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Figure 2. USML-2 payload crewmembers; red team: Albert Sacco and Kathryn Thornton,
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blue team: Catherine Coleman and Fred
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ACRONYMS

3-DMA 3-Dimensional Microgravity Accelerometer

APCF Advanced Protein Crystallization Facility

ARC NASA Ames Research Center [Moffett Field, CA]

ASC Astroculture

BNL Brookhaven National Laboratory [Brookhaven, NY]

BSA Bovine Serum Albumin

CARB Center for Advanced Research in Biotechnology [Rockville, MD]

CCD Charge-Coupled Device

CDOT Colloidal Disorder-Order Transition

CENG Centre d’Etudes Nuclaires National de Grenoble [Grenoble, France]

CFD Computational Fluid Dynamics

CGBA Commercial Generic Bioprocessing Apparatus

CGF Crystal Growth Furnace

CMC Center for Macromolecular Crystallography [UAB]

CMDS Consortium for Materials Development in Space [UAH]

CMMR Center for Microgravity and Materials Research [UAH]

CNES Centre Nationale d’Etudes Spatiales [“National Center for Space Studies,” French Space
Agency]

CNRS Centre National de la Recherche Scientifique [France]

CPCG Commercial Protein Crystal Growth

CRIM Commercial Refrigerator/Incubator Module

CSC Center for Space Commercialization

CSPD Cross Power Spectral Density

CuKa, Copper Ko, radiation

CVT Chemical Vapor Transport

DARA Deutsche Agentur fiir Raumfahrtangelegenheiten [“German Agency for Space Affairs,”
German Space Agency]

DCRC Double Crystal Rocking Curve

DDM Drop Dynamics Module

DESY Deutsches Elektronen-Synchrotron [Hamburg, Germany]|
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DLS
DPM
EDX
EMBL
EPD
ESA
ESTEC
FCC
FO
FPA
FSDC
FTIR
FWHM
GBX
GBX-ZCG
GCEL
Ge
GFFC

IR
ISOVPE
JPL

JSC

Deutsche Forshungs-und Versuchsanstait fiir Luft-und Raumfahrt [German Aerospace
Research Establishment, used_to be “DFVLR”]

Dynamic Light Scattering

Drop Physics Module

Energy Dispersive X-ray Analysis

European Molecular Biology Laboratory [DESY, Hamburg, Germany]
Etch Pit Density

European Space Agency

European Space Research and Techology Center
Fluidized Catalytic Cracking

Functional Objective

Fluids Processing Apparatus

Fiber-Supported Droplet Combustion

Fourier Transform Infra-Red

Full-Width Half-Maximum

Glovebox

Zeolite Glovebox Experiment

Ground Control Experiments Laboratory [NASA MSFC]
Germanium

Geophysical Fluid Flow Cell

Mercury Cadmium Telluride

Mercuric Iodide

High Packed Digital Television

Interface Configuation Experiment

First International Microgravity Laboratory [STS-42 Shuttle mission, launched in January
1992]

Second International Microgravity Laboratory [STS-65 Shuttle mission, launched in July
1994]

Infra Red
Isothermal Vapor Phase Epitaxy

Jet Propulsion Laboratory [Pasadena, CA, managed by the California Institute of Tech-
nology]

NASA Johnson Space Center [Houston, TX]
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KSC NASA Kennedy Space Center [Cape Canaveral, FL]

LaRC NASA Langley Research Center [Hampton, VA]

LeRC NASA Lewis Research Center [Cleveland, OH]

LMS Life and Microgravity Spacelab [STS-78 Shuttle mission, launched in June 1996]
LPE Liquid-Phase Epitaxy

MAWS Microgravity Acceleration Workstation

MBE Molecular Beam Epitaxy

MET Mission Elapsed Time

MOCVD Molecular Chemical Vapor Disposition

MPESS Mission Peculiar Experiment Support Structure [Shuttle]

MSAD Microgravity Science and Applications Division [NASA MSFC; also used to be the

acronym for an OLMSA division at NASA Headquarters before name was changed
to“Microgravity Research Division™ (still Code UG)]

