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Mercury zinc selenide alloys have potential for the detection electromagnetic
radiation over a wide wavelength range, because their energy gap varies with the alloy
composition. Compositional variations and distribution of defects, however, must be
understood to ensure the desired electrical response. The primary objectives of this
investigation were to characterize the basic structural properties of bulk material, and
determine whether the addition of Zn to the HgSe lattice reduced the potential for defect
formation.

In order to determine optimum growth conditions, the liquidus and solidus
temperatures of select compositions were measured, and the phase diagram was calculated
using a regular solution model. Using this information, HgosZno ;Se alloys were
synthesized, then remelted and directionally solidified. One ingot was solidified in a

magnetic field to reduce radial compositional variations. Surface features of each ingot

|
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were documented after growth, and the composition distribution was determined in the
radial and axial directions. Development of the grain structure was investigated along the
centerline of each crystal. Each ingot was oriented to a specific crystallographic
orientation and wafers were removed. Wafers were polished and chemically etched to
reveal the densities of dislocation etch pits.

Liquidus temperatures were difficult to determine for low ZnSe concentration,
however, results were sufficient to determine proper growth conditions. Axial
compositional variations indicated diffusion controlled solidification. Radial compositional
variations were greatly reduced when solidification occurred in an applied magnetic field.
Features observed on the as-grown ingot surface indicated that very little wetting occurred
between the alloy and ampoule, especially when a graphite getter was incorporated into
the ampoule. The combination of convex interface shape and reduced wetting was
favorable for single crystal growth and reduced dislocation densities. A change in the
thermal gradient during processing was responsible for generating more dislocations than
any other experimental parameter. Overall, however, the Hg,..Zn,Se system had etch pit
densities one to two orders of magnitude less than HgTe based alloys. The results of this
investigation indicate this alloy has improved resistance to dislocation formation,
compared with similar II-VI alloys, and should be further investigated for the detection of

electromagnetic radiation.

Rl Ly
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CHAPTER 1
INTRODUCTION AND MOTIVATION

It is well documented that semiconductor alloys of the I[I-VI type, such as the

widely used mercury cadmium telluride (Hg, Cd, Te) alloy, possess appropriate electrical

and optical properties for use in electro-optical devices. These alloys behave as
pseudobinary alloys whose end points are binary alloys. The technological importance of
this class of materials is derived from the almost linear variation of the band gap with alloy
composition. This property allows detectors with specific spectral response to be tailor
made by appropriate selection of composition. This feature however, can also be
detrimental to device performance if compositional variations are induced during the
growth process.

Inherent in the nature of the growth process of alloys such as Hg, Cd Te are a
multitude of factors that can lead to compositional variations. The wide separation of the
liquidus and solidus curves on the phase diagram results in a large segregation coefficient,
and thus a large difference in the composition of the solid and liquid in equilibrium at the
interface. As solidification progresses, a diffusion boundary layer is established in the
liquid ahead of the interface. If the interface is not flat, the difference in density of the
liquid immediately ahead of the interface, depleted of solute, and the liquid of nominal
composition farther into the melt leads to buoyancy effects that result in convective flow

in the melt. Once established, these flow fields lead to increased curvature in the interface,
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which causes radial variations in composition. In addition to solutally generated
convection, fluid motion is also caused by radial thermal gradients arising from differences
in thermal conductivity in the solid and liquid near the solid/liquid interface region that are
caused by transverse heat flow into and out of the sample. Variations in thermal and
compositional uniformity also lead to defects in the crystal structural that influence the
structural and electrical properties of the material.

In addition to problems created by the nature of the growth process, the
application of the Hg, Cd, Te system, in particular, has also been hindered by the
destabilization of the lattice that results from the weakening of the Hg-Te bonds caused by
Cd alloying. A number of theories have been proposed to explain this phenomenon.

The primary contribution to structural instability is thought to be related to the
atomic structure and bonding characteristics of these alloys. Chen et al. (1983) postulated
that during the formation of the Hg, Cd, Te tetrahedron, there is a net transfer of electrons
from the Cd to the Hg. These electrons are thought to occupy anti-bonding states, since
the bonding states on the HgTe bond are full, thus causing a destabilization of the HgTe
bond. This reduces the bond strength which explains the increase in dislocation formation,
vacancies and other defects which contribute to the mobility of Hg through the lattice
(Spicer et al., 1983).

Spicer et al. (1983) also attributed the ease of defect formation and movement to

the atomic structure and bonding characteristics of Hg in these alloys. They considered

the change in binding energy of the s” electrons when they are transferred from the lighter

group II (Cd) to the heavier group VI (Hg) elements to be important. Experimental

e . 2 .
measurements showed the Hg ionization energy of the 6s  valence electrons is 1.4 eV
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greater than the 55° Cd valence electrons. Photoemission studies showed that Hg 5d

levels rise to lower binding energies with the addition of Cd to the HgTe bond. The

weakened Hg-Te bond explains the high susceptibility of Hg, Cd,Te alloys to mechanical

damage. Hg was shown to be extremely mobile in Hg, Cd,Te alloys, moving via

vacancies, interstitials or along dislocations, grain and sub-grain boundaries.

It has been shown theoretically (Sher et al., 1985) and experimentally (Triboulet,

1988) that the HgTe bond can be strengthened by alloying with ZnTe. Several previous

investigations have proposed explanations for the origin of this increased lattice stability.

Sher et al. (1985) suggested that there is no net transfer of electrons to anti-

bonding states when Zn is added to HgTe, contrary to the behavior of HgTe alloyed with

Cd. An additional benefit of the HgTe system is the presence of the shorter, stronger

ZnTe bond, which increases the stability of the alloy.

Triboulet (1988) explained that the shorter bond length of ZnTe, and thus

increased lattice stability in mercury zinc telluride (Hg, Zn Te) alloys, is due to the smaller

screening effect of the electrons in alloys composed of Zn rather than Ca. The atomic

binding energy of ZnTe is also higher than CdTe as shown in Table 1.

The contribution of ionicity to the overall bond characteristics is also known to be

a predictor of bond strength. It has been suggested (Phillips, 1982) that there is a value

Table 1-1. Properties of binary II-VI semiconductors.

Property HgTe CdTe | ZnTe | HgSe CdSe ZnSe
Bond Length (A)* 2.797 2805 | 2.643 | 2.635 2.62 2.455
Binding Energy (eV)** | -2.85 -4.3 -4.7

Bonding Energy (eV)* -909** | -1.45** | -1.51**
Tonicity Parameter*** | 65.2% 675% | 59.9% | 68.0% | 68.4% | 62.3%

¥(Sher et al,, 1985), **(Triboulet, 1988), ***(Phillips, 1982)
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for ionicity of 0.78 above which the zinc blende crystal structure is predicted to be
unstable. Hall and Vander Sande (1978) found an inverse relationship between ionicity
and stacking fault energy. The addition of Zn decreases the ionicity statistically,

consequently making the lattice more stable and the energy of formation of dislocations
higher. Sher et al. (1985) found interaction dislocation energies are proportional to d-3 to

d-11 (where d is the bond length), the former value applying to purely covalent materials,
thus, the shorter and less ionic the bond, the more stable the lattice against line defect
formation.

Mechanical strengthening mechanisms have also been suggested as an explanation
for increased lattice strength and reduction in dislocation formation. Ehrenreich and Hirth
(1985) proposed that in GaAs, the addition of In caused solution hardening with the
surrounding atoms, and that this strain field contributed to a pinning force that inhibited

dislocation motion. For Hg,_Zn Te and Hg, (Cd Te alloys, Guergouri and Triboulet

(1988) calculated the critical resolved shear stress (CRSS) to show the effect of Zn in
strengthening the lattice. Micro-hardness measurements as a function of composition
followed the trends of calculated CRSS values. Higher values occurred when there was a
greater bond length difference between AC and BC, and when there was a weak BC bond
length variation as a function of composition (Guergouri et al,, 1988). This model,
however, neglects electronic contributions.

The mercury cadmium selenide (Hg, Cd Se) system, another II-VI alloy system,

has also been investigated for electro-optical applications. Sher's calculation of bond

length and strength suggests that the HgSe bond is more stable than the HgTe bond.
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Bond energy for HgSe is predicted to be -0.909 eV, compared with -0.480 eV for HgTe
(Sher et al., 1985). The Hg,_Cd Se alloy system has received little commercial attention,
however, primarily because its electrical properties are not stable with time (Nelson et al.,
1978). The same mechanisms responsible for the destabilization of HgTe with Cd
additions are thought to apply to the addition of Cd to HgSe.

The mercury zinc selenide (Hg, Zn Se) alloy system has also been shown to have
appropriate response in a range of specific wavelengths that are of technological interest

for infrared radiation imaging and detection. The widely investigated Hg _Cd Te and
Hg, Zn Te alloys systems are electrically p-type. The Hg,_Zn Se system, however, forms
with a stoichiometric excess of Hg atoms, which results in n-type material. This could be
beneficial for detector applications mounted in a vacuum environment. Hg,_Cd Te and
Hg,_Zn Te alloys that have been annealed in Hg vapor can revert back to their natural
state when exposed to a vacuum environment at temperatures above 200 °C. Hg, Zn Se
and Hg, Cd Se alloys are often annealed in a vacuum to reduce the number of intrinsic

charge carriers. Therefore, the use of a material with a natural Hg excess should be an
advantage for applications requiring devices to operate in a vacuum environment.

Sher et al. (1985) showed theoretically that the addition of Zn to HgSe should
have a stabilizing effect on the HgSe bond as opposed to the destabilizing effects caused
by Cd additions. It was shown by Cobb et al. (1991), through periodic measurement of
transmission properties as a function of time, that the addition of Zn to the basic HgSe
zinc blende structure improved the stability of the properties compared with the behavior

in HgSe. Andrews et al. (1990) investigated the micro-hardness of HgSe and HgTe based

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



alloys with Zn and Cd additions. Their results showed, qualitatively, the correlation
between the relative bond energy contribution and increased lattice stability as manifested
through mechanical strength. They found that alloys based on the HgSe bond had higher
hardness values than HgTe based alloys for similar percentage of alloy element, and that
alloys with Zn additions had a higher micro-hardness than those compounds alloyed with
Cd. This is another indication that the addition of Zn increased the bond stability in these
alloys.

In addition to the potential application of Hg,_Zn Se as substrate materials for

infrared detectors, Ren et al. (1993) described a combination of a light emission multi-
layered structure with a graded heterostructure of HgSe-HgZnSe layers to improve ohmic
contact to the upper p-type layer of the light emitting structure. The reduction in valence
band offset provided a stable low resistance ohmic contact for ZnSe based light emitting
and laser diodes.

Historical Review of the thZn‘Se Alloy System

Hg ZnSeisa pseudobinary alloy between HgSe and ZnSe whose band gap can
be compositionally tuned for specific wave length response from -0.06 eV for x =0
(Lehoczky et al., 1974) to 2.6 eV for x= 1.0 (Kot et al., 1964). HgSe has a negative
direct-energy band gap and is a perfect semi-metal, while ZnSe has a large energy gap and
is a semiconductor. Research, to date, on the Hg, Zn Se system has been primarily
focused on the electrical characteristics of the system.

The first investigation of this system was published over thirty years ago by Kot

and Simashkevich (1964). It included information on the synthesis, structural and
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electrical properties of Hg, Zn Se alloys. The structure of all samples was face-centered-

cubic. The variation of lattice constant with composition, as deduced from x-ray
diffraction measurements, was linear from 6.07A to 5.66A, for HgSe and ZnSe,
respectively. For most samples, electron concentration varied from 3 x 10** to 2 x 10"
cm?. In bulk samples, Hall mobility at room temperature varied from 22,000 cm?/ V for
HgSe to a few thousand cm*/V for 75% ZnSe.

Tnvestigations into the band structure of this material to explain the differences
between this system and other II-VI semiconductor materials began a decade later.
Leibler et al. (1973) established that there was a fundamental difference in the spectra for

Hg, Zn Se and Hg, Zn Te alloys compared with CdZnTe and ZnSSe alloys. They

postulated that these differences were due to changes in band structure. Gavaleshko and
Khomyak (1976) found that a strong interaction between bands caused the dispersion
relationship of these narrow-gap semiconductors to be very non-parabolic. The non-linear
dependence of the energy gap on composition in the investigated composition range
indicated that the bowing parameter had a sign opposite of that typically found in zinc
blende alloys. Gavaleshko et al. (1984b) determined the energy band parameters from
plasma reflection minima. Infrared reflection spectra showed that the conduction band
could be described by the Kane three-band model and that I's and [s energy band
inversion occurred.

Gavaleshko et al. (1977) studied the band structure in the vicinity of the semi-
metal/semiconductor transition composition, and determined the transition point to be at
about x = 0.03. Later, the measurements of the effective mass and energy gap as a

function of composition and temperature predicted the inversion point of the I's and I's
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bands to be in the range of 0.02 < x < 0.06 (Gavaleshko et al., 1980; Potapov et al,
1980). Miller and Koh (1994) attributed the large axial crystal field interaction parameter
they observed in Hg based II-VI alloys, to the change in band gap that occurred as these
alloys changed from negative or zero band gap to the normal positive semiconductor band
gap structure as alloying was increased.

Gavaleshko and Khomyak (1976) intially noted the strong non-linear dependence
of the energy gap on composition in the investigated composition range. This non-linear
behavior was also observed in thin layers grown by flash evaporation, electrochemical
deposition and molecular beam epitaxy (Kashyap et al,, 1990; Natarajan et al., 1995; Behr
et al, 1996). Kumazaki et al. (1988) found that valence band to conduction band
transitions were quadratically dependent on composition , while the A spin-orbit splitting
dependence was almost linear. They also found that the coefficients in the equation for
the compositional dependence of energy splittings were considerably different than in

Hg, Cd Te alloys. In films prepared by flash evaporation technique, Kashyap et al.

(1990) observed a direct optical energy gap. They were also expecting, based on the
calculations of Sher et al. (1985), that the Hg-Se bond would produce more stable
materials than Hg,_Zn Te alloys. They also observed the typical bowing observed in other
pseudobinary compounds, but the larger bowing in Hg,_Zn Se alloys resulted in a
reduction in the slope of dE./dx (energy gap change per change in composition), making it
easier to achieve a homogeneous single crystal with E; <0.1 eV. The larger bowing was

possibly, because HgSe is less ionic than HgTe.
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Scattering mechanisms were investigated to explain electrical property
measurements, particularly the temperature and compositional dependence of the charge
carrier mobility. One investigation (Gavaleshko and Khomyak, 1976) found scattering
was dominated by optical and piezoacoustic phonons at liquid nitrogen temperatures for
alloys with x = 0.10. Kumazaki and Nishiguchi (1986) observed two transverse optical
(TO) modes, TO: and TO,, in far-infrared reflection spectra due to native defects or
compositional inhomogeneity. Longitudinal optical (LO) peaks were dependent on
composition and temperature. Potapov et al. (1979) explored a wider temperature range
and found by Shubnikov-de Haas oscillations that the dominant scattering mechanism was
ionized impurities in the 4.2 - 30°K temperature range. In the 30-90°K range, electron
scattering was by acoustic phonons. For T > 90°K, the temperature dependence of
oscillations indicated considerable scattering by optical phonons. Scattering mechanisms
were also determined by studying the temperature and concentration dependence of

mobility in degenerate Hg,_Zn Se samples (Gavaleshko et al., 1980; Gavaleshko et al.,

1986b). They found the dominant scattering mechanisms were impurity ions and polar
optical phonons. They found that carrier mobility was a function of electron carrier
concentration and was limited by impurity and optical scattering at 77 and 300K,
respectively. Scattering by optical phonons was weakly dependent on electron density,
but the reduction in mobility due to scattering by impurities decreased greatly with
increasing carrier density.

