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Abstract 

 
The surface morphology and chemical composition of a Ga0.93In0.07Sb ternary 

alloy crystal grown by liquid encapsulated Czochralski were investigated by means of 

scanning electron microscope equipped with energy dispersive X-ray spectroscopy 

(SEM-EDX), particle induced X-ray emission (PIXE) and X-ray diffraction (XRD) 

techniques. Results indicate that poor mixing of the starting compounds during the 

synthetizing process lead to a ternary alloy with different compositions along the 

growth direction. Small regions with high concentrations of indium were highlighted 

throughout the crystal. Different parts removed from the crystal present similar 

microstructures with planar defects. Up to five different regions were identified in the 

sample.  
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1. INTRODUCTION 

 
The possibility to obtain III-V single crystal semiconductor substrates with 

variable band gap and lattice constant opens up endless possibilities in 

microelectronic field mainly because their multiple applications such as infrared 

detectors, optoelectronic devices or high-efficiency photovoltaic cells (1,2). In this 
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context the production of Ga1-xInxSb alloys is an interesting option since they give the 

possibility to adjust the lattice parameter (from 6.10 to 6.48 Å) and consequently the 

energy gap (from 0.17 to 0.73 eV), regulating the chemical composition (3). The Ga1-

xInxSb alloy, where x represents the mole fraction of In, can be obtained from the 

binary compounds (GaSb and InSb) in appropriated amount according to the 

pseudo-binary phase diagram of GaSb-InSb. However, this phase diagram 

evidences a large gap between the solidus and the liquidus lines, which makes these 

ternary alloys growth susceptible to elements segregation and constitutional 

supercooling, thus becoming difficult to obtain high quality crystals (4, 5). 

Among the methods available to grow III-V compounds, the liquid encapsulated 

Czochralski (LEC) and vertical Bridgman are often used to produce single crystal 

compounds of good quality. However, many process parameters should be optimized 

for ternary alloys growth, being the segregation of the third element one the most 

important problems to be faced, mainly in Sb based compounds as reported by 

Mullim (6). Previous work in this field showed that Ga1-xInxSb polycrystal (with x > 0.1) 

growth by the conventional Czochralski exhibit severe indium segregation (7-9). 

Moreover, Mitric et. al (10) reported the growth of Ga1-xInxSb ternary alloys (x=0,04), 

using an alternating magnetic field for stirring the melt and mixing the elements. The 

obtained crystals were heterogeneous and presented defects such as precipitates 

and cracks. In general, the growing control process is complex (11) since the rejected 

solute accumulates in the melt changing the initial composition (3), resulting in a 

material with precipitates of different compositions. These precipitates may be related 

to constitutional supercooling or a poor mixing of the starting compounds during the 

synthetizing process (12). 

The purpose of this work is to evaluate/study/characterize the formation of 

precipitates with different compositions along the growth direction in a Ga0.93In0.07Sb 

ternary alloy crystal obtained by LEC growth method. The aim is to understand 

whether the precipitates are related to constitutional supercooling or poor mixing of 

the starting compounds. Scanning electron microscopy (SEM) coupled with energy 

dispersive X-ray spectroscopy (EDX), X-ray diffraction (XRD) and particle induced X-

ray (PIXE) techniques were used to study the elemental distribution and the 

microstructure of the ingot. 
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2. EXPERIMENTAL  

 
The Ga0.93In0.07Sb ternary alloy crystal was obtained from polycrystalline GaSb 

(5N) and InSb (5N). The quartz crucible used was previously cleaned with HF 20% 

for 24h. The encapsulate material utilized was a mixture of boron oxide (B2O3) and 

10% sodium hexafluoroaluminate, Na3AlF6, (RASA®) as described in Costa et. al (13). 

A tellurium doped GaSb seed (MCP Wafer Technology®) with orientation (111) was 

used. The average pulling speed was 9.2 mm/h and rotation speed was 8.6 rpm. 

During the growth process a continuous argon flow was used.  

The obtained ternary alloy ingot (100 mm long) was cut perpendicular to the 

growth direction in three parts: top, middle and bottom. The specimens were 

chemically polished with colloidal silica and sodium hypochlorite as described in 

Costa et. al (13) for posterior analysis. The microstructures were investigated using a 

JEOL JSM-7001F field emission gun scanning electron microscope equipped with an 

Oxford EDS system in secondary electron (SE) and backscattered electron (BSE) 

modes.  

PIXE measurements were done at the nuclear microprobe end-station at 

CTN/IST (Portugal) using a 2 MeV H+ focused beam (3x4 µm2) produced by the Van 

de Graaff accelerator (14). The X-rays were collected with an 80 mm2 Link X-ray 

detector (145 eV energy resolution) and filtered with a 50 µm thick Mylar foil. X-ray 

spectra evaluation and elemental quantification was done with GUPIX software (15).  

X-ray diffraction analysis were performed with the power method employing a 

Bruker - D8 Discover using the Cu Kα1,2 wavelengths. The candidate structure for the 

phase identification was selected from the Person’s handbook (16). 

 
3. RESULTS AND DISCUSSION 
 

Figure 1 shows the BSE images of the cross section from top, middle and 

bottom crystals from the Ga0.93In0.07Sb ternary alloy ingot. All samples present similar 

microstructures as twins and grain boundaries indicated with black arrows in Fig. 1 

(a) and (d). In terms of chemical composition, up to five distinct regions (denoted by 

A, B, C, D and E) were found. A series of precipitates with different levels of gray can 

be observed, suggesting change in the composition between them (dark gray related 

to Ga rich, light gray to In rich and lighter to Sb rich). 
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Figure 1. BSE images of the cross sections of the Ga0.93In0.07Sb ternary alloy ingot from the top (a,b), 

middle (c, d) and bottom (e, f). A, B, C and D letters indicate different precipitate compositions, to rich 

in Ga (dark gray), rich in In (light gray) and rich in Sb (lighter). The black arrows indicate the presence 

of twins in the microstructures. 

