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The Sn-Se eutectic solidification allows one to obtain alamellar structure, formed by SnSe and
SnSez compounds, which are p and n semiconducting types, respectively. The SnSe-SnSep eutectic
composite is a promising material to be used in photovoltaic device manufacturing. In alamellar
eutectic microstructure, the main parameter, which governsmany of itscharacteristics, isthelamellar
spacing. Such aparameter isprimarily aresult of theundercooling at the solid/liquid interface, which
depends on the growth rate and the eutectic system properties. In this work, the Sn-Se adloy
corresponding to eutectic composition was studied by using DSC thermal analysis and directional
solidification at several growth rates in avertical Bridgman-Stockbarger unit. The objective of the
experiments was to investigate the influence of the growth rate on the growth undercooling, aswell
asontheeutectic microstructure. The microstructure analysis showed that avery regular and aligned
structure formed by the SnSe and SnSez solid phases can be produced. By using the classic eutectic
growth theory developed by Jackson and Hunt, the experimental results obtained led to the
evaluation of arelationship among growth rates, eutectic growth temperature and lamellar spacing.
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1. Introduction

In recent decades, eutectic aloy growth has been the
subject of several theoretical and experimental studies'™.
This research was performed as a result of the possibility
of achieving composite materials directly from the liquid
phase during eutectic solidification. If a eutectic aloy is
directionally grown, a regular structure consisting of two
solid phases can be formed: the a and b phases. This
phenomenon is a result of a cooperative growth of an
oriented and an anisotropic structure, where both solid
phasesgrow side by side. Thistype of solid growth depends
on the simultaneous mass transfer in the liquid near the
solid/liquid interface. While the a phase segregates the
component B, the b phase rgjects the component A. This
processresultsin asoluteincreaseintheliquid ahead of the
a and b phases and hence, to lateral mass transport due to
the composition gradients of A and B. Lateral mass trans-
port is fundamental to the eutectic growth process.

In eutectic microstructure, the main parameter is the
distance between solid phases, as it controls many of its
properties. In the case of a lamellar eutectic growth, this
parameter is termed “lamellar spacing” and it fundamen-
tally depends on the solid/liquid interface undercooling.
The melt undercooling depends on the solute distribution
in the liquid near the interface which is connected to the
growth rate, to the diffusion process and to some eutectic
system properties. The solute distribution in theliquid near
solid/liquid interface is associated with the mass transport
due to the displacement of the interface and to the mass
transport due to atomic diffusion given by Fick’s law. A
variation in the melt solute distribution leads to avariation
in the liquid undercooling, which modifies the interphase
spacings'.

By solving the diffusion problem at the solid/liquid
interface during eutectic growth, Jackson and Hunt! were
ableto develop atheory of regular eutectic growth. Assum-
ing that the a and b solid phase interfaces are flat, they
formulated a relationship among the interface undercool -
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ing, the solutedistribution field and theinterface curvature.
The undercooling associated with the solute composition
departurefrom eutectic compositionisdetermined fromthe
phase diagram. The undercooling associated with the cur-
vature at the solid/liquid interfaceis related to the capillar-
ity effect, and it is calculated by using the Gibbs- Thomson
relationship*. The total solid/liquid interface undercooling
(DT) as a function of both the growth rate (V) and the
lamellar spacing (I ) is given by the relationship®:

DT=K1IV+% 1)

where K1 and K> are constants determined from the phase
diagram and thermodynamic data.

Analysis of Eq. 1 revealsthat the total undercooling is
not unique, as it depends on the product between the
interphase spacing and the growth rate. This fact leads to
theassumptionthat another relationshipisessential inorder
to eval uate the eutectic growth conditionst. The sol ution of
this problem wasfound by applying the hypothesisused by
Zener® and Tiller?, which can be described by theextremum
criterion. According to the extremum criterion, eutectic
growth occurs with the minimum liquid undercooling at
solid/liquidinterface or with the maximum growth rate. So,
if the first derivative of the total undercooling is set equal
to zero, thefollowing relationshipsamong DT, | andV, are
obtained™*:
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In the Sn-Se system, a eutectic transformation allows
one to produce the SnSe and SnSe» phases which exhibit
interesting el ectronic and optical properties, and hence, this
eutectic microstructure is potentially useful in the produc-
tion of solar cells™*. While tin monoselenide shows an
orthorhombic structure and is a p-type semiconductor®, the
tin diselenide presents ahexagonal Cdlx-type crystal struc-
ture and is n-type semiconductor®. Bhatt et al. have inves-
tigated photovoltaic properties of thin films SnSe-SnSe,
junctions'. Based on the properties of the SnSe and SnSex
compounds, they suggested that these materials may be
applied in the production of photovoltaic devices. Taking
into account that a special characteristic of the Sn-Se sys-
tem isaeutectic reaction that may simultaneoudly giverise
to SnSe and SnSe, phases, apromising way of manufactur-
ing low-priced electronic devices using a single growth
processisthe use of directional growth of the Sn-Se eutec-
tic alloy®.
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A regular eutectic microstructure is obtained if its
phases are arranged side by side and aligned with the
direction of the heat flux, the amount of eutectic imperfec-
tions is low, and the spacings, for a given growth rate, is
distributed over a narrow range of values.