Several investigators have explored the contribution of defect mechanisms to the

electrical properties of Hg,_Zn Se alloys. Applying Hagemark's theory (Hagemark, 1976)

to Hg,_Zn Se alloys, Ekbote and Zope (1978) postulated that as the alloy cooled from
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1200°C, Hg atoms became immobile first, since they were the largest and heaviest. As
annealing continued at 600°C, the Hg remained frozen in at interstitial sites. The Zn was
still mobile at this temperature, so it occupied the vacant Hg sites. The requirement for
charge neutrality required the creation of increased Se vacancy concentration, leaving the
alloy n-type. For higher concentrations of Zn, there was more Zn to fill the Hg vacancies,
resulting in a more stoichiometric (HgZn)Se system with less Hg interstitials. The
electrical conductivity, which was due mainly to ionized Hg interstitials, decreased as the
amount of HgSe in the solution was reduced. The higher ionicity of the ZnSe also
decreased the Hall mobility with increasing ZnSe. This theory implies that Hg interstitials
remain frozen in even after moderate heat treatment temperatures. Ekbote and Zope used

this theory to explain the electrical properties of Hg, Zn Se alloys. Gavaleshko et al.

(1986a) questioned this theory because of their observations during annealing
experiments. They suggested that during annealing in Se vapor, Se atoms were absorbed
on the surface, which annihilated surface vacancies, thereby reducing the vacancy
concentration. During Hg annealing, they believed that Se atoms migrated to the surface
and formed stable HgSe dimers at the Hg site. A new layer was formed on the surface
causing a net increase in the number of Se vacancies in the bulk. This scenario is likely
during crystal growth in a sealed ampoule, due to the high Hg vapor pressure at elevated
temperatures.

Deep defect level energy calculations were performed (Li and Patterson, 1994; Li
and Patterson, 1996; Patterson and Li, 1996) to predict the type and characteristics of
defects in the II-VI Hg chalcogenides. The predicted location of interstitial impurities was

similar in the Hg;..Cd,Te, and HgZn.Te systems. Chemical trends of deep levels in
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Hg,.«Zn,Se were different from the other two systems. Little explanation was given due
to the lack of experimental data to compare with predictions. A Green’s function
technique was used to calculate defect formation energies. They found the formation
energy of nominal impurities was similar for all alloys. The formation energy of a negative
impurity was larger than for a positive one and the formation energy of charged states
varied widely. They found that the lowest formation energy occurred for self-interstitials,
while the energies for antisites and vacancies were almost the same. For Hgos2Zno0sSe,
the formation energy of vacancies was 1.75 eV and the deep level was calculated to be
0.06 eV. Their calculations predicted more vacancies in Hgi..Zn:Se than in Hg,(Cd.Te or
Hg«Zn.Te.

The effect of dopants on the electrical properties of the system was also explored.
Alloys (x < 0.072 and 0 < x < 0.14) highly doped with Fe had an improved carrier mobility
(Dobrowolski et al., 1992; Dobrowolski et al., 1993a; Dobrowolski et al, 1993b) due to
reduced scattering. Electron concentration and mobility improved with increasing Fe
concentrations. For high doping levels, their calculations agreed well with experimental
mobility values, leading them to concluded that scattering was due to ionized impurities
and alloying. Experimental mobility was lower than predicted for low dopant
concentrations, so they concluded that other scattering mechanisms were operative. They
concluded that the improvement in electron mobility with increasing Fe doping had a
healing effect on the electrical properties, probably by making defect formation less likely
(Sher et al., 1985).

No information has been published on device production in Hg:.xZnSe alloys,

however, Ren et al. (1993) described an idea for a new integrated heterostructure device
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composed of a wide band gap light emission multilayered structure with a narrow band
gap HgSe-HgZnSe graded heterostructure to improve ohmic contact to the upper p-type
structure. The graded HgZnSe would reduce the valence offset between the ZnSe and the
HgSe contact and provide a stable low resistivity ohmic contact.

Another potential application was to use wide band gap Hg,..Zn,Se (0.86 <x <
1.0) to replace ZnCdSe in quantum-well blue-green lasers (ZnCdSe/ZnSSe/ZnMgSSe)
because there was less lattice mismatch (Hara et al., 1995). Samples consisted of a ZnSe
buffer layer on a GaAs substrate followed by Hg,..Zn,Se layers grown by molecular beam
epitaxy. Their observations were consistent with the non-linear relationship between band
gap energy and composition previously observed for Hg.xZn,Se bulk alloys. X-ray
diffraction measurements showed a lattice mismatch of 0.04% for x = .015. The band gap
at this composition corresponds to the band gap of Zny5Cdo2Se used in blue-green lasers,
making Hg..Zn,Se an attractive alternative for this application.

The potential advantage of these II-VI semiconductors for photoconductive
infrared detectors is related to the variation of the energy band gap with composition. On
the other hand, in order for production to be economically advantageous and device
performance to be reliable at the desired wavelength, wafers from bulk grown materials
must be compositionally uniform. Cobb et al. (1991) investigated the effects of growth
rate on compositional variations in Bridgman grown crystals. They found that for fast
growth rates the average axial composition was constant in the steady state growth region;
however, there were radial compositional variations. For slow growth rates, radial

compositional variations were reduced, but the average axial composition varied.
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The advantage of the Zn based HgSe alloys over Cd based alloys is thought to be
related to the higher ionicity of the ZnSe bond compared to the CdSe bond. The stronger
7nSe bond also increases the bond strength of the system, which should improve the
stability of electrical properties with time. The micro-hardness of HgSe and HgTe based
alloys with Zn and Cd additions was compared, (Andrews et al., 1990) and it was found
that alloys with Zn additions had a higher micro-hardness than those compounds alloyed
with Cd. This supports the supposition that the addition of Zn increases bond stability in
the alloy. The optical and electrical properties were measured for the as-grown crystals
and for crystals annealed in selenium vapor (Cobb et al., 1991). Optical transmission
properties were improved by this annealing which caused a reduction in charge carrier
concentration. This improvement was stable with time. They concluded that the addition
of Zn to the basic HgSe zinc blende structure improved the stability of electrical properties
compared with similar results for HgSe (Nelson et al., 1978).

The microstructural characteristics of the Hg;..Zn.Se system have been reported
only for thin layers. Natarajan et al. (1995) produced films of composition 0.20 <x < 1.0
by electrochemical deposition from aqueous baths. They found the Hg;..Zn,Se films were
n-type, naturally, with no excess, and the Hg rich films had larger crystallite size. Einfeldt
et al. (1995) reported on molecular beam epitaxial growth and the microstructural
characteristics of the Hg;..Zn,Se system as a way to produce the device described by Ren
et al. (1993). The layers they produced never became polycrystalline, however, x-ray
rocking curves could not be obtained on all samples. They concluded that the poor quality
was related to neither growth conditions or substrate lattice mismatch. They postulated it

might be due to a miscibility gap below 443°C, because similar predictions were made in
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Hg.Zn,SeS alloys (Leute and Plate, 1989). Gavaleshko et al. (1984a) had already
modeled the alloy phase diagram using the regular associated solution theory.
Experimental values were obtained from differential thermal analysis (DTA) to within £
29C for 0 < x <0.2. A rather large variation between experiment and both the ideal and
regular solution theories was observed, but a miscibility gap was not detected.
Subsequent studies (Behr et al., 1996) using cross-sectional transmission electron
microscopy (TEM), high resolution TEM (HRTEM), and transmission electron diffraction
failed to confirm their prediction. They eliminated spinodal demixing, atomic ordering, or
embedded hexagonal crystallites as possible sources of the two different microstructures
they observed. A larger deviation from the linear composition versus energy gap
relationship was observed in samples containing a large number of microtwins, stacking
faults and twins, however, a correlation between growth conditions, development of
twins, and the relationship to energy gap was not found. They concluded that the
Hg..Zn,Se was not suitable for molecular beam epitaxy and that the formation of a graded
gap between HgSe and p-ZnSe, described by Ren, was not possible.

In summary, the Hg, . Zn Se system has been well characterized in terms of
electrical properties. It is a viable candidate for the detection of infrared radiation and
other electro-optical applications. It has been shown, theoretically, that the greater bond
strength and shorter bond length should lead to a more stable lattice which is less
susceptible to defect generation than the Cd based alloys. Micro-hardness, electrical and
optical measurements clearly indicate increased lattice stability, however, to date there has
been no characterization of the grain structure or crystalline quality for crystals grown

from the melt. The primary objectives of this study were to determine the nature of grain
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development in this alloy and to determine whether the strong bonding characteristics of

this system resulted in lower dislocation densities.

Motivation and Objectives

Previous studies on this system have been primarily focused on the electrical
properties of the alloy. Predictions of increased lattice stability for HgSe alloyed with Zn
have been substantiated with optical property measurements and micro-hardness
measurements as a function of composition. However, because grain boundaries and
other structural defects can lead to current leakage in devices, a basic understanding of the
microstructural properties must be developed before this system can be considered as a
viable substrate material.

It has been shown (Mikkelsen and Boyce, 1982) by extended x-ray absorption fine
structure (EXAFS) measurements on GalnAs alloys that while the average lattice
parameter obeys Vegard's rule, varying linearly between the values of the binary
endpoints, the actual bond lengths between individual elements (GaAs and InAs) are about
the same as observed in the binary compounds. The bonds shrink and stretch by about 4%
to accommodate the impurity. Only local arrangement is disturbed. Dislocation energies
are dominated by long range bond angle distortions (Hirth and Lothe, 1982), and
influenced by the sheer coefficients which scale with bond length as d-7 (Harrison, 1980),
consequently, a lower number of dislocations are expected in materials with shorter bond
lengths. A supersaturated vacancy concentration often exists just behind the growth front
because the equilibrium number of vacancies is less in the solid than at the elevated

temperature of the liquid (Sher et al., 1985). These excess vacancies can come together to
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form dislocation loops at the growth interface. If the loop continues to absorb vacancies,
it can climb toward the growth interface and become incorporated into the growing
crystal. For compounds with higher bond strength, vacancy formation is more difficult
and thus, the dislocation energies will be higher, making climb less favorable. Based on
this logic and the values shown in Table 1-1, the Hg, Zn Se alloy system should certainly
exhibit greater resistance to dislocation formation than Hg, Cd, Se alloys, and possibly
even show a reduction compared to Hg, Cd Teand Hg, Zn, Te alloys. In addition to
dislocations, stacking faults and tellurium inclusions have also been observed in
Hg, Cd Te alloys, which tend to limit the usefulness of these alloys for certain types of
electro-optical applications.

Although the more favorable bonding characteristics of the Hg;..Zn.Se system
should result in lower dislocation densities, selection of proper growth conditions are also
important in controlling dislocations generated from thermal stresses induced during
solidification. Previous work on the Hg, Cd Te system (Bornykh et al., 1974) indicates a
higher dislocation density in alloys solidified at higher rates. At the highest growth rates
employed, solidification was unstable due to variations in vapor pressure. This resulted in
the formation of dislocations around Te precipitates. Although not stated, different
dislocation densities would be expected for different growth rates because steeper thermal
gradients are required to maintain stable growth conditions at slower rates. Slower
growth rates produced relatively large crystals with a subgrain misorientation of 0.3-1.5
arc-sec. It was also reported that dislocation density was 1-2 orders of magnitude higher
at the crystal circumference than in the central portion. This is thought to be due, in part,

to the differences in the thermal expansion coefficient between the alloy and the fused
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silica ampoules used for containment. Genzel et al. (1990) reported similar behavior for
Hg, Cd, Te crystals grown by the traveling heater process. For the slowest growth rates,
they reported lowest dislocation densities at the leading edge of the crystal, with an
increase in density at the tail end.

The relationship between solidification rate and defect generation is also effected
by radial temperature gradients that cause convective cells in the melt ahead of the
interface. The interaction of these cells with the diffusion boundary layer contribute to the
shape of the interface shape, causing compositional variations. Since the lattice constant
varies with composition, dislocations can be produced to accommodate these strains.

It is generally accepted that the presence of the stronger, shorter ZnSe bond results
in a more stable lattice and should therefore result in an improvement in the electrical and
mechanical properties of related pseudobinary alloys. The goal of this research study was
to investigate the predicted improved resistance to defect generation related to this
increased lattice stability in Hg, Zn, Se alloys. Initially, the macroscopic structural
properties of the alloy were investigated. The influences of processing parameters, such
as ampoule wall preparation, and ampoule diameter, on defect generation were

determined.

Experimental Approach

The emphasis of this study was to investigate the basic structural characteristics of

Hg, Zn Se alloys. In order to evaluate the viability of this alloy for device applications it

is important to understand the grain structure, and tendency toward formation of

structural defects, such as twins and inclusions, in this material. Although many studies
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have suggested explanations for the role Zn plays in the electrical properties of this system
based on the results of electrical property measurement and modeling, there is no
documentation of the structural characteristics of bulk material. The first portion of this
study focused on determining the proper thermal environment for growing these alloys
from the melt. The investigation then examined the basic microstructural characteristics of
this material compared with other Hg based alloys to determine the effects of Zn on
dislocation formation in this alloy system.
Phase Diagram

It is well known that interface shape, convection in the melt ahead of the interface,
and the temperature gradient near the interface play substantial roles in crystal quality.
Each of these are influenced by the thermal profile employed during solidification. The
initial goal of this investigation was to determine the liquidus and solidus temperatures for
low ZnSe mole fractions for this system, so that optimum experimental conditions were
employed during growth of samples used for microstructural analysis. Several
investigations have successfully used Bridgman type solidification techniques to grow bulk

Hg, Zn Se alloy crystals, however, little is known about the thermophysical properties or

the liquidus and solidus temperatures of the system. Gavaleshko et al. (1984a) performed
DTA on Hgi.Zn,Se alloys with x < 0.20, but little is known about sample preparation,
experimental setup or the thermal arrest curves.

For this investigation, samples were prepared for compositions ranging from x=0
to at least x = 0.2. These HgSe-ZnSe alloys were synthesized by reacting high purity
elemental constituents in fused silica ampoules. DTA measurements were taken to

determine the phase equilibria temperatures.
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Allov Svnthesis and Crystal Growth

Previously developed procedures (Cobb et al., 1991) were used to homogenize
samples for directional solidification. The synthesized alloys were melted and directionally
solidified in a Bridgman-Stockbarger type furnace.

The first series of experiments was to determine the effect of interface shape
during solidification on microstructural characteristic in Hg, Zn Se alloys. The second set
of experiments was to determine the effects of ampoule preparation on microstructural
development.

Effect of Interface Shape on Defect Generation

The shape of the interface is known to influence radial compositional variations as
well as the generation of thermal stresses at the solidification front that lead to dislocation
formation. The direction of curvature is also known to effect grain selection and twin
generation (Chang and Wilcox, 1974). Phase diagram data and previous data available for
this alloy were used to select the proper growth rate to prevent constitutional
supercooling.

Ampoule Preparation

Previous studies indicated that wetting between the molten alloy and the fused
silica ampoule caused sticking along the ingot surface during solidification. This results in
nucleation sites for grains and imposes stresses on the surface that can generate
dislocations. Shetty et al. (1995) investigated the relative effectiveness of graphite and
boron nitride coated ampoules. They found that less wetting occurred with the boron

nitride coating. Another way to reduce wetting is the addition of a piece of high density
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graphite to an ampoule prior to synthesis which acts as a getter for oxygen. Oxygen
present in the elemental components can react with Si in the ampoule, causing wetting.

