crystal to avoid cracking. Low solidification rate is necessary to
avoid constitutional supercooling at solid–liquid interface, which
leads to a single-to-dendritic-grain transition and also to the gen-
eration of microcracks. It is also known that to avoid the segrega-
tion is not easy, and the segregation that settles in front of the
solid–liquid interface during the advance of solidification process
produces ingots with no uniform spatial composition and hence,
with not homogeneous electrical and optical properties [10].

The Bridgman method, in the last years, has been enhanced
with modifications such as solidification under microgravity, stir-
ring, magnetic field in melt and submerged baffle. These modifica-
tions allowed to a higher quality bulk crystals of Ga1�xInxSb ternary
using the conventional and non-convectional Bridgman method
[7,11,12,14,23–31].

In this paper, we propose to explore another possibility of
decreasing the segregation of indium in GaInSb alloys with addi-
tion of aluminum as doping. Dopants such as tellurium (Te), sele-
nium (Se) and others are used commonly to grow n-type GaSb
and InSb crystals. The doping not only has the function to change
electrical parameters, but also helps to decrease the native defects,
dislocations and others defects. The doping is a factor dictating the
crystalline quality and spatial alloy composition in GaSb and InSb
ingots [32]. Aluminum has the distribution coefficient ko > 1 and
indium ko < 1 in GaInSb [33]. For this reason, the concentration of
aluminum decrease and indium increases from the beginning to
end of the ingot.

Aluminum is an isoelectronic dopant of GaSb, so it does not
change the number of charge carriers, but increases their mobility.
It will have preference for gallium sites not only because of
valence, but also due to the proximity of atomic radius. Hidalgo
et al. [34] in their article on growth and characterization of
GaSb:Al ingots, suggest that the presence of aluminum together
with indium could passivate extended defects and/or compensate
the native defects, although there aren’t conclusive studies. Thus,
the aim of this paper is to observe the performance of indium seg-
regation at Ga1�xInxSb and Ga1�xInxSb:Al ingots (x = 0.2) obtained
through the conventional Bridgman method.

2. Experimental

The Ga0.8In0.2Sb ternary alloys were obtained from polycrys-
talline GaSb (5 N), InSb (5 N) and Al (4 N). Quartz ampoules with
a cone angle of 30� and 12 mm of diameter [35] were used as
crucible. After charging, they were closed with a small Argon
pressure inside. The initial concentration was defined as x = 0.2.
First, the synthesis was performed at 800 �C for 12 h [36], after this
period the ampoules were moved to the solidification zone of the
furnace.

Then, the ingot was remelted at 800 �C for 2 h to homogenize
the melt. After this, the temperature in the furnace was reduced
to around 100 �C above the melting temperature of the ternary
compound Ga0.8In0.2Sb (TM � 618 �C). Finally, the growth was per-
formed at a speed of 2.5 mm/h and the temperature gradient on
solid/liquid interface was about 3.3 �C/mm [37]. The entire process
usually takes one week for each ingot.

The ingots obtained were cut longitudinally to the growth
direction for compositional and morphological characterization
by energy dispersive spectrometry and scanning electron micro-
scopy (EDS/SEM). Also, wafers were taken perpendicular to the
direction of growth (Fig. 1) for structural and compositional char-
acterization by X-ray diffraction (XRD), particle induced X-ray
emission (PIXE) and particle induced gamma-ray emission (PIGE).
The specimens were chemically polished with colloidal silica and
sodium hypochlorite as described in Costa et al. [21] for posterior
analysis.
EDS/SEM was performed using a FEG Inspect F50 at Laboratório
Central de Microscopia Eletrônica – Pontifícia Universidade
Católica do Rio Grande do Sul (LabCEMM – PUCRS), in Porto Alegre
(Brazil). SEM images in BSE mode were obtained at an acceleration
voltage of 20 kV and the X-rays were detected with an Apollo
X-EDAX� detector.

Ion beam analyses were made at Campus Tecnológico e Nuclear
– Instituto Superior Técnico (CTN-IST), in Lisbon (Portugal). PIXE
experiments were made in one of the lines of the 2.5 MV Van de
Graaff accelerator, in the chamber dedicated to fusion research. A
2.0 MeV proton beamwas collimated to a spot (1 mm in diameter).
Measurements were performed at normal incidence. The samples
were mounted on a mounting stage aluminum holder with x–y–z
sample manipulators. By a combination of sample displacements,
the entire sample surface was measured. X-rays were detected
with a 30 mm2 Si(Li) detector (positioned at 150� relative to the
beam direction) and a 50 lm thick Mylar filter was used in front
of the detector. PIXE spectra were analyzed with GUPIX code [38].

