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Abstract

GaSb, GaSe and Ga,Se; alloys were produced by the mechanical alloying
technique. Their structural, thermal and optical properties were studied.
Some of the results obtained have been reported in some papers referenced
here. As an extension to those studies, some mixtures of elemental Ga, Sb
and Se powders are now being investigated. Starting from a mixture with
nominal Gag;Sby7Se;; composition, 9 h of milling resulted in a final product
with GasoSbsgSez, composition and containing nanometric cubic GaSb and
an amorphous GaSe phase. Part of this as-milled sample was annealed in
order to study the amorphous—crystalline phase transformation. The crystalline
cubic GaSb, hexagonal and rhombohedral GaSe phases form the measured x-
ray diffraction (XRD) pattern for the annealed sample. The structural and
thermal properties of both as-milled and annealed samples were studied by x-ray
diffraction, differential scanning calorimetry and photoacoustic spectroscopy
(PAS) techniques. We observe that the thermoelastic bending contribution is
dominant in the PAS signal for both as-milled and annealed samples. The
thermal diffusivity value was calculated for both samples by fitting the PAS
signal phase.

1. Introduction

GaSb alloy presents potential applications in semiconductor mid-infrared lasers with emission
wavelength in the range of 24 um, which are devices having a variety of military and
civil applications such as in infrared imaging sensors, fire detection and for monitoring
environmental pollution [1]. Dutta and Bhat [2] compiled an excellent review on the GaSb
compound. Unlike the former alloy, Ga,Se;_, alloys present potential applications in IR
detector, MOSFET, solar cell devices [3], optical memory devices [3], electrothermal devices
such as solid solution electrodes [4], photovoltaic materials [3, 5] and for optical frequency
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conversion in the near to far infrared (1-18 wm) wavelength region. An excellent review has
been compiled by Fernelius [6]. Several techniques are used to produce these alloys [1-8].

Since the discovery of the mechanical alloying (MA) technique, it has been used as an
alternative technique for synthesizing crystalline, amorphous phases and solid solutions as well
as nanostructured materials [9-13]. MA has permitted the production of powders in bulk form
and is facilitating the fabrication of massive pieces via consolidation [8].

Recently, nanostructured GaSb [7, 14] and Ga,Se; [8] and amorphous GaSe [15, 16] alloys
have been produced by MA in our laboratory. Their structural, thermal and optical properties
were studied, and the results were reported in the references above. To the author’s knowledge,
there are no studies reported in the literature on ternary mixtures of Ga, Sb and Se. Thus, as an
extension to those studies, MA has also been applied to investigate some ternary mixtures of Ga,
Sb and Se. Potential technological applications for these mixtures need extensive investigations
on their physical properties.

In this paper, we report the results obtained for the structural and thermal properties of a
mechanically alloyed Gag,Sby7Se;; powder. The x-ray diffraction (XRD), differential scanning
calorimetry (DSC) and photoacoustic absorption spectroscopy (PAS) techniques were used.

2. Brief theoretical considerations of the photoacoustic absorption spectroscopy applied
to semiconductor materials

The thermal diffusivity «, defined as @« = k/pc, where k is the thermal conductivity, p the mass
density and ¢ the specific heat, is an important parameter to monitor not only for its intrinsic
physical interest but also for its use for designing technological devices based on semiconductor
materials. Physically, the inverse of « is a measure of the time required to establish thermal
equilibrium in a given material. Like the optical absorption coefficient, it is unique for each
material. Furthermore, the thermal diffusivity is also known to be extremely dependent upon
the effects of compositional and microstructural variables [17] as well as processing conditions
(see papers listed in [18]). Thus, the measurement of this parameter is appropriate for following
the structural changes promoted by MA processes and annealing effects on the ternary mixture
of Ga, Sb and Se investigated.