The objective of this phase of the study was to reduce wetting between the alloy
and ampoule which can be a source for generating dislocations and nucleating grains.
Crystals were grown in standard fused silica ampoules, ampoules with graphite plugs, and
in an ampoule coated with a thin film of boron nitride. Microstructural characteristics and
etch pit densities were compared.

Microstructural Characterization

Due to lack of previous microstructural work in this system, intially the basic
characteristics of the crystal were documented. Images of the variations in as-grown
surfaces were recorded. Compositional variations in the axial direction were determined
along the surface of each ingot. Axial and radial composition was determined along the
internal centerline of each crystal. Grain development was observed along the crystal
centerlines using electron backscattered images

Two quenched crystals were sectioned in the region of the growth interface,
parallel to the growth direction. The shape of the interface was determined.

Oriented samples from the steady state portion of each ingot were cut. These
samples were chemically treated to reveal etch pits. These samples were used to compare
relative etch pit densities for different growth conditions.

Results of this study were compared with previous investigations on similar the
HgCdTe and HgZnTe alloy systems to determine if the bonding properties of the HgZnSe

system improved the alloy's resistance to dislocation formation as predicted.
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CHAPTER 2
PSEUDOBINARY HgSe-ZnSe PHASE DIAGRAM

Alloy Synthesis and Sample Preparation

Ampoules used for differential thermal analysis (DTA) measurements were
produced using fused silica from National Scientific. Ampoules were formed by tapering
the end of 15 mm-o0.d. x 9 mm-i.d. tubing. The 3 mm wall thickness was required to
contain the high Hg vapor pressure that developed in Hg1.«Zn.Se alloys at temperatures
close to the softening point of fused silica. Ampoules were cleaned with hydrofluoric acid,
then triple rinsed, alternating between methanol and distilled water. Each ampoule was
annealed by heating slowly to 1140°C, held for two hours, then slowly cooled to remove
any strain induced during ampoule shaping. After this procedure, the ampoule was loaded
with five-nines grade Zn and Se and triply distilled Hg in the quantity required to produce
a sample approximately 5 cm long of the desired composition. The exact weights for each
sample are shown in Table 2-1.

An 8 mm diameter by 10 mm length piece of graphite was added to two of the
samples to help reduce wetting and prevent ampoules from cracking. The graphite plugs
were outgassed under vacuum prior to loading. The graphite was expected to be a getter
for oxygen, reducing the reaction between the small amounts of oxygen in the alloy and
the fused silica ampoule. A reference sample, with similar mass of six-nines pure Sb, was

heated in a rocking furnace to 650 °C, and then cast by removing power from the furnace.
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Table 2-1. Composition of DTA samples.

_____—_—___————__—__——_—_——__——-———————_—_'—_———_

Sample # - Hg Se Zn Total Result
Composition  (grams)  (grams) (grams)
DTA-1.0 37.5807 14.793 52.3739 Ampoule failed
2
DTA-2.0 37.5809 14.793 52.3744 Considerable wetting
5

DTA-3.1 17.2733 7.5551 0.6255 25.4539 Resealed to reduce open
volume, used for DTA

DTA-4.08 17.5891 7.5225 0.4984 25.6100 Used for DTA

DTA-5.06 17.8915 7.4905 03725 25.755 Composition too low to
wi/graphite measure transition,
wetting reduced

DTA-6.15 16.4889 7.6361 0.9438 25.0738 Ampoule failed

DTA-7.15 165023 7.6361 0.9488 25.0872 Resealed to reduce open
volume, ampoule failed
during DTA

DTA8.15 16.4910 7.6357 0.9487 25.0754 Ampoule failed
w/graphite
DTA 9.20 156878 7.7173 1.2777 24.6828 Used for DTA

DTA 10.15 164902 7.6357 0.9483 25.0742 Resealed to reduce open
volume, used for DTA

/

Each sample was heated according to the schedule, shown in Figure 2-1, which
was developed for this alloy system based on the method described by Cobb et al. (1991)
and private communications related to measurements of the thermal arrest curves for the
Hg,..Zn,Te system (Su et al., 1996). The samples were heated in a rocking furnace that
was equipped with gimbals, allowing the furnace to be slowly tilted to + 60° along the

horizontal axis. Arrows in Figure 2-1 indicate the duration of the rocking motion.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



160

140

A
(.’(

100

20

1100,0
1000.0 -
900.0
800.0
700.0
600.0
500.0 ‘|

400.0
300.0
200.0
100.0

o ‘oImeradwa |

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

Time, hours

Figure 2-1. Heating schedule for synthesis of Hg.xZn,Se alloys.
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Procedure for Differential Thermal Analyses

The phase equilibria temperatures were determined for Hg;..Zn,Se alloys with
compositions x = 0.08, 0.10, 0.15, and 0.20 by DTA measurements. The furnace
configuration and arrangement of samples are shown in Figure 2-2.

Heating was accomplished with a Mellen, single-zone, resistively-heated, tubular
furnace and a LFE Instruments temperature controller. The bore of the furnace was lined
with a sodium heat pipe to improve isothermality. A reference sample of antimony was
used as an internal calibration point for each experiment run. The second sample
contained the alloy.

The two ampoules were loaded end-to-end in a quartz tube and then loaded into
an Inconel tube to protect the furnace and heat pipe if the ampoule failed. A type R
thermocouple was attached to each ampoule with a platinum foil band. The negative lead
was connected to both bands. The differential signal was measured between the positive
leads of each thermocouple. At a junction outside the furnace, the Pt lead on each
thermocouple was attached to a Cu extension lead, and the Pt-13Rh lead to a Cu27
extension lead. A junction to pure Cu extensions was made at a Kaye Instrument Ice
Point Reference. Two thermocouple signals and the differential signal were monitored by
a Keithly 705 scanner. They were read by a Keithly 181 nanovoltmeter and recorded on a
486 personal computer. A schematic of the signal acquisition configuration is shown in
Figure 2-3.

The initial scheme was to perform DTA inside a pressurized cartridge in order to

provide a pressure balance as the internal Hg vapor pressure inside the ampoule increased
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with temperature. It was hoped that by balancing the internal pressure, it would be
possible to test samples with melting points close to the softening point of the fused silica
ampoules. Several runs were performed at a pressure of 310-345 N/cm?®. This effort was
eventually abandoned for two reasons: the thermal environment induced by the presence
of a high density gaseous medium made it impossible to achieve isothermality between the
reference and alloy samples; the high pressure environment made the thermal response
time inadequate for determination of phase transition temperatures. It was, therefore, not
possible to make measurements on alloys with x> 0.20.

HgSe and Hg,..Cd.Te samples were used to verify the functionality of the system
configuration. Calibration runs were also performed to determine the proper heating and
cooling rate. The heating and cooling rates have a significant effect on the magnitude of
the differential signal output. Experimental runs on HgSe at heating rates of 1.0, 1.9, and
5.0°C were used to determine the optimum rate. The thermal arrest curves for these runs
are shown in Figure 2-4.

The solid and liquid transformation temperatures are broad when samples are not
compositionally homogenous. To eliminate radial variations, all samples were annealed at
700-750°C for 14-75 hours. Samples were cooled at a uniform rate after each DTA run to
reduce preferential segregation in the axial direction. The effects of annealing on the
sharpness of the transition temperatures are shown in Figure 2-5.

The thermal arrest curves for each alloy composition were measured by heating the
furnace from 550°C to temperatures between 1000 and 1100°C at a rate of 2°C/min.
Cooling curves were also recorded as the furnace cooled at the same rate. As was

observed in other II-VI systems (Lehoczky and Szofran, 1980; Su et al.,1996), thermal
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hysteresis occurred upon cooling. This is attributed to undercooling, and occurs on both
the Sb reference sample and the alloy sample. An example of this phenomenon is shown
in Figure 2-6 for x = 0.10. For this reason, only heating curves were used to determine
solidus and liquidus temperatures.

The solidus temperature was determined from the point where the initial melting
curve intersected an extension of the baseline. The liquidus temperature was determined
to be the point where the heating curve suddenly changed slope increasing back toward
the baseline. This represented the point where the alloy absorbed the full heat of fusion
for the phase change and the temperature of the liquid alloy increased. The Sb reference
sample was used to correct the measured solidus and liquidus temperatures for
thermocouple calibration error. The measured liquidus and solidus temperatures were
corrected by adding or subtracting the amount that the Sb measured melting point
deviated from 630.5°C (Su et al., 1996).

Results and Discussion

The experimental conditions employed for each test are summarized in Table 2-2.
The thermal arrest curves measured during heating are shown for one experiment run of
each alloy composition in Figures 2-7 through 2-11. The solidus and liquidus
temperatures determined from the thermal arrest heating curves are shown in Table 2-3.
Solidus temperatures for each alloy composition were easily determined after sufficient
annealing. Determination of the liquidus temperatures was much more difficult. The
measurement of the liquidus temperature was also problematic in DTA measurements on
the Hg;.CdTe (Lehoczky and Szofran, 1980) and Hg;..Zn,Te (Su et al., 1996) alloy

systems for x <0.20.
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The change in slope used to determine liquidus transition temperatures was
undetectable in alloy compositions below x=0.1. For low compositions, the heat of
fusion of the last solid to melt is not largely different from that of the starting composition,
because both the overall composition and the last solid to melt contain a relatively small
amount of ZnSe. Therefore, the change in slope as the last solid melts is not well
pronounced. For alloys with higher overall composition (i.e. x > 0.3) the last solid to melt
contains a large mole fraction of ZnSe, which has a heat of fusion two times that of HgSe.
This results in a more rapid change in energy absorbed per degree change in temperature.
The situation is complicated by the fact that the high vapor pressure of this system
prevents the incorporation of thermocouples directly into the sample. For low
compositions, the thermal contact is probably not sufficient to detect the small change in
slope at the transition from solid plus liquid to liquid.

For any composition, the final transition to the liquid phase in the thermal arrest
curve is less clear when compositional inhomogeneities are present. For the Hg.«ZnTe
alloy system, density and viscosity measurements were performed at high temperature (Su
et al, 1996). These measurements showed a temperature dependent hysteresis similar to
what is observed in the melting and cooling curves. This led to the conclusion that regions
or pockets of different composition were developing in the liquid plus solid region as well
as in the liquid. These compositional variations could be a result of insufficient mixing
during synthesis, small gas bubbles that develop in the melt, evaporation and condensation
of Hg vapor into the ampoule free volume, development of subcritical clusters of a second
phase (Yukalov, 1991) or formation of associated molecular species (Brebrick et al.,

1983; Yu and Brebrick, 1992). Regions of various compositions would be expected to
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round the slope change at the phase transition. For low compositions where the slope
change is already small, compositional variations could totally mask this transition.

For compositions 0.1 < x < 0.2, a slope change was often detectable, but did not
occur at the same temperature for repeated tests on each composition. The thermal arrest
curves for the repeated tests were measured on samples that had been heated and cooled
several times with as short as 14 hours annealing at 750°C between runs. Almost all of the
tests were run on samples that had not been remelted and rocked prior to retesting. Itis
very likely that the phase change did not occur at the same temperature each time because
of compositional inhomogeneities caused by heating and cooling the samples. Samples
were annealed between each run, however, annealing times used in this study were based
on times used for the measurement of the Hg;..Cd<Te phase diagram (Lehoczky and
Szofran, 1980). Since the diffusion coefficient of Zn in solid Hg;..Zn,Se is an order of
magnitude smaller than for Cd in the Hg«CdTe system, significantly longer annealing
times will be required to obtain compositionally homogeneous samples.

Experimental solidus and liquidus points from these experiments, as well as those
previously reported, are plotted in Figure 2-12. No information is available on sample
preparation, annealing, or thermal arrest curves for the previously reported measurements.
It is assumed that the difference in liquidus values reported is due the difficulty in
determining liquidus temperatures for low x values as discussed above. Calculation of the
HgSe-ZnSe pseudobinary phase diagram is discussed in the next section. The slope of the
liquidus curve and the melting temperature for x = 0.10 were used to estimate the critical
gradient/growth rate (G/R) ratio needed to prevent constitutional supercooling during

subsequent directional solidification of Hg1«Zn.Se ingots.
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Figure 2-7. Thermal arrest heating curve for x
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Figure 2-8, Thermal arrest heating curve for x
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Figure 2-10, Thermal arrest heating curve for x
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Figure 2-11, Thermal arrest heating curve for x
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Calculation of the Hg,..Zn.Se Pseudobinary Phase Diagram

The Hg-Zn-Se pseudobinary can be assumed to be a binary system with no
intermediate compounds and complete solubility in both the solid and liquid phases. The
binary AC, or HgSe, will be treated as element A and binary BC, or ZnSe, as element B.

Using these assumptions, the thermodynamic equilibrium between the solid and the liquid

phases are given by:
a'(Xs',T) = ua'(Xe",T) 2-1)
us'(Xs',T) = us'(Xs",T), (2-2)

where pa'(Xs', T) and pg'(Xg', T) are the chemical potential of A and B, respectively, in the
liquid (2-1) at composition X5’ and temperature T, whereas pa'(Xs",T) and up'Xe’,T) are
the chemical potential of A and B, respectively, in the solid(s) at composition Xp* and
temperature T. From the expression for chemical potential one can write:

J(X#),T) =Hi - TS{ + RT In X&' +pd*(T), (2-3)
where HJ and S/ are the partial molar enthalpy and excess entropy for component i in
phase j, and u°(T) is the chemical potential for pure component iin phase j at
temperature T. By setting Xg' = x and Xg' =y and realizing that

w**(T) - w*(T) = AH(T/T: - 1), (2-4)
where AH; and T; are the heat of fusion and melting point for component i, respectively,
equations (2-1 to 2-3) can be rewritten as:

Hy' - TSA' + RT In (1-X) = Ha® - TS&* + RT In (1-y) + AHA(T/Ta - 1) 2-5)

Hg' - TSg! + RT In x=Hp* - TSg’* + RT Iny + AHs(T/Ts - 1). (2-6)
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Once the enthalpy and excess entropy for each component in each phase are known as
functions of composition and temperature, liquidus and solidus curves can be generated
using equations (2-5) and (2-6) with the thermophysical properties, heat of fusion and
melting point for each component as inputs.

A simple solution model that leads to good fits to the liquidus and solidus lines and
is capable of representing a number of liquid and solid phases in metallic system is the
cubic Margules model and is defined by writing the excess Gibbs energy of mixing as:

AG =WX(1-X) [1+ A (X-%)]- VIX(1-X) [ 1 +C(X- )], 27
where W, V, A and C are the adjustable interaction parameters that are independent of T
and X. The total Gibbs energy of mixing is the sum of this excess part and the

contribution from ideal mixing:

AGy=AG. +RT [X In x + (1-X) In (1-X)]. (2-8)
It can be deduced that

AHy=WX(1-X) [1 + AX- )] (2-9)

ASy=VX(1-X) [1+CX-%)]-RXnx+(1-X) n(1-X)]. (2-10)

The partial molar enthalpies and excess partial molar entropies obtained for the

components are:

H, = X*W [1 + A(2X -3/2)] (2-11)
Hs =(1 - X)’W[1 +AQX-%)] (2-12)
Sa=X3V[1+C(2X-3/2)] (2-13)
Sg = (1 - X)?V [1 +C(2X -1/2)]. (2-14)
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Commonly used solution models such as the ideal, strictly regular, athermal, quasi-regular
and cubic models can be adopted by setting all or none of the adjustable interaction

parameters to zero as shown in Table 2-4.

Table 2-4. Adjustable parameter values used in phase diagram calculations.