For light element analysis, we used a standard-free method for
PIGE in thick samples, based on the ERYA code – Emitted Radiation
Yield Analysis, that integrates the nuclear reaction excitation func-
tion along the depth of the sample [39]. PIGE experiments were
carried out in the nuclear reaction beam line of the 3 MV Tandem
accelerator at CTN-IST, using a proton beam with 3.040 MeV
energy, which corresponds to a non-resonant region, in order to
integrate the cross section values with small discrepancies. The
beam current was kept around 10 nA in order to avoid large dead
time corrections in the collected gamma spectra (achieved below
2%). Gamma-ray detection was accomplished using a 45% Ge(HP)
detector (nominal energy resolution of 2.2 keV at 1173 keV) placed
at an angle of 135� with respect to the beam axis. The detector’s
absolute efficiency was determined using radioactive sources,
namely 133Ba and 152Eu, placed at the position of the samples [40].

Pole figures were obtained using X-ray diffraction analysis
employing a Bruker – AXS D8 Disvover and using the Cu Ka1,2 lines
collimated with a Gobël mirror, a Ni filter and a 1.5 mm slits. Data
were collected using a scintillation detector and a 0.2 mm antiscat-
tering slit in order to avoid the effect of the grain orientation.
3. Results and discussion

Three ingots of Ga0.8In0.2Sb ternary alloy were obtained under
identical growth conditions: the ingot B, which was undoped,
and ingots E and F which were doped with aluminum. Despite
the lower concentration of Al in the samples, it was possible to
identify and quantify all samples (Table 1). To quantify the Al
present in the Ga0.8In0.2Sb:Al samples, we used the ERYA code
[39], which integrates the nuclear reaction excitation function of
the 27Al(p,p0c)27Al nuclear reaction along the depth of the sample.

Fig. 2 shows a spectrum corresponding to the end sample of
ingot E. Several gamma-lines are observed in the presented
gamma-energy range, being the most dominant the 175 keV, from



Table 1
Average composition of radial samples obtained by PIXE. Al concentration was
obtained by PIGE.

Average composition by PIXE and PIGE

Samples %at.

Ga In Sb Al

B_beginning 46.6 3.8 49.6 –
B_middle 42.5 6.4 51.1 –
B_end 29.5 20.5 50.0 –

E_beginning 36.2 8.7 55.0 0.002
E_middle 34.3 10.7 55.0 0.002
E_end 30.5 14.7 54.8 0.027

F_beginning 37.4 6.4 56.2 0.021
F_middle 36.4 7.8 55.8 0.002
F_end 35.2 9.8 55.0 0.007

Fig. 2. PIGE spectrum from the end part of the ingot E.

Fig. 3. SEM/BSE images along the growth direction of the ingots B (Ga0.8In0.2Sb), E
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the 69Ga(p,g)70Ge nuclear reaction. The 844 keV and the 1014 keV
gamma-lines come from the reaction 27Al(p,p0g)27Al. The relevant
gamma-ray lines are well separated from other lines, with a conse-
quent small uncertainty for area extraction.

Fig. 3 shows the SEM/BSE images recorded along the growth
direction of the ingots, from the beginning to the end. All images
for the ingot B show a compositional distribution strongly
inhomogeneous with presence of grains, twins and small Sb-rich
precipitates (�10–80 lm), which in some cases have up to 88 at.
% of Sb. Ingot E (doped) presents a better homogeneous composi-
tion and lower defect concentration when compared with ingot B
(undoped). The presence of defects, mainly grains and Sb-rich
precipitates, increases along the growth direction. Ingot F also
presents a small compositional variation when compared with
the ingot B (undoped), and also shows more precipitates, grains
and twins at the end of the ingot. It is observed that this ingot
F, as ingot B, has small precipitates (�10–100 lm) with large
amounts of the Sb (in some cases up to 93.2 at.%).