MSD Microgravity Science Division [NASA LeRC]

MSFC NASA Marshall Space Flight Center [Huntsville, AL]
NASA National Aeronautics and Space Administration

NIST National Institute for Standards and Technology [Boulder, CO]
NSLS National Synchrotron Light Source

NRC National Research Council

OARE Orbital Acceleration Research Experiment

OTFE Oscillatory Thermocapillary Flow Experiment

PCE Protein Crystallization Facility

PCGG Protein Crystal Growth Glovebox

PDE Particle Dispersion Experiment

Pl Principal Investigator

PIMS Principal Investigator Microgravity Services [NASA LeRC]
FLP Precision Lattice Parameter

POCC Payload Operations and Control Center [NASA MSFC]

PR Photoreflectance

PSD Particle Size Distribution

PSD Power Spectral Density

RPI Rensselaer Polytechnic Institute [Troy, NY]
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SACA Sample/Ampoule Cartridge Assembly

SAMS Space Acceleration Measurement System

SEM Scanning Electron Microscope

SMBT Synchrotron Monochromatic Beam Topography

SPCG Single-locker Protein Crystal Growth

STABLE Suppression of Transient Acceleration By Levitation Evaluation

STDCE Surface Tension Driven Convection Experiment

STES Single-locker Thermal Enclosure System

STS Space Transportation System [Shuttle/external tank/solid rocket booster system, also a
Shuttle mission designation]

SWBT Synchrotron White Beam Topography

TBE Teledyne Brown Engineering

TCS Triple Crystal Spectroscopy

TEA Triethanolamine

TEM Transmission Electron Microscope

UAB University of Alabama at Birmingham

UAH University of Alabama in Huntsville

USML-1 First United States Microgravity Laboratory [STS-50 Shuttle mission, launched in June
1992]

USML-2 Second United States Microgravity Laboratory [STS-73 Shuttle mission, launched in
October 1995]

VDA Vapor Diffusion Apparatus

WPI Worcester Polytechnic Institute [Worcester, MA]
XRD X-ray Power Diffraction

Z2CGG Zeolite Crystal Growth Glovebox

Zn:CdTe Zinc Alloyed Cadmium Telluride
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1. INTRODUCTION

1.1 Overview

The Second United States Microgravity Laboratory (USML-2) Space Shuttle mission was launched
October 20, 1995, and landed November 5, 1995. The mission lasted 15 days and the Shuttle crew per-
formed extensive microgravity science research during that time. The principal investigators for the mis-
sion submitted science reports of their research findings to the mission scientist for USML-2, and those
reports were compiled into the USML-2 One Year Report. The purpose of the USML-2 One Year Report
1s to inform the microgravity science community and the public of the results of the experiments flown on
the Shuttle mission.

The USML-2 One Year Report represents the culmination of many years of sustained effort on the
part of the investigators, mission management, and support personnel, and is intended not only for the
scientific community, but also for general public awareness and education. This mission gave the microgravity
science community outstanding research opportunities not only to report and verify results obtained in
previous flights, but to perform new experiments which contributed substantially and uniquely to the tech-
nological and commercial knowledge of the United States and its international partners. The results ob-
tained and the lessons learned from this and future missions will lead us into a new era of microgravity
research, to the Space Station and beyond.

The launch of the Space Shuttle Columbia with the USML-2 payload continued the legacy of one
of NASA’s most successful scientific mission series. Using the knowledge gained from the USML-1 mis-
sion, scientists were able to prepare and improve their investigations and experiments by enhancing proce-
dures, refining operations, modifying hardware, and expanding methods for gathering data. The seven-
member Shuttle crew performed the USML-2 experiments around the clock in order to maximize the
science on orbit, and interacted with scientists on the ground for a perfect example of interactive science in
a unique laboratory environment.