W A \' C

ideal 0 0 0 0

strictly regular z0 0 0 0

athermal 0 0 =0 0

quasi-regular =0 0 #0 0
cubic %0 #=0 =0 =0

The Hg,..Zn.Se phase diagram was calculated by assuming the cubic Margules
model for the solid and liquid phases of HgSe-ZnSe pseudobinary with interaction
parameters Ws, As, Vs and Cs for the solid and Wy, Ar, Vi and C_ for the liquid.

The literature values for the melting points of HgSe (Strauss and Farell, 1962) and ZnSe
(Sysoev et al., 1967), 799 and 1526.1°C, respectively, were employed as input parameters.
The value of 66.944 kJ/mole was used as the heat of fusion for ZnSe (Brebrick and
Haochieh, 1996) and a value of 30.7 kJ/mole, for HgSe (Steininger 1970).

The calculated results are plotted in Figure 2-12 together with the experimental
data. The solid curves (number 2 in legend) were calculated assuming an ideal solution
model for both the liquid and solid phases, i.e. all the interaction parameters were set to
zero. The dashed curves (number 3 in legend) were calculated assuming a strictly regular
solution model for the liquid with Wy, = -10000 J/mole and an ideal solution for the solid.

The dotted lines (number 4 in legend) were calculated assuming an ideal solution model
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for the liquid and a strictly regular model for the solid with Ws = 10000 J/mole. Both the
dashed and dotted curves have better fits to the experimental data than the curves of the
ideal solution model. This suggests that there is strong association in both the solid and
liquid. The dashed curve fits the liquidus data slightly better than the dotted curve while
the dotted curve showed a better agreement and trend with the experimental solidus data.
Because the experimental data was scattered and only available for mole fractions of ZnSe
less than 0.25, both the dashed and dotted curves were considered to be satisfactory and
no other calculations were performed. At present, more data in the region of high ZnSe
content are needed to better define the solid and liquid phases. In addition, the absence of
information concerning species interaction parameters further limits refinement of

calculations.
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CHAPTER 3
ALLOY SYNTHESIS AND CRYSTAL GROWTH

The synthesis and subsequent directional solidification of Hg based [I-VI alloys is
complicated by the requirement for a container capable of withstanding the high
temperature required for melting the alloy and the high vapor pressure that develops as a
result of heating the Hg constituent. Fused silica with a wall thickness of at least 2.5 mm

was used for both alloy synthesis and subsequent growth experiments.

Ampoule Preparation

Ampoules were constructed from fused silica tubing with 10 mm outer diameter
and 5 mm inner diameter. One experiment utilized an ampoule with 12 mm outer
diameter and 7.3 mm inner diameter. One end of each ampoule was tapered to encourage
solidification from the tip. The first two ampoules were produced at the same time and
had a taper length of 1.5 cm. The remaining ampoules had a taper length of 0.9 cm. A
0.3 cm diameter solid quartz rod was attached to the tapered end of the ampoule to
provide support during subsequent directional solidification. Each ampoule was cleaned
with hydrofluoric acid, then rinsed three times with methanol followed by distilled water.
Ampoules were slowly heated to a maximum temperature of 1140°C, then cooled, slowly,

to remove strain which was introduced during fabrication of the ampoule.

48
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49
Preparation of Charge for Synthesis

The ratio of Hg, Zn, and Se components required to produce a HgixZn:Se alloy of
composition x=0.10 and approximately 15 cm in length was determined. Elemental
constituents were 99.999% pure zinc shot from Cerac, 99.999% pure selenium shot
purchased from Aesar, and triple distilled mercury from Bethlehem Instrument. Elements
were weighed to an accuracy of + 0.0004 grams. Selenium and zinc shot were loaded into
the ampoules in a layered pattern to aid in mixing during synthesis. The mercury was then
introduced into the ampoule.

The open end of the ampoule was attached to a vacuum system with an o-ring
fitting and evacuated to approximately 1.3 x10* N/em®. The ampoule remained under
vacuum for 30-45 minutes, and was then sealed 2-3 cm above the charge using an oxygen-
hydrogen torch. Strain from the sealing process was removed by slowly heating and
cooling the seal in a low temperature torch flame.

Additional procedures were performed on various samples to determine the effect
of alloy-ampoule interactions on defect generation. One sample, MZS-2, was prepared as
described above. The next ampoule, MZS-5, was produced from 12 mm outer diameter
by 7.3 mm inner diameter fused silica tubing to determine the effect of sample diameter on
grain development and dislocation density. A piece of outgassed graphite slightly smaller
in diameter than the quartz ampoule and one centimeter long was placed into the ampoule
prior to sealing. The graphite was expected to act as a getter for oxygen, reducing the
wetting between the alloy and the fused silica ampoule. An additional ampoule, for

sample MZS-8, was prepared with a boron nitride (BN) coating. A HCM grade powder

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



50

of boron nitride from Advanced Ceramics was loaded into a clean ampoule and then fire
annealed with an oxygen-hydrogen torch to bond a BN film to the inner surface of the
ampoule. This procedure has been used (Shetty et al., 1995) to reduce wetting of the

ampoule wall. All ampoules included a graphite piece, except for MZS-2 and MZS-8.

Alloy Synthesis

The sealed ampoules were cleaned and wrapped in fiber insulation to improve
uniform heating and protect the ampoule from abrasion during alloy synthesis. The
ampoule was packed into a quartz tube and loaded into an Inconel furnace liner that was
capped on both ends. The furnace consisted of three zones and was mounted on single
axis gimbals which allowed the furnace to rotate about the horizontal axis. The rocking
action facilitated complete mixing of the alloy. The heating procedure described earlier
(Cobb et al., 1991) was successfully modified to reduce the amount of time required for
synthesis. All three furnace zones were raised to 500°C at a rate of 1.4°C/minute, the
sample was held at 500°C for 20 hours. The sample was rocked during the first 8 hours
then held horizontally for 8 hours. The temperature was increased to 800°C at a rate of
0.3°C/minute. The sample was rocked during heat-up to reduce the chance of breaking
the ampoule due to sudden melting of intermediate compounds formed during heating.
The alloy was held stationary at 800°C for 38 hours to facilitate homogenization by
diffusion. The sample was heated to 1010°C at a rate of 0.35°C/minute while being
rocked, then held stationary at 1010°C for 8 hours . The alloy was rocked for 30 minutes
for a final mixing and then rotated 60 degrees with the tapered tip pointing downward.

The controller for the lower zone was turned off, and to encourage solidification from the
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tapered end, the lower endcap was opened slightly to accelerate heat removal from the tip
of the sample. Power was then removed from the middle and upper zone controllers after
one hour. After sufficient cooling, all samples were removed from the insulation and

cleaned with methanol prior to remelting and directional solidification.

Crystal Growth

All samples were remelted and directionally solidified by a modified Bridgman-
Stockbarger technique. Four of the samples, MZS-2, MZS-5, MZS-7, and MZS-8 were
grown in the same furnace with the same furnace profiles. Samples MZS-10 and MZS-11
were melted and solidified in a furnace that was inserted into the bore of a
superconducting magnet. The purpose of the magnet was to reduce convective fluid flow
in the molten alloy.

Modified Bridgman-Stockbarger Crystal Growth

The furnace configuration used to grow the four samples processed by standard
directional solidification is shown schematically in Figure 3-1. The furnace consisted of
two resistively heated zones, each lined with sodium heat pipes to provide well defined
isothermal regions. The upper and lower zone settings were 1010°C and 630°C,
respectively. The two heated zones were separated by a 2.5 cm thick alumina barrier.
The width of this barrier resulted in a temperature gradient of 65°C/cm. The temperature
gradient influences the maximum growth rate that can be maintained while avoiding
constitutional supercooling. The general criteria for constitutional supercooling during

plane front solidification is given by
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_CLL_ mLCo(1-Kk)
R kDL

(3-1)
where Gy is the temperature gradient in the liquid at the interface, R is the growth rate, mg
is the slope of the liquidus line, C, is the alloy melt composition, k is the interface
segregation coefficient, and D is the diffusion coefficient in the liquid. A thermocouple
attached to a quartz rod was used to measure the temperature profile in the furnace with
an upper zone temperature setting of 1010°C and a lower zone setting of 630°C. The
furnace profile for samples MZS-2, MZS-5, MZS-7, and MZS-8 is shown in Figure 3-2.

The synthesized sample was held stationary in a quartz rod attached to a base plate
during the melting and growth process. The sample was centered in the insulation barrier
and aligned vertically by adjusting set screws in the base plate. To reduce radial
compositional variations, the samples had to be aligned parallel to the growth direction to
prevent fluid flow generated by non-symmetric radial thermal fields.

The aligned sample was placed so the entire sample was in the upper temperature
zone. Both zones were increased to their respective set points over a period of 8 hours.
The molten sample was held at temperature in the upper zone for 12 hours. The furnace
was then translated at a rate of 0.10 pmy/sec upward, moving the sample slowly through
the gradient zone and into the lower zone.

The optimum growth rate chosen for this study was 0.10 um/sec. This growth rate
produced a fairly flat steady state axial growth region while preventing constitutional
supercooling (Cobb et al., 1991). A summary of growth conditions for all samples is

shown in Table 3-1. All samples were prepared with a nominal composition of x = 0.10.
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For samples MZS-7 and MZS-8, the furnace controllers were powered off and the furnace
was allowed to cool naturally after the furnace had translated the entire length of the
sample. Sample MZS-2 was intentionally quenched after 8 cm of growth to study the
shape of the solid-liquid interface. Sample MZS-5 was quenched, unintentionally, when

the upper zone heating element failed.

Thermal Insulator
_— Sodium Heat Pipe

A
)

\

_— Hg, Zn,and Se Vapor

_— Furnace
_— Molten Alloy

_~ Thermal Barrier
|_— Quartz Ampoule

AN

NEON

AV
\‘ﬁ‘
AN

Solid Hg,..Zn, Se }

Potassium or Sodium
Heat Pipe Furnace

\\ \XL

(- Quartz Pedistal

Thermal Insulator —"1

Figure 3-1. Bridgman-Stockbarger furnace configuration used for ingots MZS-2, MZS-5,
MZS-7, and MZS-8.
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Figure 3-2. Thermal profile in Bridgman-Stockbarger furnace for ingots MZS-2, MZS-5,
MZS-7, and MZS-8.

Table 3-1: Summary of sample growth conditions.

;

Sample Diameter (mm)  Growth Rate Ampoule Magnetic Field
Designation (pm/sec) Preparation Strength
Tesla
MZS-2 5.41-5.57 0.10 Basic 0
MZS-5 7.01-7.25 0.10 Graphite Plug 0
MZS-7 5.41-5.48 0.10 Graphite Plug 0
MZS-8 4.95-5.23 0.10 BN Coating 0
MZS-10 5.51-5.61 0.10 Graphite Plug 5
MZS-11 5.16-5.28 0.10 Graphite Plug 0
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Crystal Growth in an Applied Magnetic Field

The presence of a magnetic field surrounding the growth furnace has been shown
to reduce the amount of convective turbulent fluid flow in electrically conductive molten
alloys (Fowlis, 1987; Series and Hurle, 1990; Hurle and Hunt, 1968;Kim, 1982;
Matthiesen et al., 1987). The reduction in convection leads to a more planar interface
shape by reducing radial temperature differences, and therefore diminishes the extent of
radial compositional variations. The magnetic field induced by the superconducting
magnet interacts with fluid motion in the molten alloy. The result of the interaction is to
increase the viscosity of the melt and reduce convection. This technique has proven very
successful in reducing radial compositional variations in [I-VI systems including Hg.
Cd.Te (Watring and Lehoczky, 1996) and Hg,.Zn,Te (Sha et al., 1997) alloys which
have properties similar to the Hg,.«Zn,Se system.

Oue sample, MZS-10, was remelted and directionally solidified in a Bridgman-
Stockbarger furnace in the presence of a five Tesla magnetic field. A second sample was
processed in the same furnace without the magnetic field for comparison. The furnace
configuration is shown in Figure 3-3. This furnace utilized five heated zones to achieve
uniform hot and cold zone temperatures, since it was not lined with heat pipes The
temperature settings for MZS-10 and MZS-11 are shown in Table 3-2. The combined
furnace and magnet configuration is shown in Figure 3-4.

The sample, contained in the fused silica ampoule had to be loaded into an Inconel
cartridge for processing, to protect the furnace and magnet components. Three Type S
thermocouples were wire wrapped to the outside of the ampoule and then inserted into the

cartridge. This allowed the temperature profile to be monitored while directional
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solidification proceeded. The temperature profile during growth for MZS-10 is shown in
Figure 3-4. The guard heater was turned off during the growth of MZS-11 because of
extremely high noise interference that could not be immediately corrected. As aresult
there were several differences in the thermal profiles for the two samples. The gradient
was constant over a smaller temperature range. The lower zone temperature was less
isothermal than for the growth of MZS-10 and the lower zone temperature was 200°C
lower in some regions than for MZS-10. The thermal profile for MZS-11 is shown in
Figure 3-5.

The sample, contained in the fused silica ampoule had to be loaded into an Inconel
cartridge for processing, to protect the furnace and magnet components. Three Type S
thermocouples were attached to the outside of the ampoule with wire before it was
inserted into the cartridge. This allowed the temperature profile to be monitored while
directional solidification proceeded. The temperature profile during growth for MZS-10 is
shown in Figure 3-5. The guard heater was turned off during the growth of MZS-11
because of extremely high noise interference that could not be immediately corrected. As
a result there were several differences in the thermal profiles for the two samples. The
gradient was constant over a smaller temperature range. The lower zone temperature was
less isothermal than for the growth of MZS-10 and the lower zone temperature was 200°C
lower in some regions than for MZS-10. The thermal profile for MZS-11 is shown in

Figure 3-6.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



57

Table 3-2. Heater zone settings for samples grown in magnet furnace.

Heater MZS-10 (5 Tesla Field) MZS-11 (0 Tesla Field)
( °C! !"C!
M
Hot Guard 1026 1026
Hot Main 990 990
Booster 1150 1150
Cold Main 650 650
Cold Guard 650 Powered Off
Thermocouple/Vacuum
Power Connection _\_1 / Connection
/‘ Water Inlet
End Cap — 149 ,
—— Power Terminals
Leadouts o i Hot End Heater
Inner Jacket Wall
Outer Jacket Wall—————pn
"Hot Guard Heater" Zone
Thermocouple Wells—_ | "Hot Heater" Zone
*Booster"” Heater\. - Ceramic Insulation
Adiabatic Zone-—-E._ %a Hot End
Cold End
QOuter Cooling Jacket\ k "Cold Heater” Zone
Inner Cooling Jacket —.J Thermocouple Well
h i t— Cold End Heater Core
Terminal Block t J i
STt
Lower End Cap
Ampoule Interface Water Outlet
Adapter R
Crystal Ampoule O-Ring Seal

Figure 3-3. Bridgman-Stockbarger furnace configuration inside superconducting magnet
used for ingots MZS-10 and MZS-11.
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Power Connect —1
Vacuum/Water
Connect
Magnet Power
Leads
—_—
+ «—Vacuum Dewar Outer
| mm _ Jacket
'5: i § \ : Super Conducting
] \\ ¥ Core
— "." §\ ‘5, |_t— Furnace Hot
‘ : : : L4 :: End
H NN
R Tt & || — Furnace Cold
i 1 § ; End
Na - & & : ,-'
Crystal Ampoule [ Magnet Support
/ Table
Ampoule Isolation
Plate
Ball Screw )
Translation S rt
Guide Rods Structureon uppo
Thrust Plate
Translation Drive
Motor

—

Figure 3-4. Magnet/furnace configuration used for ingots MZS-10 and MZS-11.
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Figure 3-6. Temperature profile for MZS-11 without magnetic field.