EDS analyses performed along the growth direction (steps of
1 mm) allow us to have information about the In distribution in
the ingots. For the undoped ingot, the In concentration was much
higher in the end and the segregation coefficient obtained for this
ingot was about keff = 0.32. On the other hand, the In distribution in
the doped crystals is more homogeneous and the segregation coef-
ficient obtained is slightly lower than 1 (keff = 0.91 for ingot E and
keff = 0.80 for ingot F), thus the In concentration increases smoothly
along the growth direction. These results suggest that the presence
of Al in the ternary alloy promotes not only a better distribution of
the different elements involved, mainly the indium, originating a
more homogeneous composition throughout the ingot solidifica-
tion direction, but also reduces the concentration of precipitates.

The three ingots were grown under similar conditions, therefore
the same behavior was expected for the doped ingots (E and F).
However, differences were observed by EDS/SEM images and
may be related to sensitivity of the growth process. Factors such
as fluctuations of furnace power supply and the rejection of
indium may have occurred during the growth, thus causing the
(Ga0.8In0.2Sb:Al) and F (Ga0.8In0.2Sb:Al). (a) Beginning. (b–d) Middle. (e) End.



Fig. 4. Pole figures along the (111) direction for undoped and doped ingots.
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constitutional supercooling that lead to a shift in the solid–liquid
interface and resulting in changes on grain size and increase of
heterogeneous regions such as those observed in the ingot F.

The crystalline quality in the radial samples of ingots can be
seen by pole figures along the (111) direction presented in Fig. 4.
In these alloys, the (111) direction is the preferential growth direc-
tion, meeting the direction requirement in device technologies for
large-scale applications [10]. In general, the higher concentration
of grains is found at the beginning of the ingots which is related
to the ampoule shape (cone) and the competition of grains at this
early stage of the growth. It can be also observed that the number
of grains oriented towards the (111) direction is lower when the
samples are doped with Al, especially at the beginning of the body
and at the end of each ingot. It is also remarkable that some of the
grains observed at the beginning or at the middle of the crystals are
also present at the end. This fact shows that despite the possible
instabilities happened along the growth process, it was possible
to maintain a high degree of crystallinity along the growth
direction.

The average composition of these radial samples (different posi-
tions were measured along the surface of the samples with a broad
proton beam) was obtained by PIXE and the results are shown in
Table 1.

Observing the data shown in Table 1 it is noted that doped
ingots show a Sb enrichment when compared with undoped ingots
and also for the three ingots, the indium concentration increases
along the growth direction, being higher at the end of the ingot,
although less pronounced in the doped ingots (similar behavior
was observed by EDS measurements). Considering the ingot E, both
Al and In concentration increase towards the end of the ingot. This
result was not expected for the aluminum, since it has a segrega-
tion coefficient ko > 1 [21]. However, this behavior has resulted in
a more homogeneous and surface free of precipitates and defects
(Fig. 3) ingot, with a segregation coefficient for the In very close
to the unity. On the other hand, the Al distribution in ingot F is
higher at the beginning, which did not preclude the In segregation
at the end, and the SEM images showed a more heterogeneous
surface.

When analyzing the pole figure with the presence of Al,
referring to the middle samples of ingot E and F, it is emphasized
the possibility of variation during the growth process because
the amount of Al is the same but the presence of grains in sample
E is higher, which is possibly related to the In segregation.

Regarding the middle samples of the doped ingots, with similar
concentration of aluminum, the Sb concentration is similar
between them and higher than the concentration in the undoped
sample, suggesting that the aluminum promotes a more uniform
distribution of the elements along of the Ga0.8In0.2Sb crystals.

4. Conclusions

The segregation behavior of indium in undoped and aluminum
doped Ga0.8In0.2Sb ingots was studied and the results indicate that
the indium is distributed more homogeneously in the doped than
in the undoped ingots, affecting also the concentration of Ga and
Sb. All the ingots of GaInSb obtained exhibit defects such as twins,
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Sb-rich precipitates and grains, which are higher in the undoped
ingot. The GaInSb:Al samples show a indium segregation
coefficient close to one, suggesting, that the presence of aluminum
fosters a better distribution of the indium and lower concentration
of precipitates and defects, especially at the middle of the ingots.

Even at very low concentration, it was possible to identify and
quantify Al in all samples by PIGE, but the distribution is not
uniform along the growth direction.

More studies will be performed to fully understand the behav-
ior of Al along the growth direction and to control it, in order to
control also the In distribution and improve the compositional
homogeneity of these alloys.
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