The USML-2 mission was dedicated entirely to microgravity research and included 37 investiga-
tions in materials science, fluid dynamics, combustion, biotechnology, and technology demonstrations
supported by 11 facilities and 3 acceleration measurement systems. Along with investigations that previ-
ously flew on USML-1, several new experiment facilities flew on USML-2. The Advanced Protein Crys-
tallization Facility (APCF) was the first facility to use three methods of protein crystal growth: liquid-
liquid diffusion, dialysis, and vapor diffusion. The High Packed Digital Television (HI-PAC) Technical
Demonstration gave scientists on Earth the ability to view multiple channels of real-time video and to
monitor and change experiment parameters as needed. This improved the quality and quantity of downlinked
data, thus enhancing science returns. Ground-to-Air Television was first used on the USML-2 mission and
allowed the scientists on the ground and the Shuttle crew to talk with and see each other as they discussed
science operations. The Geophysical Fluid Flow Cell (GFFC) experiment, which studied how fluids move
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in microgravity, first flew on Spacelab-3 in 1985 and was extensively refurbished for this mission. The
facilities that measured the microgravity environment added to the success of the mission by providing a
complete picture of the Shuttle’s acceleration environment and disturbances. The Orbital Acceleration
Research Experiment (OARE) provided real-time acceleration data to the science teams. The Microgravity
Acceleration Workstation (MAWS) operated closely with OARE, comparing the environment models pro-
duced by MAWS with the actual data gathered by OARE. Two other instruments, the Space Acceleration
Measurement System (SAMS) and the Three-Dimensional Microgravity Accelerometer (3DMA), collected
data throughout the mission. The data was then provided to the experimenters.

The Spacelab Glovebox (GBX) provided by the European Space Agency (ESA) offered investiga-
tors the capability to carry out experiments, test science procedures, and develop new technologies in
microgravity. It enabled crew members to handle, transfer, and otherwise manipulate experiment hardware
and materials in ways that would be impractical in the open Spacelab. In addition, the facility allowed a
visual record of experiment operations by means of video and photographic systems. Many investigations
benefited from increased crew involvement and video downlink. There were seven separate USML-2
investigations carried out in the Glovebox facility: two of these were in the materials science discipline,
two were solution crystal growth investigations, two studied fluid dynamics, and one was a combustion
investigation. Details on each are to be found elsewhere in this publication.

The investigations performed on USML-2 brought together a large number of researchers from
government, academia, and private industry. Combining the strengths of these communities allowed for
more extensive ground-based research, advanced research techniques, improved microgravity experimen-
tation, and a wider distribution of the knowledge gained in the process.

Among the mission highlights and successes:

* The processing of cadmium zinc telluride in the Crystal Growth Furnace (CGF) demonstrated that
crystals grown in space without touching the walls of their containers are of markedly higher qual-
ity than Earth-grown crystals. This is expected to promote the use of these crystals in critical elec-
tronic applications such as radiation detectors, sensors, etc.

» The GFFC experiment sought to better understand the flows in the oceans and atmospheres of
planets and stars. The study showed “banded’ rotational patterns of flows, like those seen in the
atmosphere of Jupiter. These observations are expected to be of great importance in understanding
weather patterns and climatic conditions on Earth.

* The protein crystal growth experiment was successful in obtaining antithrombin crystals. This pro-
tein, which controls blood coagulation in human plasma, is very difficult to grow in Earth-based
laboratories. Its successful growth in space made it possible to further define its molecular model
and understand how it works in the human body. This has important implications for medicine.
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* In the Drop Physics Module (DPM), the influence of surfactants was examined. It was found that
surfactants can change the hydrodynamics of droplets. The findings will lead to new and improved
technologies in manufacturing cosmetics and synthetic drugs, in the recovery of oil, and in envi-
ronmental clean-ups. The behavior of liquid drops was also studied in this facility. It was found that
drops subjected to sound waves showed unusual rotation and oscillation patterns. Findings from
this study promise improved technologies in the paint, pharmaceutical, and chemical processing
industries and a better understanding of rain formation and weather patterns.