CHAPTER 4
BASIC MACROSCOPIC DEVELOPMENT DURING DIRECTIONAL
SOLIDIFICATION

Samples were synthesized and directionally solidified as described in Chapter 3.
After the entire length of the sample had passed through the gradient zone of the furnace,
power to the heated zones was terminated, and the furnace was allowed to cool naturally.
Each sample was removed from the furnace and placed into concentrated hydrofluoric
acid to remove the fused silica ampoule except for MZS-7 which moved freely in the
ampoule and slid out when the end of the ampoule was removed. All samples were
broken in several places prior to ampoule removal. The location of these breaks is shown
in Figure 4-1. Each sample was pieced together and mounted onto a graphite holder.

This chapter describes the effects of ampoule treatments, ampoule diameter, and
solidification in a magnetic field on the development of surface features, grain structure,
and compositional distribution. Surface features and compositional distribution were
observed on a Zeiss scanning electron microscope (SEM). Grain structure was observed
by a backscatter detector. Crystallographic orientation was determined by back reflection
Laue x-ray diffraction.

Surface Analysis

The surface of the first sample grown, MZS-2, was sandblasted, a common way to

observe the distribution of grains along the ingot surface. However, examination with a
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SEM of the surface of the second sample, MZS-5, revealed interesting features. The
surface features were recorded for all remaining samples. Collages of ingot surfaces are
shown in Appendix A.

The surface of sample MZS-2 that was attached to the graphite holder was masked
from the sandblasting treatment and was later examined for comparison. The surface of
MZS-2, whose ampoule received no surface preparation other than cleaning, contained
regions of raised height, observed in only one region on only one other sample. These
regions had very few surface features, in contrast to areas where the surface is not raised.
Both of these type regions are shown in Figure 4-2. These raised regions were observed
only in the first 3.5 cm of the sample to freeze. Typical surface features from this region
of MZS-2 are documented in Figure 4-3. After observing the surface of the other
samples, it was determined that these regions of raised height were areas where the molten
alloy wetted the containment ampoule. As solidification progressed, there were regions
where the molten alloy appeared to have pulled away from the ampoule. Figure 4-4
shows an interface between these two regions. The small pits are believed to be thermal
etch pits. Thermal etch pits have been observed where dislocations intersect the surface in
the presence of an appropriate vapor. Angular pits observed on the as-grown surface are
shown at 2000 times magnification in Figure 4-5. The solidification direction on all
pictures is from the bottom of the figure toward the top.

Sample MZS-5 was solidified in an ampoule with a 7.3 mm inner diameter
compared with a 5.28 + 0.33 mm inner diameter for all other samples. This sample was
loaded with a piece of graphite at the top of the ampoule. This sample was quenched,

unintentionally, when the upper zone of the furnace failed. The quenched interface is
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located 8.3 cm from the first to freeze tip. The surface of MZS-5 is covered with thermal
etch pits. Figure 4-6 shows thermal etch pits in an array of lines, indicating a grain
boundary. The location of the region is consistent with the observation of grain
boundaries by other techniques. These arrays occurs in only the first 1.8 cm of the
surface. The only evidence of the alloy adhering to the ampoule is in the regions where
the grain boundary terminates. This region is shown at 20x in Figure 4-7 and magnified
200 times in Figure 4-8. As was observed for MZS-2, thermal etch pits were observed on
the surface in the regions where there was a gap between the solidified ingot and the

ampoule wall.

Figure 4-2. Region of as-grown surface of MZS-2 at a magnification of 94x showing
raised surface regions.
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Figure 4-3. Surface features observed in the first third of the as-grown surface of MZS-2.
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Figure 4-4. Interface between attached and detached growth on the as-grown surface of
MZS-2. Solidification direction is from bottom to top.

Figure 4-5. Thermal etch pits observed on the as-grown surface of MZS-2 at 500x.
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Figure 4-6. Surface of MZS-5 showing pile up of thermal etch pits at grain boundaries.

Thermal etch pits on the surface of MZS-5 were more rounded than those
observed on MZS-2. This is due to the difference in orientation of the surface being
examined. As with chemical etching, the sharpness of the etch pit depends on the ratio of
dissolution rates in the lateral and vertical directions. When the dislocation exits the
surface of the ingot along a major crystallographic orientation such as the (1,1,1) and the
vertical dissolution rate is larger than the lateral rate, geometric angular pits are produced.
When a dislocation exits the ingot at a surface from a different angle, the dissolution rates
are different and the surface edge of the pit becomes rounded. Unusual surface features
were observed in the region where the upper furnace zone failed. Just before total power
failure in the zone, the temperatures fluctuated, falling below the desired temperature, then
increasing back to the set point. These features are related to the localized remelting that

occurred during these temperature fluctuations. The composition also fluctuated in these
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Figure 4-7. Surface of MZS-5 showing grain boundary and region where alloy was
attached to ampoule during solidification.

Figure 4-8. Surface of MZS-5 showing grain boundary magnified 200 times at region
where alloy was attached to ampoule during solidification.
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regions as discussed in the next chapter, corroborating this relationship. These features,

shown in Figure 4-9, were not observed in any other samples.

Figure 4-9. Surface of MZS-5 showing features in region of furnace failure approximately
8.2 cm from tip of ingot.

Ingot MZS-7 was processed in a 5.5 mm inner diameter ampoule with a graphite
piece on top of the melt. Globular features, shown in Figure 4-10, were observed in the
first 1.6 cm of this ingot. The remainder of the surface was covered only with thermal
etch pits as shown in Figure 4-11. The density of etch pits appears to increase at about
two thirds the length of the ingot and then decreases again in the last 1.0 cm. This ingot

moved freely in the ampoule after processing. This is another indication that the solid

alloy did not stick to the ampoule wall.
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Figure 4-10. Surface of MZS-7 showing typical globular features observed in the first 1.6
cm of the ingot.

Figure 4-11. Surface of MZS-7 showing typical thermal etch pits observed over the entire
ingot surface.
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Sample MZS-8 was processed ina 5.0 mm inner diameter ampoule that had a
coating of boron nitride applied to the inner surface. Regions were observed on the first
1.9 cm of the surface that appeared to have pulled away from the surface, as shown in
Figure 4-12. The fracture surface is shown, magnified, in Figure 4-13. Thermal etch pits
were observed around the edge of the fracture surface, but not on the surface. This led to
the conclusion that this surface was not exposed to Hg vapor at elevated temperatures,
and that the molten alloy wetted the boron nitride coating in some areas. The solidified
alloy apparently pulled away from the ampoule during handling after removal from the
furnace. The ingot was broken in eight places when removed from the ampoule, twice as
many as any other ingot. This is another indication that the alloy stuck to the ampoule
wall in many places. Some wetting was also observed on the tip of MZS-2 which bad no
surface treatment. It is likely that residual oxygen trapped in the tip increased the
reactivity between the alloy and ampoule in this region. Yasuda et al.(1990) found that
TeO, in the starting charge of CdTe ingots reacted with the quartz ampoule, causing
adhesion. When oxygen was removed by annealing the charge in hydrogen before
evacuating and sealing the ampoule, adhesion was eliminated. The same situation is likely
to occur with ZnO» and SeO; in this alloy.

Sample MZS-10 was processed ina 5.5 cm diameter ampoule with a graphite
piece at the top of the alloy. This ingot was processed in a furnace placed into the bore of
a superconducting magnet operated at five Tesla. The first 0.9 cm of the ingot had an
unusual texture, shown in Figure 4-14, that appeared to be chemically etched. The etching
was caused by condensed Hg in the tip of both of the samples processed in the magnet

furnace. The temperature at the very bottom of the thermal profile for samples MZS-10
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Figure 4-12. Surface of MZS-8 showing fracture surface observed in the first 1.9 cm of
the ingot.

Figure 4-13. Surface of MZS-8, magnified by 200x, showing thermal etch pits
surrounding the fracture surface.
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and MZS-11 was 300°C below that of the samples grown in the Bridgman-Stockbarger
configuration because heat pipes were not utilized. This temperature was low enough for
the Hg vapor present in the ampoule to condense at the ingot tip. Thermal etch pits were
observed (Figure 4-15) along grain boundaries in the first 3.4 cm of this ingot. The
remainder of the ingot’s surface was covered with thermal etch pits. No evidence of alloy
wetting was observed on this ingot as with the other samples containing the graphite
getter.

Sample MZS-11 was processed in a 5.2 mm inner diameter ampoule with a
graphite piece. It was processed in the same furnace as MZS-10, but with no magnetic
field. The guard heater in the lower furnace zone had to be turned off during this run
because of erratic power fluctuations, so the lower zone temperature was 300° C below
normal processing conditions When this ingot was removed from the furnace, it was
noted that Hg had condensed between the sample and the ampoule wall for the first 4.1
cm. Cellular type patterns of etch pits shown in Figure 4-16 were observed on the surface
in the region where the Hg was in contact with the ingot. Very few thermal etch pits were
observed between the cell boundaries. The cellular pattern terminated at 4.1 cm, where
the condensed Hg ended. This interface is shown in Figure 4-17. Very few thermal etch
pits were observed for the next 3.3 cm, as shown in Figure 4-18. The density of thermal
etch pits gradually increased as solidification proceeded toward the end of the ingot
(Figure 4-19). No evidence of wetting was observed on the surface of this ingot which

also contained a graphite getter.
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Figure 4-14. Surface of MZS-10, 1.0 cm from first to freeze tip. Tip appears to be
chemically etched.

Figure 4-15. Surface of MZS-10 magnified at 26x, approximately 3.0 cm from first to
freeze tip showing thermal etching at a grain boundary. Insert magnified at 100x.
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Figure 4-16. Surface of MZS-11, taken from the region where condensed Hg was in
contact with the ingot surface.

Figure 4-17. Surface of MZS-11 at the interface where the condensed Hg ended.
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Figure 4-18. Surface of MZS-11, approximately 6.0 cm from the first to freeze tip,
showing low thermal etch pit density.

Figure 4-19. Surface of MZS-11, approximately 12.5 cm from tip showing increased etch
pit density.
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Development of Grain Structure

Each of the six ingots were mounted on a graphite holder and cut along the
centerline of the growth axis. One half of each ingot was rough polished by hand on
alumina grit papers, starting with 240, then 360 and finishing with 600. Fine polishing was
performed on medium nap nylon feit with 6 um, 1 pum, then 0.25 um diamond paste. The
inner surface of each ingot was observed in a JEOL microprobe with the backscatter
detector. A difference in contrast was observed in the backscattered image for regions of
different orientation. This method was used to delineate grain boundaries because an
etchant appropriate for this material was not found.

Sample MZS-2 had a more elongated tip than the other samples due to the shape
of the ampoule. The sample did not reach full diameter until approximately 2.7 cm from
the first to freeze tip. The majority of this tip was intact when removed from the ampoule,
allowing the development of grain structure to be examined. A large number of grains
were observed in the tapered portion of the tip. One major grain prevailed after 3.8 cm
had solidified. However, examination of the quenched interface (at 8.0 cm) revealed a
second grain along the outer edge of the sample. This grain was either not visible along
the entire centerline plane being examined or it nucleated from the ampoule wall at a
location close to the quenched interface.

Sample MZS-5 initially contained several grains that merged into three at about
1.3 cm. One grain remained after 2.1 cm.

Sample MZS-7 contained three primary grains initially. One orientation dominated

after 1.8 cm.
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Sample MZS-8 contained the largest number of grains. Only two grains were
present at 4.5 cm. One grain had prevailed after 6.4 cm.

Sample MZS-10 was grown in the presence of a magnetic field. Initially several
small grains immerged from the tip, merging into a few larger grains. Only one grain was
observed after the first 3.15 cm of the sample.

Ingot MZS-11 contained three main grains that grew toward the ampoule wall.
After 1.05 cm, a singular grain had developed and remained throughout the length of the
sample. A twin appeared 1.0 cm from the tip, and ended at the ingot surface 2.2 cm from
the tip. This was the only twin observed and was probably a result of the large thermal

gradient in the solid.

Crystallographic Orientation

Laue backscatter x-ray diffraction was used to determine the crystallographic
orientation of three sectioned samples at various distances from the tapered tip, along the
centerline. Results are summarized in Tables 4-1 through 4-3. Since each ingot was in
several pieces, actual angular variations could only be compared within each piece. A
single line in a table signifies the start of a different piece of the sample. Since each
diffraction pattern was taken from the surface of the bisected ingot, the crystallographic
orientation stated is normal to the crystal growth direction. The tabulated angles,  and v,
are the angles measured in the horizontal and vertical directions, respectively, from a
Greninger chart. For ingot MZS-10, diffraction patterns were taken across the radius, to
verify that the ingot was a single grain across the radius. Radial displacement, in Table 4-

3, is distance from centerline of ingot. These results verify the grain structure observed in
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backscattered images from the microprobe. The tip regions contained several grains

which grew out toward the ampoule wall, resulting in a single dominant grain orientation.

Crystal Quality By Synchrotron Radiation

The following information was observed using Beamline X-19C at the National
Synchrotron Light Source, Brookhaven National Laboratory, Upton, NY. Samples
MZS-7 and MZS-10 were found to be basically single crystals. All sample contained
subgrain boundaries. Figure 4-20 is a topograph taken from a slice of MZS-7,72to 11.5
cm (MZS7a) from the tip. The topograph shown, is a magnification of one diffraction
spot. Almost the entire crystal diffracted to one spot indicating that the entire region was
essentially one crystal. Figure 4-21 is the topograph from MZS-7, 11.5 to 12.6 cm
(MZSTh) from the tip. Figure 4-22 is the topograph from sample MZS-10, 8.3 to 9.5 cm
from the tip. Lattice distortion was observed in the region closest to the ampoule wall in
all three samples. Sample MZS7a showed larger distortion, due to strain, than the other
two samples. Streaking and stray spots observed in the topographs were caused by the
presence of inhomogeneous strain in the sample. The lattice parameter varied in these
regions, causing diffraction to different spots. Subgrain misorientations observed were
considered rather large, but were similar to values observed in HgCdTe and HgZnTe
alloys produced by the same method. A summary of subgrain size and misorientation is
given in Table 4-4. Subgrain averages were obtained on approximately 20 points per

sample.
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Table 4-1. Crystallographic displacement from (111) for MZS-2.

__——_—-—-———____——————'——:————————-——_'—_-—_

Distance from tip o Y
(cm) egrees Vertical egrees Horizontal
2 -12 95
25 -12 9.5
3 -12 9
35 -12 9
4 -12 8.5
4.5 -12 &-125 9&9.5
5 -12 9
5.5 -13 8
6 -13 8

f

Table 4-2. Crystallographic displacement from (111) for MZS-5.

ﬁ

Distance from tip ) Y
(cm) egrees Vertical egrees Horizontal
1 -27 to -26 -16.2to -17
1.5 -24 -17
2 -22.5 -17.5
25 -23 -17
3 --22 -17
3.5 -22.5 17.2
45 20 -18
5.5 -19 -17.8
6.5 -20 -18
7.5 -20 -17.5
85 -19 -17
9 -19.5 -18
9.5 -19 -18

_____—_-———_—_ﬁ
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Table 4-3. Crystallographic displacement from (111) for MZS-10.