Concerning thedirectional growth of the Sn-Se eutectic
dloy®®, in spite of the fact that the average interphase
spacing with the growth rate variation follows the Jackson
and Hunt theory?, given by Eq. 2, an intriguing phenome-
non was observed. K eeping the growth rate constant, it was
observed that the lamellar spacings are scattered over a
large range of values'®. It was also noted that the growth
rate variation produces changes in the spacing distribu-
tion, It wasfound that an increasein the growth rate leads
to anarrower distribution of spacings.

Bearing in mind that to obtain any electronic device
from Sn-Seeutectic microstructure, it isnecessary to obtain
a very regular microstructure, which makes essential to
understand its eutectic reaction in detail. The main aim of
this paper is to analyze the influence of the growth condi-
tionson theinterfacial undercooling and the microstructure
during Sn-Se eutectic growth.

2. Experimental Procedure

The effect of the growth conditions on the solid/liquid
interface undercooling was investigated by using two dif-
ferent techniques: differential scanning calorimetry analy-
sis** and directional solidification method™.

The Sn-Se eutectic aloy was prepared by using a cor-
rect quantity of 99.99% pure Se pellets and 99.999% pure
Sn shot, related to 50.96wt% Se. Quartz tubes 8.0 mm ID
x 10 mm OD and 550.0 mm in length were sealed at one
end and used as the material for encapsulating the alloy.
The ampoules containing the Sn-Se alloy were purged with
argon and sealed under a vacuum of 10° Torr. In order to
achieve well-homogenized samplesbefore carrying out the
solidification experiments, the alloys were processed in a
rocking furnace at 860 °C for four hours.

TheDSC techniqueallowsoneto determinedifferences
in heat flow into a sample and a reference sample, while
both samples are subjected to a programmed temperature
evolution*. During the eutectic solidification, this heat
flow difference increases due to the latent heat release. To
carry out such athermal analysis, a special procedure was
utilized. Due to the easy selenium volatility that could
damage the DSC unit as well as lead to inaccurate meas-
urements, small amounts of the eutectic alloy, from 20.0 to
116.0 mg, were again sealed in small quartz ampoules 6.0
mm OD x 5.0 mm ID and 8.0 mm long, under vacuum and
purged again with argon. After preparation, these samples
wereinserted directly into the samplecarrier of the Netzsch
STA 404 thermal analysis equipment. Before doing the
DSC experiments, the thermal analysis unit was calibrated
using standard samples. The eutectic transformation tem-
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perature was assumed to be the temperature at the start of
the DSC peak.

The alloy was subjected to steady state directional
growthinthevertical Bridgman-Stockbager crystal growth
equipment with a provision for measurements of thermal
profilein the sample during the growth process. Thisdirec-
tional solidification unit consisted of hot and cold zones
made of Kanthal heating devices, isolated by an adiabatic
zone. The samples were lowered from the hot unit to the
cold unit to allow the directional solidification at growth
ratesvarying from 2.8 x 10 to 14.0 x 10 crm/s. Ingots 6.0
cmlong and 0.8 cmin diameter were placed inside aquartz
ampoule. To determine the temperature evolution during
thesolidification, threesmall depressions1.0 mmindiame-
ter were made transversely through the center of the quartz
ampouleto locate the thermocouples. Figure 1 presentsthe
samples diagram, including the position of the thermocou-
ples.

The temperature evolution obtained by the thermocou-
ples, the distance between each thermocouple and the slope
of the cooling curves, allow one to calculate the growth
rate, the thermal gradient at solid/liquid interface and the
interface undercooling. The temperature evaluation was
obtained by using three fine Chromel-Alumel thermocou-
ples (100 mm in diameter) with exposed junctions, which
were connected to a high precision computerized data
acquisition system. The thermocoupleswereplaced 2.0cm
away from each other. In order to improve the thermal
contact in the thermocoupl e positions, the gap between the
thermocouple junctions and the quartz wall wasfilled with
a mixture of graphite powder and alcohol. The acohol
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Figure 1. A schematic drawing of the directional solidification apparatus
including the provision for the sample temperature measurements.
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volatilization with an increase in the temperature led to a
more efficient heat transfer process between the quartz and
the thermocouples.