KEY USML-2 PERSONNEL

USML-2 Program Scientist: Mark Lee (NASA Headquarters)

USML-2 Mission Scientist: Marcus Vlasse (NASA Marshall Space Flight Center)
USML-2 Mission Manager: Paul Gilbert (NASA Marshall Space Flight Center)

USML-2 Payload Operations Director: Bob Little (NASA Marshall Space Flight Center)
USML-2 Project Scientist for APCF: Gottfried Wagner (University of Giessen, Germany)
USML-2 Project Scientist for CGBA: Louis Stodieck (University of Colorado at Boulder)
USML-2 Project Scientist for CGF: Martin Volz (NASA Marshall Space Flight Center)
USML-2 Project Scientist for CPCG: Karen Moore (University of Alabama at Birmingham)
USML-2 Project Scientist for DPM: Arvid Croonquist (Jet Propulsion Laboratory)
USML-2 Project Scientist for GBX: Don Reiss (NASA Marshall Space Flight Center)
USML-2 Project Scientist for GFFC: Fred Leslie (NASA Marshall Space Flight Center)
USML-2 Project Scientist for PIMS: Roshanak Hakimzadeh (NASA Lewis Research Center)
USML-2 Project Scientist for STDCE: Alex Pline (NASA Lewis Research Center)
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ABSTRACT

Zinc-alloyed cadmium telluride (Zn:CdTe) crystals were grown in unit gravity and in microgravity
for comparative analysis. Two crystals were grown on USML-1/STS~50 in 1992, and two additional
crystals were grown on USML-2/STS-73 in 1995. The Crystal Growth Furnace (CGF) in the seeded
Bridgman-Stockbarger crystal growth geometry was utilized on both missions. Crystals grown on USML-
1/STS-50 were found to have solidified with partial wall contact due to the near-absence of the hydrostatic
pressure in microgravity, a residual g-vector that was not axial, and the nonwetting sample/ampoule wet-
ting conditions. Crystals grown on USML-2/STS-73 included: a sample/ampoule identical to the USML-
1/STS-73 sample/ampoule, with the addition of a restraining spring to simulate hydrostatic pressure inter-
nally, and a tapered ampoule which accomplished 2.2 cm of crystal growth without wall contact.

Infrared transmission of all ground and flight samples was found to be 63-66 percent, very close to
the theoretical 66 percent, suggesting good stoichiometric control. Infrared microscopy confirmed that the
primary precipitates were Te and their size (1-10 um) and density suggested that the flight- and ground-
base samples experienced similar thermal histories.

* Current address: Department of Mechanical and Aerospace Engineering, Case Western Reserve University, Cleveland, OH
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Longitudinal macrosegregation, calculated using scaling analysis, was predicted to be low. Nearly
diffusion controlled growth was achieved even in unit gravity and macrosegregation data could be fit with
a diffusion controlled model. Radial segregation was monitored and was found to vary with fraction solidi-
fied, particularly through the shoulder region, where the sample cross section was varying significantly. It
was also disturbed in the flight samples in regions where asymmetric wall contact was noted. In regions
where a steady state was established, the radial segregation was invariant within our experimental mea-
surement error.

Flight samples were found to be much higher in structural perfection than samples processed in
unit gravity under identical growth conditions. In regions where solidification had occurred without wall
contact, the free surfaces evidenced virtually no twinning, although twins appeared in the flight samples in
regions of wall contact and were pervasive in the ground samples. These results were confirmed using
optical microscopy and synchrotron x-ray white beam topography. Full-width half-maximum rocking curve
widths (FWHM), recorded in arc-seconds, were significantly reduced from 20 a-s (1 g) to 9 a-s (ug) for the
best regions of the crystals. The 9 a-s (FWHM) rocking curve value in the unconfined flight samples equals
the best value reported terrestrially for this material.

The ground samples exhibited a fully developed (111)[110] dislocation mosaic structure, whereas
dislocations within the flight samples were discrete and no mosaic structure was evident. The defect den-
sity was quantitatively reduced from 75,000 (1 g) to 800 (ng)+50 percent. Dislocation etch pit density
results were confirmed using transmission synchrotron white beam and monochromated beam topography.
The low defect density is thought to have resulted from the near absence of hydrostatic pressure, which
allowed the molten boule to solidify with little or no wall contact. This minimized the transfer of hoop
stresses during solidification and post-solidification processing.