_____——___—_————————__-—___—_————————————

Distance from tip d Y Radial Distance
(cm) (Degrees Vertical) _ (Degrees Horizontal) (cm)
0.5 17 -9 -0.2
0.5 17 -9 0.0
1.0 12 -7 -0.2
1.5 14 -6 -0.2
1.5 -17 -5 0.0
22 30 -18 0
32 30 -18 0
42 29.8 -17.5 0
4.6 12 -9 -0.2
4.6 -6 25 0.0
438 12 9.5 -0.2
5.6 12 9.5 -0.2
6.6 12 9.0 -0.2
7.6 12 9.5 0.0
7.6 -7 25 +0.2
8.4 no data no data +.02 (sample edge)
8.4 20 4.0 0.0
8.4 13 -8 -0.2
8.5 23 -17.5 0
9.5 23 172 0
10.5 22.7 -172 0
11.5 222 -18 0
12.5 22.2 -18 0

______————_———:——___————————-———__—____——_

Table 4-4. Summary of subgrain calculations from Synchrotron White Beam X-ray

Topography.
Sample Number Average Largest Average Largest
Subgrain Size  Subgrain Size Subgrain Subgrain
(mm) (mm) Misorientation  Misorientation
MZS-7a 0.55 1.0 46” 2°20”
MZS-Tb 0.35 0.5 2 4°41”
MZS-10 0.50 1.1 3’ 4’417

____—-—————_—-—_—'—__———-_=_———————_—_—-——
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Figure 4-20, X-ray topograph of MZS-7a, 7.2 to 11.5 cm from tip.
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Figure 4-21. X-ray topograph of MZS-7b, 11.5 to 12.6 cm from tip.
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Figure 4-22, X-ray topograph of MZS-10, 8.3 to 9.5 cm from tip.



CHAPTER 5
COMPOSITIONAL VARIATIONS DURING DIRECTIONAL SOLIDIFICATION

This chapter describes the compositional distribution observed in each sample after
solidification. Compositional variations were measured on the surface and through the
sample centerline by energy dispersive x-ray spectroscopy (EDS) ona Zeiss scanning
electron microscope (SEM) and for one sample, wavelength dispersive x-ray spectroscopy
(WDS) on a JEOL microprobe. Radial compositional variations were measured by either
EDS or WDS across the diameter of each crystal. Radial line scans were taken at various
distances from the tip of each crystal. Radial composition variations indicated the

curvature of the interface between the liquid charge and the solid crystal.

Axial Compositional Variations

In a previous study, Cobb et al. (1991) determined the average composition of
slices of Hg1<Zn,Se crystals cut perpendicular to the growth direction by precision density
measurements. They compared the axial composition profile with a one-dimensional
diffusion calculation to determine the effective diffusion coefficient. For this study, it was
important to understand small radial compositional variations as opposed to the average
composition. For these materials to be viable substrate candidates, it is important to
obtain both radial and axial compositional homogeneity.

Initially EDS measurements, using a SEM, were performed on the outer surface of

each crystal. For one crystal, MZS-5, the composition was measured on the surface along
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three lines the axial direction, each separated by 90 degrees. Figure 5-1 shows the results
of three axial compositional profiles measured on the surface of this sample. This sample
was quenched, unintentionally, after approximately 9 cm of growth due to failure of the
upper zone heater. The differences in composition for the three rotations are within
experimental error, indicating that the shape of the interface is symmetric with respect to
the walls of the ampoule. This test was not repeated on other samples.

To further investigate compositional variations, each crystal was mounted in a
graphite fixture and bisected along the centerline. The center plane of each sample was
polished and the sample was mounted to a graphite block with conductive carbon paste or
tape. The composition of each crystal along the centerline was determined by EDS.
Measurements were made every millimeter through the initial composition transient. The
remaining measurements were made every two millimeters.

The surface and centerline axial compositions for each crystal are plotted as a
function of distance from the first-to-freeze tip in Figures 5-2 through 5-7. The axial
centerline compositional profile for MZS-5 was also measured by WDS for comparison,
and is included in Figure 5-3. The tips of the ampoule used for MZS-2 and MZS-5 had a
longer taper than the other ampoules. This explains why there is a difference in the onset
of the steady state growth region. The other ampoules were all constructed with the same
taper dimensions.

Large scatter was noticed in the axial profile from MZS-5 ata position of
approximately 6 cm. Compositional analysis was performed by WDS in a microprobe to
verify these fluctuations. These results, shown in Figure 5-3, confirmed the compositional

variations. A compositional map, shown in Figure 5-8, of the entire center surface was
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then performed using the microprobe. The results of this analysis are not quantitative, but
show variations in compositional intensity. The colors represent number of counts of the
Zn spectra. The highest Zn content is represented by white. The Zn content decreases in
the following order: pink, red, yellow, green and blue. The upper zone of the furnace
failed during processing of this sample, leaving a quenched interface after 8.9 cm of
growth. It is believed that the heater element began deteriorating several days before total
failure occurred. This caused the interface to periodically translate at a faster rate, and

resulted in a lower composition profile in that region.

Radial Compositional Variations

Radial variations in composition were determined by taking EDS measurements
along the radius of the bisected crystal at specific distances from the tip. These
measurements, combined with micrographs of the interfaces (Figures 5-9 and 5-10) taken
in the microprobe with a backscatter detector, revealed that the shape of the solid-liquid
interface is convex when viewed from the solid. The micrographs were taken from
samples MZS-2 and MZS-5 that were quenched during growth. Radial compositional
variations for each sample are shown in Figures 5-11 through 5-17.

One interesting result is that the shape of the interface changes from concave to
convex in the region where the ampoule reaches full diameter. This change in shape is
thought to be related to differences in the dominant methods of heat transfer in the tip
region compared to the constant diameter growth region. Initially, the shape of the
interface, determined from compositional variations, is concave. However, as the ampoule

reaches full diameter, the interface shape becomes flat and eventually becomes slightly
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convex. This can be explained by looking at the different contributions from conduction
and radiation to heat transfer as shown in Table 5-1. Consideration is given only to
mechanisms of heat transfer in the ampoule and alloy resulting from the thermal gradient
in the region of the interface. These calculations are based on assumptions for the thermal
conductivity of the liquid and solid Hgi.xZn.Se liquid as well as emmisivity, as these values

are not available in the literature. Heat flux from conduction is given by
(55w Tren( T s
KQAQLKLL—KQAQLKSL’ ¢-1)

where xq is the thermal conductivity of the quartz, Aq is the area of the quartz, ks and K.
are the thermal conductivities of solid and liquid Hg:.xZn,Se, respectively, As and Ap are
the areas of the solid and liquid Hg:.«Zn.Se, respectively, and AT/L is temperature
gradient. Heat flux from radiation is given by

gecATL(27mnL) = eecATs(2nrsL), (5-2)

where ¢ is the emmisivity, o is Boltzmann's constant, AT is the difference in temperatures
over length L in the solid and liquid, and r is the radius of the alloy solid and liquid.
Quartz is transparent in the infrared region and does not contribute to radiative heat
transfer. In the tip region, case (a) in Figure 5-18, heat transfer is dominated by
conduction through the ampoule wall, mainly because the ampoule area is large relative to
the alloy area and the thermal conductivity of the quartz is probably higher than the
Hg,.ZnSe. This leads to a situation where the surface of the alloy is cooler than the
center, leading to a concave interface shape.

As solidification progresses in the HgxZn.Se system, , the curvature of the solid-

liquid interface first becomes almost flat and then changes to convex, case (b) in Figure
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5-18. This interface shape in the steady state growth region is opposite of what has been
observed in the Hg,..Cd<Te (Szofran and Lehoczky, 1984) and Hg:..Zn.Te (Suetal,
1993) alloys systems. Although work has been done both experimentally and
mathematically to determine furnace configurations and appropriate hot and cold zone
settings required to produce a convex interface, the interface shape remained concave due
to the fact that there is a large change in the thermal conductivity of Hg:xCd,Te (Holland
and Taylor, 1983) and Hgy.«Zn.Te (Sha et al., 1996) at the melting point. Since this
convex interface has been observed in both the Hg,..Zn,Se and Hg,..Cd,Se alloy systems,
it is evident that there must be a difference in the thermal conductivity of HgSe and HgTe
based alloys. If the liquid and solid thermal conductivities are equal or very similar, a
convex interface is expected. When the temperature at the surface temperature of the
alloy is higher than the center, a convex interface results. The gap between the insulating
barrier and the ampoule results in a view factor that allows radiative heating of the alloy
surface from the hot zone wall. The differences in electrical properties of the HgTe and
HgSe systems can be used to explain the difference in the thermal properties of this
system.

Both HgSe and HgTe are considered semi-metals because they have a negative
band gap. The band gap of Hg Se was measured to be -0.06 eV (Lehockzky et al., 1974),
while that of HgTe was -0.303 eV (Scott, 1969). This indicates that HgSe behaves more
like a metal, thus the thermal conductivity of the liquid and solid is very likely to be
similar. The facts that both HgSe (Lehockzky et al., 1974) and HgyZn.Se (Cobb et al,
1991) are naturally n-type and have as grown electron concentrations on the order of

10"%cm?, also illustrate this metal-like behavior.
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The convex interface curvature observed in Hgy..Zn,Se is favorable for the growth
of single crystalline material (Chang and Wilcox, 1974). Grain structure and x-ray
diffraction, discussed in Chapter 4, confirmed the hypothesis that the grains nucleated at
the wall or interface surface grew outward toward the wall, and terminated, resulting in
growth in a singular orientation. Compositional variations in all samples led to the
conclusion that all samples, grown in the Bridgman configuration, had a convex interface
shape. However, for sample MZS-10, which was grown in an applied magnetic field,
radial compositional variations were much smaller, indicating an almost flat interface. If
the velocity of the fluid motion in the melt is larger than the growth velocity, the diffusive
transfer to the interface is altered and compositional variations result. For this
composition, the presence of the five tesla magnetic field was sufficient to reduce
convective flow in the melt, thereby reducing radial compositional variations.

The convex interface shape is favorable for the outward growth of grains as
described, however, grains can also be nucleated at the ampoule wall if nucleation sites are
present. Nucleation can occur at imperfections in the ampoule wall or ampoule coating
and at sites where the alloy wets the ampoule material. In these experiments, grain
nucleation from the wall was observed only in the plain quartz ampoule, where evidence of
wetting behavior was observed. The presence of thermal etch pits on the surface indicates
that Hg vapor filled the gap between the solid and the ampoule, preventing wetting
between the ampoule and alloy. A gap between the alloy and the ampoule is expected to
develop, because the vapor pressure of Hg at a temperature of 1010°C is on the order of
75-100 atmospheres. Since the force due to hydrostatic pressure is approximately 0.1

atmospheres, the Hg vapor pressure pushing the melt away from the ampoule exceeds the
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hydrostatic force pushing the melt against the ampoule. This reduces the nucleation

potential, making nucleation of grains at the ampoule wall unlikely.

Table 5-1. Calculated contributions to heat transfer in the ampoule and alloy.
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Tip Region Steady State Growth
Region

Radiation from Liquid (W/mK) 0.36 0.48
Radiation from Solid (W/mK) 0.14 042
Conduction in Quartz at Liquid (W/mK) 1.32 1.62
Conduction in Quartz at Solid (W/mK) 0.84 1.47
Conduction from Liquid (W/mK) 0.26 0.54
Conduction from Solid (W/mK) 0.03 0.53
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CHAPTER 6
DISLOCATION GENERATION DURING DIRECTIONAL SOLIDIFICATION

Crystals produced by solidification from a molten liquid, generally contain
significant densities of structural defects. These can include surface defects, point defects,
volume defects and linear defects. Because the electrical performance of semiconductor
materials is degraded by the presence of most defects, it is important to understand the
relative number of these defects and how this number can be reduced by appropriate
choice of processing parameters. A number of investigations in the Hg;xZn,Se system
have focused on the type and source of point defects in this system, however, no data
exists on the distribution and sources of dislocations in this system. The dislocation
density, based on the number of etch pits formed by chemical etching, was measured for
slices taken from approximately the same distance from the first-to-freeze tip of five
ingots. First, general trends in etch pit formation were documented. Then, the etch pit
density in ingots with different ampoule preparation and growth environments was
compared. Finally, the etch pit density was compared with similar II-VI alloys to
determine if the increased bond strength due to Zn additions increased the alloy’s
resistance to dislocation formation.

The termination of a dislocation at a crystal surface results in an area of increased
elastic energy. Chemical etchings applied to the surface result in the formation of pits

because these areas of increased energy provide nucleation sites for dissolution. The
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correlation between etch pits and dislocations has been used to estimate dislocation
density for many years, dating back to as early as 1953 when Vogel et al. (1953) noted the
one-to-one correlation in germanium.

A method for polishing and etching to reveal dislocation etch pits was developed
for Hg..Zn,Se for x = 0.1 alloys. Crystallographic planes of different orientation are
known to respond differently to different chemical etchings. Etching some planes results
in different shaped pits, and for some systems, c&tain crystallographic planes do not
respond at all to certain etchants. To eliminate variations in etching rates and

characteristics among the ingots, samples were cut along the {111} surface.

Surface Preparation for Etch Pit Study

Each crystal ingot had previously been cut along the center axis to allow mapping
of grain structure and compositional variations. Radial slices oriented to the {111} were
cut from one half of each ingot. Samples were oriented using a back reflection Laue x-ray
camera and a goniometer stage. The goniometer stage was transferred to a wire saw,
where samples two millimeters thick were cut from each crystal.

Oriented samples were mounted to a glass plate with CrystalBond® adhesive.
Initially, damage to the surface from the cutting step was removed by grinding on 600 grit
paper. Intermediate polishing was accomplished, by hand, using progressively finer
diamond paste on appropriate cloths mounted to polishing wheels. Buehler nylon cloth
was used for 6 um diamond paste, followed by 3 and 1um paste on medium nap felt. A

final polish was accomplished using a 78:19:3 solution of distilled water, colloidal silica

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



111

and sodium hyposulphate on medium-nap felt. Intermediate polishing with alumina
slurries was investigated, but produced only progressively finer scratches.

Samples from each crystal were polished as described above and etched, but the
etch pit size was not uniform or completely reproducible. It was discovered, when
examining samples in the SEM at 70 ° to verify orientation by electron backscatter
diffraction, that extremely fine scratches still existed on the surface. These scratches were
not visible with the eye or in the SEM with the beam perpendicular to the sample surface.
Eventually a procedure was developed to automate the procedure, reduce the number of
required steps, and remove the final layer of mechanical damage.

Several microns were removed from the surface of each sample using a Logitech
automated lapping machine with 3um alumina slurry on a Buehler medium-nap cloth.
Final chemical-mechanical polishing was performed on the same equipment but with a
slurry of colloidal silica, distilled water and sodium hyposulfite as described above.
Samples were removed from the glass plate, and the adhesive was removed with acetone.
Samples had to be immediately immersed in isopropanol to prevent the acetone from
damaging the surface finish. A final chemical polish by hand using 2% Br; in ethylene
glycol on a medium-nap pad was required to remove all mechanical damage. Sample were
rinsed in acetone, followed immediately by isopropanol and distilled water.

Selection of Appropriate Etchant

A literature search did not yield information on suitable etchings Hg;«Zn.Se alloys.
Initial etchants investigated were those used to produce pits on HgSe and ZnSe binary

alloys. Table 6-1 summarizes the results of various etchant compositions. Initially, the
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only successful etchant was that described by Parker and Pinnel (Parker and Pinnel, 1971).
Etch pits were produced at times of 7-13 minutes on the {111} surface. The morphology
of the pits was extremely rounded. Rounded etch pits have also been observed in -V
alloy systems (Sangwal, 1987). Itis thought that rounded or circular etch pits are related
to diffusion during the dissolution process. It has also been found that slow etchants often
produce rounded pits, while fast etches produce crystallographic pits (Sangwal, 1987).
The time required to produce pits with Parker’s etch on Hgy..Zn,Se is considered
extremely slow.