When the material inside the photoacoustic gas cell absorbs a modulated light beam and
generates heat periodically, a PAS signal is created. The dependence of the PAS signal on
the optical absorption coefficient and the light-into-heat conversion efficiency allows us to
obtain the nonthermal excitation efficiency, the photoinduced energy conversion processes, etc.
The PAS signal is directly proportional to the light-into-heat conversion efficiency through the
nonradiative processes of the material [19]. For a thermally thick semiconductor sample, there
are four processes that may contribute to the PAS signal:

(1) Intraband nonradiative thermalization: when the photogenerated electrons relax down to
the bottom of the band by creating phonons. The contribution of this process for the
PAS signal decreases exponentially with the modulation frequency as (1/f) exp(—a~/f).
where a = I,(mr/a)'/?, f is the modulation frequency, / is the thickness of the sample
and oy is its thermal diffusivity. The PAS signal phase shows a modulation frequency
dependence of the type @, = 5 — af 172 'When this process is present, it occurs in the
low frequency range.

(2) Nonradiative bulk recombination: when nonradiative recombination of excess electron—
hole pairs after diffusion occurs through a distance (D7)'/?2. The contribution of this
process for the PAS signal shows a modulation frequency dependence of the type f~!-.
The thermal diffusivity o, carrier diffusion coefficient D, surface recombination velocity
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v and recombination time t parameters can be determined by fitting the PAS signal phase
to the phase expression given by Pinto Neto [20],

|: (aD/v)(wTes + 1) i|
(@D /v)(1 — oTe) — 1 — (0Terr)? ]

where T = T(D/ag — 1), and a = (nf/as)l/z. D is the diffusion coefficient, [ is the
thickness of the sample, v is the bulk or surface recombination velocity, w = 27 f, and
is the relaxation time. When it is present, it occurs in the high frequency range.

(3) Nonradiative surface recombination: when nonradiative surface recombination takes place
at the sample surface. The contribution of this process for the PAS signal shows a
modulation frequency dependence of the type f~'°. Similarly to process (2), the o, D, v
and t parameters can be determined by fitting the PAS signal phase to the phase expression
given by Pinto Neto [20]. When it is present, it occurs in the high frequency range after
the nonradiative bulk recombination process.

(4) Thermoelastic bending: when a temperature gradient generated within the sample across
its thickness occurs, there is a contribution of the thermoelastic bending process to the PAS
signal. This contribution shows a modulation frequency dependence of the type f~'. The
thermal diffusivity o can be determined by fitting the PAS signal phase to the expression

T —1
®pp = — +tan

7 (D

Dpn = o + tan~ 2)

1 1

aJf—1]"
where the constant a is the same as that defined for the intraband nonradiative
thermalization process. The PAS signals for the processes (3) and (4) show the same
dependence on the modulation frequency. However, the PAS signal phases for each of the
processes have different dependences on the modulation frequency. Thus, the analysis of
the PAS signal phase permits us to distinguish these processes and determine the o, D, v
and t parameters. In [7], we have shown how each process can be identified through the
PAS signal.

3. Experimental procedure

A ternary GagSby7Se;; mixture of high purity elemental powders of gallium (Aldrich
99.999%), antimony (Alfa Aesar 99.999%, —200 meshes) and selenium (Alfa Aesar 99.999%,
—200 meshes) was sealed together with seven steel balls of 11.0 mm in diameter into a
cylindrical steel vial under an argon atmosphere. The ball-to-powder weight ratio was 8:1.
The vial was mounted on a SPEX Mixer/mill, model 8000, and milling was performed at room
temperature. The structural evolution occurring in the mixture with milling time was followed
by recording the x-ray diffraction (XRD) patterns on a Philips X-Pert powder diffractometer,
equipped with a graphite monochromator, and using the Cu Ko radiation (A = 0.154 06 nm).
After 9 h of milling no more changes were observed, and then the milling process was finished.
It was observed that an important quantity of gallium glued onto the vial wall. Then, the as-
milled powder was analysed by the energy dispersive x-ray technique in a Shimadzu EDX-700
set-up, and the measured Ga, Sb and Se contents were 40, 38 and 22 at.%, respectively. Low
iron contamination (less than 0.50 at.%) was also measured, but due to the small value it will not
be considered. Therefore, powder as milled for 9 h will be considered as having a Ga4oSbsgSe,
composition.