The effect of the growth conditions on the eutectic
microstructure was found by taking cross section samples
at severa locations along the ingot. The sections were
mounted with wax on a brass matrix. The samples were
mechanically polished and then, chemically polished in a
solution of 100 mL of absolute ethanol and 2 g of iodine.
The microstructure analysis and the spacings measure-
ments were found by using an optical microscope. Asthe
eutectic microstructure consists of very small SnSe and
SnSey lamellas, an SEM study was performed. Longitudi-
nal cut sections were also observed by using optical and
scanning electron microscopes.

3. Results and Discussion

The reason for performing the thermal analysis of the
Sn-Se eutectic alloy was connected to the eval uation of the
equilibrium temperature of the transformation liquid ®
SnSet+SnSe; asa significant discrepancy is verified among
the results obtained by several authors'®. In order to elimi-
nate the evident inconsistencies in these earlier investiga-
tions, the eutectic equilibrium temperature was determined
during the heating cycle of the thermal analysis, asin the
cooling cycle the eutectic temperature is a function of the
growth ratet”-?, Since the sample was very small, it was
virtually impossible to measure its growth rate. However,
the growth rate is a function of the cooling rate and the
thermal gradient. Figure 2 presents typica heating and
cooling cycles obtained during the experiments.

Asthethermal contact inside the small quartz ampoule
ismodified by the melting and solidification of the sample,
several measurements were performed for each condition
of heating or cooling rate. The results of the heating cycles
led to a eutectic equilibrium temperature equal to 627.8 £
0.1 °C, which is closed to the value found by Feutilais et
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Figure 2. Typical heating and cooling cycles of an Sn-Se eutectic alloy
obtained during aDSC analysis.
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al.1®, However, if such avalueis compared to other results
presented by Feutilais et al.®, the difference can reach as
much as 12 °C. During the cooling cycle, it was possible to
observe that the growth rate was directly connected to the
cooling conditions, asanincreaseinthe cooling rate caused
a decrease in the eutectic temperature, as shown in Fig. 3.
Intheanalysisof a45.0 mg sample, when the cooling cycle
was set at 1.0 °C/min, the temperature of the eutectic
reaction was found to be 627.0 £ 0.1 °C. For acooling rate
equal to 40 °C/min, the eutectic transformation occurred at
atemperature of 625.1 + 0.1 °C. Certainly, the undercool-
ing is aso afunction of the sample characteristics, as the
growth rate during the solidification depends on the heat
transfer conditions. The cooling processis controlled by a
number of parameters, including the sample mass and the
thermal contact between the sample and the quartz am-
poule. When the sample mass was increased to 116.0 mg,
the eutectic temperature changed. At a cooling rate of
40.0 °C/min, the eutectic reaction temperature changed to
626.2 + 0.1 °C. An increase in the sample mass leadsto a
higher solidification time, and hence, the growth rate can
significantly change. While the outer layer of the sample
solidifies rapidly, the internal part of the same sample
solidifies at alower rate.

The directional solidification experiments provide in-
teresting results. By using the distance between thethermo-
couples and the cooling curves, one is easily able to
determinethe growth rate aswell asthe temperature gradi-
ents at the solid/liquid interface. Also, asthe solidification
could be assumed to be in a steady state, the cooling curve
slopes were used to confirm the results associated with the
thermal gradients?. In spite of the fact that the growth rate
can usualy diverge from the ampoule lowering rate during
adirectional solidification in a Bridgman-Stockbarger fur-
nace, in our case, the differences between both valueswere
negligible. However, we found that an increase in the
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Figure 3. Evolution of the eutectic growth temperature with the cooling
rate obtained in aDSC Analysis for several mass samples.
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lowering rate led to an increase in such a difference. The
results obtained from cooling curves and microstructure
examination gave rise to the plot presented in Fig. 4 which
provides the value of Ko/K1 = 1.54 x 10t cm¥/s (Eq. 2).
These results are in excellent agreement with previous
measurements obtained during directional growth of the
Sn-Se eutectic aloy.