It was initially thought that an etch described by Polisar et al. (1968) destroyed the
surface of the sample. The etchant was composed of 90:60:25:5 distilled water, nitric
acid, hydrochloric acid, 0.1cc Brz in acetic acid. It was later discovered that this etchant
produced a Se surface film that could be removed with 1-2 second rinse in a 2% Brz in
methanol solution. This was followed by a brief methanol rinse, then by distilled water.
The Polisar etch produced a uniform surface film at times of 1.75-2.25 minutes. The best
results were achieved by immersing the sample until a uniform Se film developed over the
entire surface, then removing the film. The etch pits produced by this method were
triangular with slightly rounded edges.

Method for Determining Etch Pit Density

Images of each sample were taken ina SEM at a 100x magnification across the
entire surface of each sample. Each image was reduced and combined to form a collage
showing the overall pit distribution. A collage for each sample is shown in Figures 6-1

through 6-14. An etch pit density for each image was determined by counting the number
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of etch pits and dividing by the area of the image. On images where etch pits were
considerable different in size, only the largest pits with consistent size were counted. The

etch density along with its location on the sample is listed for each crystal in Tables 6-2

through 6-15.

Table 6-1. Summary of etchant study.

Designation Components Ratio Time/ Results
Temperature (°C)
Warekois (a) HNO;:Acetic:HCL:  50:10:1:20 10-15 minutes/40 Rough dull
Chemical 18 N H;SO;4 finish
Polish HgSe
Warekois (b)  HCL:HNOs:HO 6:2:3 2-5 minutes/25  Copper colored
finish
ZnSe Br,:CH;OH Destroyed
surface
ZnSe HCI: H,0 No effect
Parker HNO;: HCl: HO:  60:4:60:4 5-10 minute/25  Round etch pits
S%Bl'z in CH3OH
Polsar H,0: HNO;: HCl:  90:60:25:5  1-2.5 minutes/25 Se film removed
0.1 cc Br; in acetic with 5%Br; in
CH;OH.
Consistent.
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Figure 6-1. Etch pit distribution on MZS 2-1 (5.8cm).
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Table 6-2. MZS 2-1 (5.8cm).
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Table 6-3. MZS 2-2 (5.4 cm).

Sample Location EPD Sample Location EPD
Name (#/cm”"2) Name (#/cm”2)
a top edge 3.00E+04 a top edge 1.16E+04
b top 2.73E+04 b top 1.10E+04
c top 1.50E+04 c top 9.84E+03
d top 1.80E+04 d top 1.26E+04
e top 1.14E+04 e top 5.60E+03
f top 3.13E+04 f top 5.18E+03
g top edge 8.09E+04 g top edge 1.34E+04
h middle edge 1.01E+05 h middle edge 1.49E+04
i middle 1.22E+04 i middle 7.99E+03
j middle 1.15E+04 j middle 9.24E+03
k middle 1.05E+04 k middle 6.99E+03
1 middle 1.64E+04 1 middle 7.86E+03
m middle edge 1.98E+04 m middle edge 1.05E+04
n ampoule edge  7.91E+03 n middle edge 1.70E+04
0 ampoule edge 1.51E+04 o middle 2 edge 1.28E+04
p ampoule edge  9.86E+03 p middle 2 1.42E+04
q ampoule edge  7.40E+03 q middle 2 6.24E+03
p2 ampoule edge 1.22E+04 r middle 2 8.86E+03
N s bottom edge 1.04E+04
t bottom edge 1.37E+04
u bottom edge 1.27E+04
v bottom edge 2.86E+04
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Figure 6-2. Etch pit distribution on MZS 2-2 (5.4 cm).
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Figure 6-3. Etch pit distribution on MZS 2-5 (4.7cm).
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Table 6-4. MZS 2-5 (4.7cm). Table 6-5. MZS 5-2 (4.4cm).
Sample Location EPD Sample Location EPD (#/cm"2)
Name (#/cm"2) Name
a top edge 3.38E+04 a top edge 1.44E+04
b top 3.13E+04 b top 6.40E+03
c top 2.21E+04 c top 5.35E+03
d top 4 21E+04 d top 4.70E+03
e top 1.48E+04 e top 4.03E+03
f top 1.22E+04 f top 6.86E+03
g top edge 2.80E+04 g top 1.69E+04
h middle edge 8.90E+03 h top
i middle 6.49E+03 i top 1.38E+04
j middle 6.70E+04 j top edge
k middle 8.11E+04 k middle edge 2.13E+04
1 middle 8.71E+04 | middle 5.24E+03
m middle edge 1.65E+05 m middle 5.62E+03
11 middle 2 edge  1.02E+04 P middle 3.75E+03
kl middle 2 2.07E+04 q middle 4.24E+03
j1 middle 2 3.55E+04 r middle 4.62E+03
il middle 2 9.61E+03 s middle 3.75E+03
hi middle 2 edge  4.62E+03 t middle 6.37E+03
n bottom edge 1.44E+05 u middle edge 1.18E+04
) bottom edge 5.74E+04 dd bottom edge 1.52E+04
P bottom edge 2.56E+04 ee bottom edge 1.34E+04
q bottom edge 4.71E+03 ff bottom edge 5.87E+03

2g bottom edge 4.87E+03
hh bottom edge 4.49E+03
i bottom edge 4.62E+03
i bottom edge 8.49E+03
kk bottom edge 8.84E+03
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Figure 6-5. Etch pit distribution on MZS 5-5 (5.0cm).
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Table 6-6. MZS 5-5 (5.0cm). Table 6-7. MZS 5-6 (5.2cm).
Sample Location EPD Sample Location EPD
Name (#/cm”™2) Name (#cm"2)
top edge top edge 7.78E+03
top 1.34E+04 top 3.92E+03
top 1.12E+04 top 2.44E+03
top 5.64E+03 top 2.96E+03
top 6.83E+03 top 3.99E+03
top 7.91E+03 top 4.08E+03
top 4.99E+03 top 2.42E+03
top 7.62E+03 top 2.81E+03
top edge 3.83E+04 top 4 85E+03
middle edge 1.61E+04 top edge 2.88E+04
middle 5.24E+03 middle edge 8.75E+03
middle 1.75E+03 middle 6.12E+03
middle 3.62E+03 middle 4 99E+03
middle 5.74E+03 middle 4.12E+03
middle 4 8TE+03 middle 4.24E+03
middle 9.74E+03 middle 3.00E+03
middle edge 2.60E+04 middle 3.37E+03
middle edge 2.92E+04 middle 4.74E+03

middle 2 edge  3.21E+04
middle 2 edge  5.21E+03

middle edge 7.93E+03
middle 2 edge  3.07E+04

middle row 2 6.37TE+03 middle 2 9.45E+03
middle 2 6.37TE+03 middle 2 4.37E+03
middle 2 5.87E+03 middle 2 3.87E+03
middle 2 8.11E+03 middle 2 4.12E+03
middle 2 edge  8.15E+03 middle 2 6.62E+03
bottom edge 1.28E+04 middle 2 7.87E+03
bottom edge 7.06E+03 middle 2 6.61E+03

middle 2 edge  8.48E+03
bottom edge 1.27E+04
bottom edge 6.47E+03
7.62E+03

6.74E+03

6.24E+03

middle edge 6.66E+03

bottom edge 7.20E+03

ji] bottom edge 8.76E+03
kk bottom edge 9.43E+03
I bottom edge 7.88E+03

bottom edge 8.08E+03
bottom edge 8.23E+03
bottom edge 1.23E+04
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Figure 6-6. Etch pit distribution on MZS 5-6 (5.2cm).
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Figure 6-7, Etch pit distribution on MZS 5-7 (5.5cm).
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Table 6-8. MZS 5-7 (5.5cm).
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Table 6-9. MZS 7-1 (4.9 cm).

Sample Location EPD Sample Location EPD
Name (#/cm"™2) Name (#/cm”2)
a top edge 1.62E+04 a top edge
b top 5.99E+03 b top 2.35E+03
c top 5.87E+03 c top 2.88E+03
d top 1.27E+04 d top 5.11E+03
e top 1.51E+04 e top 4.33E+03
£ top 8.22E+03 f top 3.54E+03
g top 7.31E+03 g top 5.25E+03
h top 9.00E+03 h top 6.97E+03
i top edge 8.32E+03 i top 1.25E+04
j middle edge 8.26E+03 j top 1.03E+04
k middle 1.09E+04 k top edge 1.30E+04
1 middle 1.09E+04 1 middle edge 9.35E+03
m middle 9.61E+03 m middle 3.00E+03
n middle 1.39E+04 n middle 6.24E+03
o middle 1.50E+04 ) middle 4 37TE+03
P middle 8.86E+03 ) middle 3.62E+03
q middle 6.49E+03 q middle 4.99E+03
r middle edge 8.64E+03 s middle 4 8TE+03
s middle 2 edge  9.32E+03 t middle 3.50E+03
t middle 2 1.84E+04 u middle edge 7.74E+03
u middle 2 1.61E+04 v bottom edge 3.98E+03
vl middle 2 2.21E+04 w bottom edge 6.80E+03
wl middle 2 1.89E+04 X bottom edge 5.74E+03
x1 middle 2 1.80E+04 y bottom edge 4.86E+03
yl middle 2 edge  1.80E+04 z bottom edge 7.43E+03
X bottom edge 1.45E+04 zl bottom edge _ 1.35E+04
y bottom edge 1.49E+04
z bottom edge 1.83E+04
aa bottom edge 2.58E+04
bb bottom edge 1.93E+04
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Figure 6-8. Etch pit distribution on MZS 7-1 (4.9 cm).
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Figure 6-9. Etch pit distribution on MZS 7-2 (5.1 cm),
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Table 6-10. MZS 7-2 (5.1cm).
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Table 6-11. MZS 7-5 (5.7 c¢m).

Sample Location  EPD (#/cm"2) Sample Location  EPD (#/cm"2)
Name Name

a top edge 1.84E+04 b top 1.73E+03
b top 2.46E+04 c top 3.17E+03
c top 6.39E+03 d top 3.75E+03
d top 3.24E+03 e top 5.80E+03
e top 9.73E+03 f top 9.48E+03
f top 4.41E+03 g top 8.96E+03
g top 2.98E+03 h top 1.29E+04
h top 8.58E+03 i top 1.20E+04
i top 1.92E+04 j top 2.19E+03
] top 1.65E+04 k top edge 2.73E+03
1 middle edge 4.36E+03 1 middle edge 2.73E+03
m middle 3.75E+03 m middle 1.01E+04
n middle 7.74E+03 n middle 2.32E+04
0 middle 9.11E+03 ) middle 2.81E+04
p middle 9.49E+03 P middle 3.48E+04
q middle 8.49E+03 q middle 9.24E+03
r middle 4.12E+03 r middle 5.74E+03
s middle 7.62E+03 s middle 7.87E+03
t middle edge 1.34E+04 t middle edge 5.62E+03
u bottom edge 7.30E+03 u bottom edge 1.16E+04
v bottom edge 9.02E+03 v bottom edge 1.15E+04
w bottom edge 1.61E+04 w bottom edge 9.72E+03
X bottom 7.81E+03 X bottom 1.62E+04
y bottom edge 9.76E+03 y bottom edge 2.01E+04
z bottom edgi 5.43E+03 z bottom edge 1.30E+04

zl bottom edgi 6.64E+03
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Figure 6-10. Etch pit distribution on MZS 7-5 (5.7 cm).
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Table 6-12. MZS 8-2 (3.7 cm).
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Table 6-13. MZS 8-3 (3.9cm).

Sample Location EPD Sample Location EPD
Name (#cm”™2) Name (#lcm™2)

21 left top edge 1.50E+04 43 left top edge 3.19E+04
20 top edge 1.89E+04 42 top edge 1.97E+04
19 top edge 2.26E+04 41 top edge 2.64E+04
18 top edge 2.98E+04 40 top edge 2.14E+04
17 top edge 2.03E+04 39 top edge 1.65E+04
16 top edge 1.22E+04 38 top edge 1.80E+04
14  left middle edge  2.60E+04 37 top edge 1.05E+04
13 middle edge  1.64E+04 36 right top edge  1.48E+04
12 middle edge 1.39E+04 35 middle edge 3.08E+04
11 middle edge 1.37E+04 34 middle 4.61E+04
10 middle edge 1.28E+04 33 middle 3.27E+04
9 right middle edge 9.30E+03 32 middle 1.76E+04
6 left bottom edge  2.91E+04 31 middle 2.01E+04
5 bottom edge 1.20E+04 30 right middle edge 2.28E+04
4 bottom edge 1.63E+04 27 bottom edge 3.55E+04
3 right bottom edge  1.87E+04 26 bottom edge 2.91E+04

25 bottom edge 1.54E+04

24 bottom edge 9.99E+03
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Table 6-14. MZS 10-3 (4.5 cm).

Sample Location EPD
Name #em™2)
24 left top edge 7.43E+04
23 top 3.61E+04
22 top 2.65E+04
21 top 5.23E+04
20 top 3.15E+04
19 top 3.18E+04
18 top 2.15E+04
16 left middle edge 1.07E+05
15 left edge bottom 5.70E+04
14 middle 3.21E+04
13 middle 3.22E+04
12 middle 3.22E+04
11  right middle edge  4.59E+04
10  left bottom edge 7.17E+04
6 bottom edge 1.09E+05
5 bottom edge 9.11E+04
4 bottom edge 1.09E+05
3 right bottom edge  7.80E+04
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Table 6-15. MZS 10-4 (4.4 cm).

Sample Location EPD
Name (#/cm”2)
52 top edge 9.06E+04
53 top edge 1.35E+05
54 top edge 1.61E+05
55 top edge 8.38E+04
56 top edge 1.34E+05
57 top edge 1.05E+05
58 top edge 1.07E+05
59 top edge right ~ 7.01E+04
50 top edge left 8.63E+04
24 top 4.67TE+04
23 top 8.11E+04
22 top 7.80E+04
21 top 6.65E+04
20 top 7.80E+04
19 top 1.11E+05
18 top right 1.60E+05
16 middle edge left  6.24E+04
15 middle 3.57E+04
14 middle 3.15E+04
13 middle 4.62E+04
12 middle 5.95E+04
11  middle edge right 1.13E+05
10  middle edge corner 1.73E+05
7 bottom edge left  2.16E+05
6 bottom edge 1.58E+05
5 bottom edge 1.84E+05
4 bottom edge right  2.76E+05
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Figure 6-11. Etch pit distribution on MZS 8-2 (3.7cm).
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Figure 6-12. Etch pit distribution on MZS 8-3 (3.9 cm).
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Origin of Dislocations during Directional Solidification

Dislocations can arise from several sources during the crystal growth process.
Potential sources of dislocations include impingement of two grain of different orientation,
collapse upon cooling of vacancies formed at high temperatures, thermal stresses induced
by the growth process, and accommodation of lattice misfit due to concentration gradients
(Nabarro, 1967). The first two mechanisms are unlikely for this material system. The
favorable interface shape promotes grain growth toward the ampoule wall, so grains grow
away from each other during solidification. For crystals grown from the melt, the
equilibrium number of vacancies at the interface is much greater than the equilibrium
number at room temperature, so a supersaturation occurs. As the alloy cools, these
vacancies must either be incorporated or removed from the crystal. These vacarncies can
either aggregate into loops or escape the crystal by climbing into the liquid or, for small
crystals, diffuse to the surface. Although there is experimental evidence of these
dislocation loops, the existence of this mechanism has been questioned for normal growth
conditions (Nabarro, 1967). This is probably not the primary source of dislocations in this
system because the ingot diameter is small. Thermal stresses and concentration gradients
are the mechanisms most likely to contribute to dislocation generation in the Hg;«Zn.Se
system.