The thermal stability of the as-milled powder was investigated by recording the DSC
spectrum from 300 to 890 K, with a heating rate of 10 K min~!, in a TA Instruments 2010
DSC cell, under flowing nitrogen. On the basis of the DSC results, the as-milled powder, in the
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Figure 1. X-ray diffraction patterns: experimen-

N/NMM tal (curve A), simulated (curve B), difference be-
1 1 1T 1T 1T 1 1T T tween the experimental and simulated patterns
20 30 40 50 60 70 80 90 100 110 (curve C), and scattering diffuse pattern for the

20 (degree) amorphous GaSe alloy as measured by Campos
et al [15] (curve D).

form of pellets, was sealed in a quartz tube evacuated to about 10~ Torr and annealed at 653
and 798 K for 360 and 210 min, respectively; this was followed by air cooling. The annealed
powder was again analysed via the XRD technique.

The PAS measurements were performed in a home-built open photoacoustic cell (OPC)
configuration. The OPC configuration consists of a 250 W quartz—tungsten—halogen (QTH)
lamp, which has the current stabilized by a Bentham 605 power supply, after being heat filtered
by a water lens, and is mechanically chopped by a Perkin—Elmer light chopper, model 197,
and focused onto the sample. The sample is mounted directly onto the front sound inlet of an
electret microphone [18]. The output voltage from the microphone is connected to a lock-in
amplifier, which is linked to a PC computer to record the PAS signal amplitude and phase as a
function of the modulation frequency. The as-milled and annealed Gay(SbsgSe,, samples for
PAS measurements were prepared by compressing the powders at the same pressure to form
tiny circular pellets of 10 mm in diameter, with thickness of 545 and 550 um, respectively.

4. Results and discussion

4.1. XRD and DSC measurements

Figure 1 shows the measured XRD pattern (curve A) of the GayoSbigSe,, sample milled for
9 h, and it is quite different from those corresponding to the elemental Ga, Sb and Se elements.
From this figure one can see that the milling process promoted the nucleation of a crystalline
and an amorphous phase. The presence of the latter is clearly evidenced by the discrepancies
located at about 260 = 28° and 48°. The crystalline XRD pattern was compared with those
given in the JCPDS database [21] for the GaSb phase and there was found a good agreement
with that for the cubic phase (card 07-0215). This XRD pattern was also compared with that
reported by us for the single cubic GaSb phase prepared by MA [7, 14], and there was found
an excellent agreement there as well. The amount of amorphous phase present in the as-milled
GayoSbsgSe,, sample was calculated by using the Ruland method [22] and the value found was
~42%.

The XRD pattern corresponding to the GaSb phase was simulated using the Rietveld struc-
tural refinement procedure [23] through the code DBWS 9807. The structural model for this
phase was taken from the TAPP 2.2 software [24], and the best fitting was reached by consider-
ing the lattice parameter a = 0.606 82 nm (a = 0.609 59 nm). The value shown in the brackets
is that given in the TAPP 2.2 software for this phase. The simulated XRD pattern (curve B) is

4
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shown in figure 1, and an excellent agreement between the experimental and simulated patterns
is observed. In this figure there is also shown the difference between them (curve C), which has
the form of a diffuse scattering, characteristic of an amorphous phase. This difference shows
two haloes located at about 260 = 28° and 48°. In order to identify this amorphous phase, the
curve D depicts the diffuse scattering pattern for the amorphous GaSe phase measured by Cam-
pos et al [15]. A good agreement between them is observed, suggesting that the amorphous
phase present in the as-milled GayoSbigSe,, sample has a composition around the equiatomic
one. This suspicion will be confirmed through annealing and it will be discussed later.