The thermal gradient calculated from the sample tem-
perature evolution varied from 20.0 °C/cm to 40.0 °C/cm.
A comparison among severa directionally solidified sam-
ples, processed at different thermal gradients, resulted in
the fact that the SnSe-SnSe> eutectic microstructure
dightly increases its regularity as the thermal gradient at
the solid/liquid interface increases. However, no change
was observed in the distribution of individual lamellar
spacings. It is likely that, changes in the thermal gradient
were not significant enough to alter the lamellar spacing
selection.

In addition to the growth rate and the thermal gradient,
the use of thermocouplesto follow the thermal behavior of
an ingot under directiona solidification allows one to
evaluate the eutectic growth temperature. According to
classical eutectic growth theory, this temperature should
decrease with an increase in the growth rate. The growth
temperature and the location of the solid/liquid interface
were not easily found from the cooling curves asthe slope
was not always abruptly changed. Consequently, to meas-
ure such atemperature, alarge number of experiments for
each growth condition was required. The growth tempera-
ture was also studied by comparing the microstructure
obtained in the directional solidification experiments to
microstructure obtained in DSC analysis. The microstruc-
ture comparison comprised the study of the interphase
spacings only. The spacings obtained during directional
growth were compared to the onesfound in the microstruc-
ture of DSC samples obtained at several levels of cooling
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Figure 4. Lamellar spacing asafunction of theinverse square root of the
growth rate obtained by computing the cooling curves data.
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rate. Although the growth conditions were different, as
solidification in the DSC was not directional, it was found
that the average spacings were controlled by the cooling
rate. The results of DSC and directional solidification
analyses led to the evolution of the eutectic growth tem-
perature as afunction of the growth rate. Figure 5 presents
aplot of the eutectic growth temperature versus the square
root of the growth rate. As the growth rate increases, the
growth undercooling also increases, which alows one to
find the value of the constant in Eq. 3. Also, extrapolation
to zero growth rate produces equilibrium eutectic tempera-
ture of 628.4 + 0.3 °C, whichisin good agreement with the
eutecti c temperaturefound inthe heating cyclesof theDSC
analysis and with the results obtained by Feutilais et al.2®.
By observing the plot of the eutectic growth undercool -
ing as afunction of the square root of the growth rate, the
value of the constant K3 in Eq. 3 was found to be equal to
65.0 Ks'? cm™2, By analyzing the value of the constants
K1, K2 and K3 for severa systems (Egs. 1 to 4) presented
by Kurz and Fisher*, one is able to verify that the values
obtained in the present study are quite reasonable.

The growth behavior of the eutectic SnSe-SnSexisvery
intriguing. In spite of the fact that the lamellar spacing is
not unique and awide distribution of valuesisfound for a
given growth rate, the Sn-Se eutectic microstructureisvery
regular. Figure 6 presents typical microstructures of a di-
rectionally solidified Sn-Se eutectic sample. Nevertheless,
the entropies of fusion of both SnSe and SnSe> compounds
arevery large'®. Thisfact would lead to the assumption that
the Sn-Se eutectic aloy grows without an easy-branching
behavior?2, However, an aligned and regular eutectic mi-
crostructure obtained from the directional solidification of
the Sn-Se system shows the opposite. Explanation of such
a phenomenon can be found in the Podolinsky et al. inves-
tigation?. In solutions, a faceted component can become
non-faceted and vice-versa, as a function of the effect of
the other component®,
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Figure 5. Variation of the eutectic growth temperature with the square
root of the growth rate.
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(b) 50 pm

Figure 6. Typica microstructures obtained from directionally solidified
Sn-Se eutectic samples: (a) longitudinal view; (b) cross view.

4. Conclusions

Thermal analysis and directional growth experiments
were carried out on the Sn-Se eutectic alloy, and the effect
of the growth rate on the eutectic growth temperature was
investigated. Based upon the results obtained, it can be
affirmed that the effect of the growth rate on the eutectic
microstructure is in good agreement with the theory, i.e.,
the lamellar spacing is proportiona to the inverse of the
square root of the growth rate and arelationship between |
and V was achieved. The equilibrium eutectic temperature
wasfoundtobe627.8 + 0.1 °C, whichisin good agreement
with recent results found in the literature. As predicted by
the Jackson and Hunt theory!, it was verified that the
eutectic growth temperature depends on the growth rate.
By using different values of thermal gradients, it was
observed that an increase in the temperature gradient at the
solid/liquid interface produces aslight improvement in the
microstructure regularity. Although the entropy of fusion
of the SnSe and SnSe, compounds found in the literature
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arevery high, and henceanirregular eutectic growth would
be expected, in al the growth conditions employed, the
microstructure remained regular.
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