 

Figure 2 presents the BSE image obtained from the top of the ternary alloy 

ingot and the corresponding elemental distribution for Ga, In and Sb from EDX 

analysis. Different regions with different compositions can be observed: region A 

evidences the presence of Sb indicating Sb segregation. On the other hand, region B 

shows a little signal from Ga and the presence of In and Sb, which suggest the binary 

InSb compound formation whereas the region C contains all the three elements 

which can be an indicative of the formation of the Ga1-xInxSb ternary compound. 

Region D shows the little detection of In and the presence of Ga and Sb that could 

correspond to the development of another binary GaSb compound. Moreover, region 

E (although not shown in Fig. 2, it can be observed only in the middle of the ternary 

alloy ingot, Fig. 1c) consists of a mixture of Sb and In without the presence of Ga. 
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Figure 2. (a) BSE image from the top part of the Ga0.93In0.07Sb ingot, where four different phases were 

identified (A, B, C and D). EDX elemental maps for (b) Ga-K1, (c) In - L1, (d) Sb - L1  X-ray lines. 

 

EDX maps were performed considering the L-lines for In and Sb elements but 

the In quantification could not be made accurately, mainly due to the small difference 

between the L emission lines of In and Sb (only 0.32 keV) and the detector energy 

resolution. Due to that, PIXE measurements were done in order to: a) study the 

elemental distribution in different regions of the ternary alloy by means of 2D PIXE 

maps; b) quantification in selected points (17). 

2D PIXE maps also show regions with different elemental concentrations. As 

example of the images recorded, the In distribution maps from the top, middle and 

bottom are shown in Fig. 3. These maps show the heterogeneous distribution of this 

element, as previously observed by SEM-EDX images. The atomic elemental 

concentrations for the average area and for selected points (marked in the Fig. 3) are 

shown in Tab. 1. There are regions in the top and bottom of ternary alloy ingot where 

small Sb-rich (point 1 and 7) precipitates can be found with a small amount of Ga and 

In. The middle region exhibits areas (about 500 μm size) with very high In 

concentration (up to 31 at.%) when compared with other parts examined, suggesting 

the formation of Ga1-xInxSb ternary alloy. It can also be observed from the 2D maps 

that all these inhomogeneous regions are embedded in a GaSb matrix (point 2, 3, 6 

and 9 on Fig. 3). Analyzing the data from the maps presented in Tab.1 it is noted that 

the element concentration varies slightly from the top to the bottom of the ingot. The 

values from maps show that the elements Ga and Sb decrease while the In 

concentration increases. 
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Top Middle Bottom  

   

 

Figure 3. 2D elemental maps of In distribution from PIXE spectra recorded at different positions along 

the Ga0.93In0.07Sb growth direction. Size scan: 1320x1320 μm
2
. 

 

Table 1. Quantification analysis (at.%) obtained by PIXE carried out in the selected points shown in 

Fig. 3. 

 Top Middle Bottom 

Points map 1 2 3 map 4 5 6 map 7 8 9 

Ga (at.%) 52,2 15,0 53,3 64,8 51,5 16,0 23,0 54,5 51,2 10,7 49,3 54,6 

In (at.%) 2,1 7,7 1,5 1,0 2,4 31,6 21,6 0,6 2,8 6,3 5,1 1,1 

Sb (at.%) 45,8 77,3 45,1 34,1 46,2 52,4 55,3 44,9 46,1 83,0 45,5 44,2 

 

Figure 4 shows the diffractogram for the top part of the Ga0.93In0.07Sb sample. 

The diffractogram confirms the formation of the GaSb and Ga1-xInxSb compounds, 

revealing also the presence of a small amount of InSb which is in agreement with the 

previous SEM and PIXE interpretation. Taking into account the Vegard rule (18) for the 

Ga1-xInxSb compound, it was possible to estimate the In concentration in the ternary 

alloy. The value obtained, approximately 10% mol, is higher than the expected value, 

and evidences that the beginning of the ingot was grown under destabilized 

conditions. Different concentrations of In were observed along the growth direction 

confirming the Indium segregation. This variation on composition probably can be 

related to a poor mixing of the starting compounds during the synthetizing process. 
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Figure 4. Difractogram of Ga0.93In0.07Sb ternary alloy with the different compounds identified. The inset 

presents a detail of the difractogram. 

 
4. CONCLUSIONS 

 
Techniques such as SEM-EDX, PIXE, associated with XRD allowed to obtain 

information about the elemental composition, distribution and the crystal structure 

quality of a Ga0.93In0.07Sb crystal grown by LEC method. The Ga1-xInxSb alloy ingot 

presented heterogeneous composition along the growth direction, evidencing the 

presence of twins, grain boundaries and five different phases: Sb, InSb, Ga1-xInxSb 

and GaSb and a mixture containing Sb and InSb. The XRD results confirm the 

formation of the GaSb, InSb and Ga1-xInxSb compounds in agreement with the SEM 

and PIXE interpretation. Results suggest that process of mixing of the starting 

compounds during the synthesizing should be improved; this advance will result in a 

better distribution of the elements along the ingot. 
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