All the peaks on the XRD pattern for the GaSb phase are enlarged, indicating a nanometric
structure. The nanometric structure is formed by crystallites having dimensions of a few
nanometres (from 2 up to 100 nm) [25]. The mean size of the crystallites can be satisfactorily
estimated from the simulated XRD pattern taking into account the line broadening caused by
both crystallite size and strain, through the relationship [26]

BicosO\* 1, [sinf)? ;

<KA)_d2+Gp<KA>’ ©)
where 6 is the diffraction angle, A is the x-ray wavelength, S is the total broadening measured
at the peak’s full width at half-maximum (FWHM) in radians, d is the crystallite size, o, is
the strain, and K is a constant dependent on the measuring conditions and on the definition
of B and d (here it was assumed to be 0.91 as usual in the Scherrer formula). Graphical
linearization of the relationship above, i.e., plotting of 82 cos® 6 /A% versus sin? 8/, yields the
mean crystallite size free from strain effects from the values of the intercept of the straight line
obtained. The strain is obtained from the slope of the linearized graph. The code DBWS 9807
generates the B; and 20 positions for all the simulated peaks, and considering these values in
expression (2), we find d ~ 12.4 nm and o, ~ 2.90%.

Figure 2 shows the measured DSC curve of the GayoSbsgSe;, sample milled for 9 h. We
can see a broad endothermic band located in the 315-490 K range and two exothermic peaks
whose maxima occur at about 548 and 750 K. There is also a broad exothermic band starting
at about 800 K, which is incomplete due to limitations of the Al pans used in the DSC cell. In
order to make the interpretation of the DSC curve, the result for the amorphous GaSe phase
(grey line curve) as measured by Campos et al [15] is also depicted in this figure. The melting
point of the Sb,Ses; compound is 7, = 863 K, while those of some selenium oxides are: SeO,
(T, = 589 K), SeO3 (T, = 667 K), SexOs (Tr, = 497 K). The measured DSC curve does
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not show any endothermic peak associated with melting. This result indicates the absence
of unreacted Se (T, = 494 K), antimony (7, = 903.78 K) powders, selenium oxides and
Sb,Se; compound, even in small quantities, in the as-milled sample. It corroborates the results
obtained by XRD analysis for this sample. The endothermic band is associated with elimination
of water molecules coming from the wet and that are located at the surface particles. This
endothermic peak agrees with that reported in [7] for the cubic GaSb phase prepared by MA.
The exothermic peak at 750 K agrees reasonably with the temperature for the amorphous—
crystalline transformation observed by Campos et al [15]. The interpretation of the exothermic
peak located at about 548 K and of incomplete broad exothermic band will be done later. The
enthalpy changes for exothermic peaks at about 548 and 750 K were calculated and the values
found were 14.5 and 7.8 J g~!, respectively.

On the basis of the DSC curve, a small amount of the GasSbsgSe,, sample was annealed
at 653 K for 360 min and at 798 K for 210 min, and this was followed by air cooling. Their
XRD patterns were measured and they are shown in figure 3. The XRD pattern of the as-milled
sample is also shown in this figure to facilitate its interpretation. After annealing at 653 and
798 K, the cubic GaSb phase remains stable. However, after annealing at 653 K, new peaks
(marked by the arrows) arose and they remained after the second annealing at 798 K. It is
interesting to note that the annealing at 798 K was not sufficient to eliminate completely the
amorphous phase. According to the Ga—Se phase diagram [27], two different phases of closely
related crystal structures exist in the equiatomic region: a hexagonal phase, with composition
between 48 and <51 at.% Se, and a rhombohedral phase with composition between 52 and
53.5 at.% Se. A narrow two-phase field separates these phases. These new peaks show a
good agreement with the XRD patterns given in the JCPDS database for the rhombohedral and
hexagonal GaSe compounds (card Nos 81-1971 and 71-0375). On the basis of these results,
the exothermic peaks located at about 548 and 750 K on the DSC curve can be attributed to the
crystallization of amorphous GaSe phases, which have very close chemical compositions and
very different crystallization temperatures.

The incomplete broad exothermic band can be analysed by considering the obtained
XRD results for the annealed sample. According to Vigil-Galan et al [28], the formation of
native oxides in as-grown GaSb samples in oxygen atmosphere obeys the chemical reaction
2GaSb + 30, — Ga,03 + Sb,03. The only stable phases that can exist in thermodynamic
equilibrium with GaSb are Ga,O3; and elemental antimony. Thus, the Sb,O; oxide should
react with the GaSb sample to produce more Ga,O3 and free Sb through the chemical reaction

6
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Sb,O3 + 2GaSb — Ga,03 + 4Sb. We experimentally confirmed these predictions [7]. The
XRD pattern depicted in figure 3 does not show Ga,O3 and/or pure Sb. Thus, we have attributed
the incomplete broad exothermic band shown in the DSC curve (see figure 2) to the expected
specific heat behaviour with increasing temperature.