1. INTRODUCTION

Zn:CdTe is a technologically important member of the family of [I-VI compound semiconductors.
The most important application of Zn:CdTe is as a lattice-matched substrate for the epitaxial growth of
mercury cadmium telluride (HgCdTe) infrared detectors. The requirements for large-area infrared devices
have led to increased reliance on epitaxial processes to provide detector-grade material and a concomitant
demand for high quality substrates. These substrates are typically grown using modified Bridgman crystal
growth techniques.

HgCdTe epilayers are most frequently fabricated using liquid phase epitaxy (LPE). To achieve
abrupt device/substrate junctions, however, epitaxial growth of HgCdTe has been driven to lower tempera-
tures using chemical vapor deposition or molecular beam epitaxy techniques. These techniques minimize
interdiffusion because they occur at lower temperatures than LPE, but they are much more sensitive to
substrate quality, particularly surface quality. In addition, fast diffusion of Hg along dislocation cores has
resulted in demands for minimization of extended defects in the substrates as these extended defects are
likely to project from the substrate into the epilayer.

It is desirable to lattice-match the substrate and the epitaxial layer at the growth temperature, in

order to minimize interfacial strains and dislocation generation, propagation, and/or multiplication at the
interface. The lattice-matching substrate of choice is Zn:CdTe. The primary needs for these Zn:CdTe
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applications are, therefore, 1) increased structural perfection (reduced defect density) within the bulk crys-
tals and substrates, and 2) uniform lattice parameters (chemical homogeneity) within the substrates, which
better match those of the specific HgCdTe composition at the epitaxial growth temperature.

The research objective was thus to investigate the influences of gravitationally-dependent phenom-
ena (hydrostatic and buoyant) on the growth and quality of Zn:CdTe crystals. It was hypothesized that
damping gravitationally-dependent buoyancy convection, by processing in microgravity, would substan-
tially enhance chemical homogeneity. Further, it was hypothesized that the near-elimination of hydrostatic
pressure would result in a significant reduction in defect density (twins and dislocations) by reducing the
thermomechanical stresses experienced in microgravity by the growing and cooling crystals. Microgravity
processing thus offered a unique opportunity to advance toward the applications goal of greatly increased
structural perfection within bulk crystals of increased chemical homogeneity.

The empirical effort included the development of a unit gravity baseline for quantitative compari-
son with the microgravity results. This empirical effort was supported by the development of high-fidelity
process models of heat transfer, fluid flow and solute redistribution, g-sensitivity, and thermomechanical
stress occurring in the sample throughout the melting, solidification, and post-solidification processing.
The models were initially used to predict the impact of process and mission parameter variation, support-
ing the design of critical unit gravity and microgravity experiments. As the models were empiricized,
correlation and optimization experiments were conducted. Finally, the models were utilized as a critical
element in the interpretation of the flight results and the quantitative comparison of the unit gravity and
microgravity results.

2. EXPERIMENTAL TECHNIQUE

The USML-1 and USML-2 samples were processed in the CGF using the seeded Bridgman-
Stockbarger method of crystal growth. Bridgman-Stockbarger crystal growth is accomplished by estab-
lishing isothermal hot zone (1175 °C) and cold zone (980 °C) temperatures with a uniform thermal gradi-
ent (35 °C/cm) in between. After sample insertion, the entire furnace was ramped to the 980 °C cold end
temperature “isothermally.” The hot zone was subsequently ramped to the 1175 °C hot end temperature,
establishing the thermal gradient and melting the bulk of the sample. The furnace was then moved further
back on the sample, causing the melt to come in contact with the seed, partially melting the seed crystal and
seeding the melt. The seed crystal prescribes the growth orientation of the crystal grown. Having seeded
the melt, the furnace is thermally equilibrated, the translation is reversed and the sample is directionally
solidified at a constant velocity (1.6 mm/hr) by moving the furnace and thermal gradient down the length
of the stationary sample, ampoule, and safety cartridge.