The nature of solidification from the melt of alloy systems with a large separation
between the liquidus and solidus and large density differences can produce large gradients
in concentration. For this alloys system, the segregation coefficient calculated from the

quenched interface is approximately 5, so the composition of the first material to freeze is
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higher in composition than the composition of the liquid ahead of the interface. This
establishes a region ahead of the interface that is depleted of solute. Steady state is
eventually established, and the composition of the solid is that of the liquid. The lattice
constant for this system, however, varies linearly with composition (Kot and
Simashkevich, 1964), so a change in the composition gradient requires that dislocations be
formed to accommodate large misfits (Nabarro, 1967). The number of dislocations due to

the stress of the compositional gradient is given by
p=rgde 61

where a is the average lattice constant, da/dc, is the change in lattice constant per change
in composition, and §(dc/dx, is the variation of the compositional gradient (Friedel, 1964).
For this alloy system grown in the Bridgman-Stockbarger configuration, there are radial
compositional variations due to radial temperature variations, so dislocations are expected
to be generated to accommodate lattice distortion. Using the worst case compositional
gradients observed for the largest diameter sample, the number of dislocations generated
due to compositional variations is on the order of 10%/cm’.

Thermal gradients are also imposed on the sample during the directional
solidification process. The inherent nature of the solidification process induces a thermal
gradient in the axial direction, and the thermal field can also vary radially, depending on
the furnace characteristics. Friedel (1964) suggested that when there is a deviation from
the average thermal gradient in the vicinity of the growth front, internal stresses are
relieved by producing dislocations, to accommodate non-uniform thermal expansion. The

dislocation density due to a variation in the thermal gradient is given by
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1
p= ;‘(IBVT, (6-2)

where o is the thermal expansion, a is the lattice constant, and 8VT is the deviation in the
thermal gradient. Small changes in the thermal gradient can introduce a significant number
of dislocations, because o/a ~ 10°/°cm’.

There are other potential sources of dislocation formation in the crystal growth
process, however, those listed above are most influenced by the nature of the material
system and the growth conditions. The influence of growth conditions on dislocation
densities for the Hgy..Zn,Se system is summarized in the following sections.

Effect of Ampoule Wall on Etch Pit Density

It was generally expected that a larger etch pit density would be found along the
perimeter of each crystal due to interactions between the sample material and the ampoule
wall. Imperfections in the ampoule wall and reactions between the alloy and the fused
quartz could be nucleation sites for grain boundaries and dislocations. The differences in
the thermal expansion of the ingot and the fused quartz could also induce stress into the
growing crystal.

Higher dislocation densities were observed at some point along the perimeter of all
ingots investigated, but a consistently higher density along all edges was not observed.
Small regions along the outer surface of several samples showed a much higher density.
Examples are presented in Figure 6-15 for MZS-2 and in Figure 6-16 for MZS-5. These
regions are thought to be areas where the melt was attached to the surface of the ampoule
wall during solidification, causing localized regions of stress. This behavior was observed,

primarily, on MZS-2 and is consistent with the pictures taken of the surface prior to
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characterization which indicate that there were many regions where the melt wetted the
ampoule wall. An example of this behavior is shown in Figure 6-17.

Ingot MZS-5 was grown ina 7.2 mm inner diameter ampoule that contained a
graphite piece. Thermal etch pits were observed on the surface, and only one very small
region of higher etch pit density was found on the edge of one radial slice from sample
MZS-5. This is likely due to sticking at this point. Except for this one spot, there seemed
to be no overall influence of the ampoule wall or the increased size of the ingot on the etch
pit density. Etch pit densities ranged from 2.4 x 10%to 3.8 x 10* cm™. The average etch
pit density for this ingot was 1.1 x 10* cm?, the second lowest of all ingots.

Ingot MZS-7 was grown in a 5 mm inner diameter ampoule and included a piece
of graphite. This ingot moved freely in the ampoule following processing, an indication
that no wetting occurred in this ingot. Slices taken from this ingot had etch pits densities
ranging from 2.2 x 10° to 3.5 x 10" cm”, with an average density of 9.0 x 10° cm™. This
ingot had the lowest average etch pit density and the density did not increase at the
ampoule wall. The “W” distribution often observed in bulk grown crystals was not
observed. Since the alloy apparently grew detached from the ampoule wall, the
differences in thermal expansion between the alloy and ampoule did not induce stress
along the ingot wall.

For crystal MZS-8, which was solidified in a 5.5 mm inner diameter ampoule
coated with BN, several regions of fracture were observed on the surface. Fractured
regions were not observed after 1.9 cm of growth, and regions of higher etch pit density
were not observed around the edge of samples cut between 3.5 and 4.1 cm. The etch pits

densities ranged from 9.3 x 10% to 3.5 x 10* cm™. The average dislocation density,
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b)

Figure 6-15. Example of higher etch pit density along crystal perimeter for MZS-2:
a) MZS 2-2v, b) MZS 2-5a.
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b)

Figure 6-16. Example of higher etch pit density along crystal perimeter for MZS-5:
a) MZS 5-6t, b) MZS 5-6u.
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b)

Figure 6-17. Example of the attached and detached solidification of the molten crystal for
MZS-2: a) at 20x magnification and b) at 94x magnification.
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2.06x10* cm?, was somewhat higher than observed in samples grown with a piece of
graphite in the ampoule, but comparable with MZS-2 grown with no ampoule treatment.
The addition of a graphite plug was more effective in reducing wetting between the
ampoule and the alloy, than was the BN coating.

The dislocation densities for MZS-10, which was solidified in a magnetic field,
were noticeably higher close to the ingot edge, as shown in Figure 6-18. The dislocation
density along the edge was as high as 4.6 x 10°cm™®. This was the highest density
measured in any other sample. Higher etch pit density was observed over the entire
sample, ranging from 2.2 x 10° to 2.8 x 10° cm”, with an average of 8.3 x 10*. Uniform
thermal etch pits were observed on the ingot surface there was no evidence of wetting.
This higher density was, very likely, related to the change in thermal gradient near the
interface, and not due to the ampoule wall. This hypothesis is described in more detail in
the next section.

Using equation 6-1, the number of dislocations expected for the Hg).«Zn.Se system
due to compositional variations was calculated to be on the order of 10%cm? for the worst
case compositional gradients observed for the largest diameter sample. This is the same
magnitude as observed for all the samples grown in the Bridgman-Stockbarger without an
applied magnetic field.

Effect of Magnetic Field on Dislocation Density

Magnetic fields have been successfully used to reduce convective flows in the melt
that can lead to compositional variations in the directional solidification of Hg)..Zn<Te

(Sha et al, 1997), Hg,.<Cd.Te (Watring and Lehoczky, 1996), InSb (Utech and Flemings,
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Figure 6-18. Significantly higher etch pit density observed along perimeter of MZS-10.

1966) and Ga doped Ge (Matthieson et al., 1987), and during Czochralski growth of Si
(Hoshikawa, 1982) and GaAs (Terashima et al., 1984). The Lorentz force, induced by the
magnetic field in electrically conductive melts, reduces the magnitude of the convective
flow resulting from thermosolutal buoyancy effects (Sha et al., 1997) and can significantly

reduce compositional homogeneity. Reducing compositional variations should reduce

misfit dislocations.
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Compositional variations were smaller in the radial direction for ingot, MZS-10,
which was solidified in a 5 tesla magnetic field. Etch pit densities of slices taken from this
ingot were expected to be smaller than in other ingots. However, etch pit densities in the
ingot ranged from 2.2 x 10* to 2.8 x 10° cm2, with an average density of 8.3 x 10* cm™.
This was 3-10 times higher than observed in other ingots. The thermal profile for the
magnet furnace is compared with the Bridgman furnace in Figure 6-19. A large change in
the thermal gradient occurs in the vicinity of the interface temperature (approximately
817°C for x=0.10). As noted by Nabarro (1967), even small changes in the thermal
gradient can lead to significant dislocation densities due to thermal expansion effects.
Using equation 6-2, the change in thermal gradient from the profile of MZS-10, and the
coefficient of thermal expansion for the Hg;.<CdTe system, the dislocation density due to
the changing thermal gradient is predicted to be on the order of 10°/cm®. This is along the
same order of magnitude as etch pit densities observed on MZS-10. The differences in the
thermal profiles occurred because even though similar hot and cold zone temperatures
were used, heat pipes were not used in the magnet furnace. This caused there to be a non-
linear temperature variation in the lower portion of the temperature range. This problem
could be avoided in future experiments by judicious choice of zone temperatures, or

incorporation of heat pipes into the configuration.

Other Considerations

Some regions of ingot MZS-5 had higher etch pit densities than expected. The

upper zone of the furnace malfunctioned during growth of ingot MZS-5 and eventually
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lost power. Compositional variations documented in Chapter 5 at approximately 4.2, 5.5
and 6.0 cm of growth indicated there were thermal fluctuations in the upper heated zone.
Higher etch pits densities were observed on sample MZS 5-7, which was cut 5.25t0 5.6
cm from the tip. This is one of the regions where compositional variations were observed,
so it is likely that these dislocations were generated from the change in the thermal

gradient caused by the malfunctioning heater.

Comparison of Dislocation Densities in Hg;..Zn.Se Alloys with Similar Materials

The original interest in the Hg..Zn.Se alloy system stemmed from calculations of
Sher et al. (1985) that predicted Zn additions to the HgSe lattice would result in a shorter
stronger bond, thus making the lattice more stable against defect formation. The
replacement of Cd with Zn in the Hg<CdxTe system had already been shown to improve
resistance to dislocation formation (Su et al., 1988). Etch pit densities in the Hg;..Cd.Te
are on the order of 10° to 10° cm? (Parker and Pinnel, 1971; private communication
McKeagney). Etch pit densities for Hg..ZnsTe grown by the Bridgman method were in
the mid 10° cm™ range (Su et al., 1988). Samples grown in a magnetic field had EPD in
the low to mid 10° cm™. In this investigation, EPD ranged from 9.0 x 10° - 1.1 x 10* cm™.
The results show a significant reduction in the number of dislocations generated in this
alloy system compared to similar [I-VI Hg chalcogenides processed under similar growth

conditions. These results are shown graphically in Figure 6-20.
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Figure 6-20. Comparison of average etch pit densities on ingots with various ampoule
treatments.
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CHAPTER 7
CONCLUSIONS

Hg:.«Zn,Se alloys are potentially applicable for use as photoconductive detectors
of electromagnetic radiation in the infrared region of the spectrum. A similar system,
Hg,..Cd.Te has been used in this application for years. In many cases, usage includes long
term exposure to a vacuum environment. The Hg:..Zn.Se system forms with excess
electrical carriers, making it more appropriate for application in such environments. In
order to produce focal plane arrays for thermal imaging, bulk single crystalline substrates
with compositional homogeneity and low defect concentrations are needed. A number of
investigations have reported on the electrical properties of this system, and one
investigation produced epitaxial layers of Hg,..Zn.Se on GaAs. The objective of this
investigation was to characterize the microstructural properties and determine whether the
addition of Zn to the HgSe lattice reduced the potential for defect formation as predicted
by calculations of bond strength.

An attempt was made to measure the pseudobinary phase diagram to assist in
determination of appropriate growth conditions. Although experiments were fairly
successful in measuring the solidus temperatures of alloys with 0.08 < x < 0.20, the
liquidus temperatures were difficult to determine. Similar difficulties had also been
observed in the Hg;..Zn,Te alloy system with low concentrations of Zn (Su et al, 1996).
The vapor pressure of these alloys requires the alloy to be contained in thick-walled fused

quartz ampoules. This prevents the synthesized material from being rapidly quenched to
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preserve compositional homogeneity in the cast alloys. The alloys were, therefore,
annealed for up to 10 days to allow homogenization by diffusion in the melt. This
produced slightly sharper transitions in thermal arrest curves. A high pressure furnace was
constructed to measure thermal arrest curves on alloys with x > 0.20, but this effort was
abandoned because the system lacked the required isothermal distribution. Nonetheless,
enough data were obtained from these measurements to proceed with the proposed crystal
growth experiments. If such experiments are repeated, samples should be rocked while
melting and then quenched prior to each measurement. This should be followed by
annealing just below the solidus temperature for several weeks to improve alloy
homogenization.

Hg:..Zn,Se alloys with x = 0.10 were directionally solidified in four ampoule
configurations. One ingot, MZS-10, was solidified in a magnetic field. Axial and radial
compositional profiles were measured on each ingot. Axial and radial variations were
similar for all ingots except MZS-10. Radial compositional variations were virtually
eliminated in MZS-10. Convection in the melt ahead of the interface was significantly
reduced, resulting in a reduction in thermosolutal buoyancy driven compositional
redistribution. The frequency response of infrared detectors is dependent on composition,
so alloy homogeneity is an essential requirement. The solidification of larger diameter
ingots in a magnetic field should be further explored to ascertain the limits of magnetic
field damping of convective compositional redistribution in the melt.

Two of the ingots were quenched to determined the shape of the liquid-solid
interface. The shape of the interface was convex when viewed from the solid. This

interface shape was highly favorable for the growth of single crystalline ingots. The initial
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compositional transient contained several grains, but grain selection occurred as grains
grew out toward the wall and terminated. One grain prevailed after the first few
centimeters of growth, except in the ingot solidified in a magnetic field. This sample had
an almost flat interface, and contained two grains until about 7 cm. These results
confirmed the advantage of a slightly convex interface shape for growth of single crystals.
The number of grains in a substrate limit the size and quality of a monolithic array that can
be produced. The Hg;<Cd.Se alloy system can also be grown with a convex interface
shape, but its electrical properties are not stable with time. Laue back-reflection x-ray
diffraction confirmed the singular orientation of three of the ingots within experimental
errors. White Beam Synchrotron X-ray Topography on two samples revealed that the
ingots were essentially single crystals, but subgrain boundaries were detected with larger
than expected misorientations. These measurements were performed in reflection mode,
which is non-destructive, but measurements should also be made in transmission to
explore the nature of these subgrains. This technique provides an image of individual
dislocations which could be correlated with etch pit densities.

Dislocation densities for each ingot were estimated from etch pit densities
measured on wafers cut from each ingot. The lowest etch pit densities were observed on
the ingots grown in ampoules that included a piece of graphite. The larger diameter ingot
had a slightly higher etch pit density, but the difference was probably not large enough to
be considered significant. The ingots grown in the untreated ampoule and the BN coated
ampoule had increased etch pit densities, presumably due to regions where the crystal
wetted the ampoule wall during solidification. The highest etch pit densities were

observed in the ingot grown in a magnetic field, contrary to expectations. This increase
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was attributed to a change in the thermal gradient near the interface temperature and not a
result of the magnetic field. These results demonstrated the influence non-uniform thermal
gradients have on stresses generated during solidification. In these alloys, dislocation
generation was influenced more by the changing thermal gradient than by compositional
variations. Future experiments should be performed to investigate the dislocation
densities of an ingot grown under optimized thermal temperature gradients in an applied
magnetic field.

Overall dislocation densities on ingots processed with graphite were one to two
orders of magnitude smaller than observed in other II-VI Hg based alloys. This confirms
the prediction that Zn stabilizes the HgSe bond and thus improves the resistance to
dislocation formation. Lower dislocation densities, the ability to produce compositionally
homogenous single crystals, and the stability of electrical properties with time makes the
Hg...Zn,Se alloy system a viable candidate for further consideration for infrared radiation

detection and imaging applications.
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