Using the Rietveld structural refinement procedure also simulated the XRD pattern showed
in figure 3. Besides the crystallographic data for the cubic GaSb phase used previously, those
given in the ICSD Database [29] for the GaSe rhombohedral (ICSD code No 73388) and
hexagonal (ICSD code No 2002) phases were considered, and the best fit was reached when the
rhombohedral and hexagonal GaSe phases were considered together with the GaSb one. The
refined lattice parameters are ¢ = b = 0.376 34 nm (0.373 nm) and ¢ = 2.38057 nm (2.386
nm) for the thombohedral GaSe, a = b = 0.37684 nm (0.3755 nm) and ¢ = 3.19366 nm
(3.199 nm) for the hexagonal GaSe, and a = b = ¢ = 0.60727 nm for the cubic GaSb
phase. The values in the brackets are those given in the ICSD Database. The simulated patterns
(middle grey solid and top black lines) are shown in figure 4. The code DBWS 9807 calculates
the relative percentage of amounts of phases, and from a best fit the calculated amounts are
62.84%, 19.95% and 17.21% for the GaSb, GaSe (rhombohedral) and GaSe (hexagonal),
respectively. These values are slightly overestimated due to the amount of the amorphous
phase still present after annealing. It is interesting to note that the sum of relative percentage
GaSe amounts (37.16%) is near to the one found previously for the amorphous phase (42%).

After annealing at 798 K, the mean sizes of the crystallites and strain for the GaSb phase
were calculated, and the values found are d ~ 15 nm and o, ~ 1.38%. For the GaSe phases,
these quantities were not evaluated due the low intensity of the peaks on the XRD pattern. The
increasing of the mean crystallite size with annealing, as well as the reduction of the strain, is
associated with partial elimination of the interfacial component and strains in the crystalline
one. As a consequence, an improvement in the crystallinity of the sample is observed.

4.2. Determination of thermal diffusivity parameter from the PAS measurements

The characteristic frequency f. = <% is the modulation frequency making the transition from
the thermally thin regime (f < f;) to the thermally thick regime (f > f.). Marin et al [30] re-
ported the thermal diffusivity value of 0.24 cm? s~! for the GaSb compound, and more recently,
we reported [7] the values of 0.245 and 0.216 cm? s~! for as-milled and annealed GaSb sam-
ples, respectively. Since the thicknesses of our samples are 545 and 550 pm, the modulation
frequency was varied from 10 to 270 Hz in order to achieve the thermally thick regime.
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Figure 5. PAS signal amplitude versus modulation frequency for the as-milled (open circle line) and
annealed (open triangle line) GasoSb3gSe, samples. The solid lines correspond to the modulation
frequency region where the thermoelastic bending process is the dominant contribution for the PAS
signal amplitude.
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Figure 6. PAS signal phase versus modulation frequency for the as-milled (open circle line) and
annealed (open triangle line) GasoSb3gSer, samples. The solid lines correspond to the best fit of
the experimental data using equation (2).