The samples were characterized and the results were quantitatively compared with respect to chemical
homogeneity, infrared transmission and structural perfection. Program results were also quantitatively
compared with the best results accomplished terrestrially as an external comparison. All samples were
double sided chemomechanically polished using a dilute Bromine-Methanol solution.'

The chemical characterization of samples included: energy dispersive x-ray analysis (EDX), mi-

croprobe, and photoreflectance (PR). Electronic characterization included Fourier Transform Infra-Red
(FTIR) analysis. Microstructural analysis includes stereo, optical and infrared microscopy. Chemical
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etching techniques were used to reveal defect structure and polarity. X-ray structural characterization tech-
niques employed in this study included double crystal rocking curve (DCRC), triple crystal spectroscopy
(TCS), precision lattice parameter (PLP), synchrotron white beam topography (SWBT) and synchrotron
monochromatic beam topography (SMBT). DCRC, TCS, and PLP measurements were made at the Northrop
Grumman Advanced Technology Development Center; additional TCS measurements were made at the
University of Wisconsin-Madison, and both the SWBT and SMBT were performed at the National Syn-
chrotron Light Source (NSLS) at Brookhaven National Laboratory (BNL).

3. EXPERIMENTAL PLAN
3.1 Ground

Ground based qualification and developmental tests were conducted in the CGF Ground Control
Experiments Laboratory (GCEL) to validate hardware designs for the sample/ampoule, ampoule/cartridge,
- and the interfaces between these components and instrumentation within the sample/ampoule cartridge
assembly (SACA). In addition, timeline compatibility between the entire series of experiments run in
series on the CGF on USML-2 was confirmed by an all-up test. Lastly, the test results served to empiricize
the process models and optimized the processing parameters for the flight experiment. Figure 1 (a and b)
shows the USML-2 ampoule designs. The ampoule design used for the USML~1 flight is essentially the
same as that shown in figure 1a, except for the absence of the internal retaining piston and spring.’

The final CGF ground samples, grown under the optimized process conditions, duplicated the antici-
pated flight conditions and served as “ground truth” samples for quantitative comparison with the flight
samples. Since we were fortunate to have the opportunity to run the second (tapered) ampoule, the “ground
truth” experiment for this sample was conducted postflight.

3.2 Flight

The USML-2 and USML-1 missions were planned to process one primary sample, with a backup
sample available for processing, time permitting. In each case the second flight experiment was success-
fully conducted, but with a shorter experiment duration. The furnace heat-up profiles and rates, seeding
thermal equilibration time, crystal growth thermal profile, and cooling profiles were the same in all experi-
ments. The only difference was the duration of the experiments and therefore the percentage of sample that
experienced Bridgman-Stockbarger crystal growth. The secondary samples on both missions were shorter
in duration and solidified a larger proportion of the sample under non-plane front growth conditions, ini-
tially gradient freeze and subsequently radial cooling. The secondary samples further confirmed the suc-
cessful seeding technique, { 111}B facing the melt, tested the tapered ampoule geometry, and offered addi-
tional unique flight material for analysis.

Four crystals were grown in microgravity using the CGE. Two crystals were grown on USML-1/
STS-50 in 1992, and two additional crystals were processed on USML-2/STS-73 in 1995. Three of the
above crystals were grown using a standard Bridgman-Stockbarger seeded growth configuration. The fourth
sample was processed on USML-2 in an identical thermal environment, but the ampoule was designed to
maximize the volume of material which solidified without wall contact between the solidifying crystal and
the growth ampoule. The latter experiment could only be attempted in microgravity where there is a near-
absence of hydrostatic pressure on the bulk liquid.
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The temperature/time/position history of the optimized experiment is shown in figure 2. The heat-
up rate (2 °C/min), thermal equilibration time (2 hr), solidification velocity (1.6 mm/hr), thermal gradient
(35 °C/cm), and cooling rates (2 °C/min), were determined to give the best quality crystals consistent with
the available flight time and performance characteristics of the CGF.