Figures 5 and 6 show the PAS signal amplitude and phase for the as-milled (open circle
line) and annealed (open triangle line) samples, respectively. After annealing, the signal
amplitude increased by 19%, while the phase increased by 4.4% between 35 and 100 Hz. Using
the procedure described in [7], it was observed that the intraband nonradiative thermalization
and nonradiative bulk recombination processes do not contribute to the PAS signal amplitude.
As depicted in figure 5, the PAS signal amplitude for both as-milled and annealed samples
shows a dependence of the type f~%° on the modulation frequency, which is characteristic of
the nonradiative surface recombination, thermoelastic bending process or thermal dilation [31].
The thermal dilation process produces a signal whose phase is independent of the modulation
frequency and equal to —90°, a fact that is not observed in figure 6. Recently, we reported
the values for the thermal diffusivity a5, D, v, and t for as-milled and annealed GaSb samples
prepared by MA [7]. These values were unsuccessfully used in the phase expression given
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by Pinto Neto [20], reproduced as expression (1), for the nonradiative surface recombination
process. The fit was applied in the @, (in radians) versus f graph only considering the phase
and modulation frequency data corresponding to the straight line shown in figure 5. Thus, the
contribution of the nonradiative surface recombination process to the PAS signal amplitude
was also discarded. On the other hand, the expression for the phase corresponding to the
thermoelastic bending process, reproduced as expression (2), was successfully fitted to this
region of the ®py, (in radians) versus f plot. For as-milled and annealed samples, the best fits
were reached for oy = 0.1850 and 0.1985 cm? s~! values, respectively, and they are shown as
solid lines in figure 6. The thermal diffusivity values of the amorphous and crystalline phases
differ by one up two orders of magnitude. A slight increase in the « value for the annealed
sample is observed. We have attributed this increase to the improvement in the crystallinity of
the GaSb phase and GaSe amorphous—crystallization transformation. However, these values
are smaller than those previously reported by us for as-milled and annealed GaSb samples [7].
We reported thermal diffusivity values of 0.082 and 0.097 cm? s~! for as-milled and annealed
Ga,Ses; samples [8]. These values differ by one order of magnitude from that reported by Barbu
et al [32] for GaSe:B single crystals (o« = 0.004 13 cm? s~ ).

In order to understand the reduction in the thermal diffusivity value of GayoSbigSern
samples when compared with those reported in [7], the microstructure of ternary as-milled
and annealed samples must be analysed. The microstructure of the as-milled sample is
formed by nanometric cubic GaSb and amorphous GaSe phases, and the relative amounts
are similar. We believe that the amorphous GaSe phase is located among GaSb particles and
that it is responsible by reduction in the thermal diffusivity value. Due to chemical disorder
present in the amorphous GaSe phase empty spaces (like pores) may appear, originating
temperature gradients inside the sample. These temperature gradients are responsible for the
predominance of the thermoelastic bending process in the PAS signal amplitude and phase.
Cubic GaSb, hexagonal and rhombohedral GaSe phases and a remaining amorphous GaSe one
form the microstructure of the annealed sample. The coexistence of the three crystalline phases
may induce lattice mismatch, originating empty spaces (like pores), a fact that favours the
appearance of a temperature gradient inside the sample. Beyond this, the remaining amorphous
GaSe phase may be located among particles of these crystalline phases. We believe that the
lattice mismatch and/or remaining amorphous GaSe phase are responsible for the reduction
in the thermal diffusivity value. The small difference between the thermal diffusivity values
for the ternary as-milled and annealed samples suggests that the amorphous phase and lattice
mismatch have similar effects on the propagation of thermal waves in the samples.

5. Conclusions

The main conclusions drawn from this study are:

(1) The milling of a Gag,Sby7Se;; mixture for 9 h resulted in a final product with GaoSbsgSes,
composition and containing the nanometric cubic GaSb phase and an amorphous GaSe
one.

(2) Annealing of the as-milled sample resulted in the amorphous GaSe phase crystallization
in the rhombohedral and hexagonal GaSe phases. It promoted also the grain growth of the
cubic GaSb phase from 12.4 to 15 nm, and reduction in strains as well.

(3) The thermal diffusivity value for the annealed sample is slightly greater than that measured
for the as-milled one. This increment is attributed to the improvement in the crystallinity
of the cubic GaSb sample and the crystallization of the amorphous GaSe phase.

(4) The reduction of the thermal diffusivity value of the ternary as-milled GasoSb3gSe,, sample
when compared with value previously reported for GaSb compounds produced by MA

9
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was attributed to the large quantity of amorphous GaSe phase present in this as-milled
sample, while the reduction in this parameter observed for the annealed Gas)SbsgSer,
sample was mainly attributed to the lattice mismatch among the cubic GaSb, hexagonal
and rhombohedral GaSe phases and the presence of a remaining amorphous GaSe phase.
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