4. EXPERIMENTAL RESULTS

Surface evaluation of the USML~-1 experiment samples demonstrated that, in the near-absence of
hydrostatic pressure, non-wetting liquids separated from the ampoule walls and solidified depending on
influences including: volumetric fill-factor, level of constraint, residual g-vector, ampoule geometry and
growth conditions. The crystals grown on USML-1 are described fully in reference 2. The USML-2 crys-
tal grown in this geometry, with the addition of a restraining piston and springs, conformed to the ampoule
geometry shown as figure la. The tapered sample processed on the ground grew a good single crystal
which conformed to the ampoule geometry, as shown in figure 3a. The flight sample, however, assumed a
far different configuration, which is shown as figure 3b. The region of reduced cross section is entirely
single crystalline.

Surface analysis of the tapered flight sample showed that 2.2 cm of material solidified totally with-
out wall contact, and an additional 2.8 cm of crystal solidified with partial (almost total) wall contact. The
acceleration of the interface at the onset of furnace cooling froze in a sizeable void, as we had previously
noted in the USML-1 samples. Glancing angle x-ray synchrotron topographic analysis of this sample
confirmed the absence of twinning in the region without wall contact and the reappearance of twinning as
wall contact was reestablished. This is shown in figure 4.

The combined USML-1/USML-2 experimental matrix showed conclusively that wall contact in
unit gravity or microgravity served to nucleate numerous twins, and the absence of wall contact in the
flight samples virtually eliminated this pervasive defect. This exciting result should be further pursued,
since twinning is little understood and its pervasive and deletereous nature is very costly terrestrially.

Surface evaluation of the USML-1/USML-2 cylindrical flight samples revealed surface bubbles
that offered some unusual features. Bubbles formed during the directional solidification stages of growth
showed a bright metallic surface on the hot side of the bubble and a dull matte finish on the cold side. This
was perceived as evidence for vapor transport across the bubble site, after solidification. Bubbles from the
radially cooled region of the flight samples evidenced only bright surfaces, with no transport in evidence.
This was assumed to be the result of the short time that these bubble sites remained at high temperatures
after solidification. Lastly, these bubble sites each revealed a surface facet (in the single crystal regions) or
facets (in the polycrystalline regions where more than one grain penetrated the bubble surface). A typical
facet is shown as figure 5, and was confirmed by microbeam x-ray analysis to be a { 111} reflecting plane.
This was true of all facets studied. It may be seen that the facet is restricted to a limited angular regime
longitudinally and circumferentially, resulting in an oval or circular projected area. This may prove to be
the equivalent of the angular relationships that prescribe facet and patch twin formation® except that the
radius of curvature circumferentially is negative, which is not considered in the theory.

Thermal modelling of the USML~-1 flight samples suggested that the radial thermal gradient expe-
rienced by the flight samples due to the partial loss of wall contact was small, on the order of 3.5 °C/cm in
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the vicinity of the solidification temperature. Corresponding predictions of thermomechanical stress sug-
gested that in the absence of stiction at the sample/ampoule wall interface, all stresses should be below the
critical resolved shear stress required for plastic deformation. The presence of stiction was predicted to
introduce plastic deformation at the sample/wall interface. Plastic deformation in the form of slip bands
and dislocations was documented adjacent to the sample/wall interface using x-ray synchrotron topogra-
phy and etch pit studies, respectively. The defect density diminished as the distance from the wall contact
increased, approaching a minimum value at the free surfaces. Residual strain was also imaged and mapped
using appropriate x-ray techniques. It was concluded that stiction was present at the sample/ampoule wall
interface in these experiments. These results are presented in more detail in reference 2.

DCRC mapping of the wafered samples showed that in the regions grown entirely without wall
contact, the full width half maximum (FWHM) rocking curve widths were on the order of 9 arc seconds.
This documents a very low level of residual strain, equal to, or better than, the best material grown terres-
trially. Further, the precise Gaussian rocking curve fit in the tails of the curves suggested ideally perfect x-
ray behavior rather than the commonly experienced ideally imperfect behavior. This suggested the possi-
bility of dynamic x-ray diffraction rather than kinematic diffraction. This possibility was evaluated by
transmission SWBT and SMBT. Both techniques imaged highly perfect material, with a low dislocation
density and a discrete network of dislocations. Transmission topography using SMBT was not possible in
the ground samples and only possible in the best regions of the flight samples, as shown in figure 6. This
suggests a lower lattice strain in the flight samples than in the ground samples, confirming the quantitative
DCRC results.

The samples were finally exposed to a dislocation etchant and the typical ground and flight disloca-
tion distributions, at the same magnification, are shown as figures 7a (1 g) and figure 7b (ug), respectively.
The ground sample showed occasional twinning (straight lines crossing the image) as well as a fully devel-
oped dislocation mosaic structure. The flight sample, on the other hand, showed virtually no twins and only
discrete dislocations. Quantitatively, the (111)[110] dislocation density is reduced from 800,000 (1 g) to
800 (ug)* 50 percent, totally eliminating the cellular (mosaic) structure typical of terrestrial material.

Subsequent evaluation using x-ray triple crystal spectroscopy was undertaken as a further test of
the crystal quality and dislocation distribution. The result of this investigation is shown as figure 8. It may
be seen that there is a pronounced dynamic diffraction “trunk’ that projects vertically, confirming the high
crystalline quality (low lattice strain) of the flight material. Further, the limited lateral spreading (mechani-
cal strain) of the data suggests that the dislocations present are uniformly distributed, limited in number
and discrete, confirming the microstructural studies.

5. CONCLUSIONS

It was found that in the absence of hydrostatic pressure the liquid separated from the ampoule
walls, depending on influences including volumetric fill-factor, level of constraint, residual g-vector, am-
poule geometry and growth conditions. The chemical macrosegregation was modest, even on the ground,
and diffusion controlled growth was achieved in the flight samples. Radial segregation was within the
measurement error, except in regions of geometrical and/or thermal asymmetry.
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Regions solidified without wall contact were found to virtually eliminate twinning, suggesting that
these pervasive defects are surface nucleated. Further, these regions showed dramatic reductions in (111)[110]
dislocation density, from 800,000 (1 g) to 800 (ug) epd *+ 50 percent, resulting from thermomechanical
stress reduction within the flight samples grown without wall contact. Regions of partial wall contact
showed defect gradients, with high densities on the wall side and low densities on the free surface side.
These results are consistent with our high-fidelity thermal and thermomechanical stress models. Addi-
tional experiments with respect to twinning and defect reduction are strongly supported by these observa-
tions.
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Figure 1. USML-2 Ampoule configurations: (a) cylindrical with liquid constraint; and (b) tapered to
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Figure 5. Typical {111} facet at bubble surface on surface of USML-2 cylindrical microgravity sample.
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Figure 6. Transmission SMBT showing dislocation structure within USML~1 microgravity sample.
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Figure 7. Defect structures typical of USML~1 unit gravity: (a) and microgravity; and (b) samples
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Long-range strain fields from dislocations qive rise to diffusely
scattered intensity at distances close to a Bragg reflection

High resolution triple axis diffraction permits the separation of the
(kinematic) diffuse scattering due to defects from the (dynamic)
perfect crystal bulk diffraction

Analysis of the 333 reflection from CdZnTe grown on USML-1 shows
a roughly symmetric pattern of diffuse intensity, indicating an
isotropic distribution of dislocations in the diffracting volume

Presence of a well-defined crystal truncation rod (or “surface streak")
independently indicates a high degree of structural order in the bulk
crystal and excellent surface preparation

No major qualitative differences observed in reciprocal space maps
obtained across the wafer, indicating excellent uniformity in CdZnTe
grown in microgravity

High resolution diffraction analysis suggests overall high quality
USML-1 CdZnTe
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Figure 8. X-ray triple crystal spectrograph of USML-1 flight sample showing low lattice strain and

low mechanical strain in the microgravity sample.
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ABSTRACT

The new epitaxial growth experiments of Hg;_xCdxTe on (100) CdTe substrates by chemical vapor
transport (CVT), using Hgly as a transport agent, were performed in the transient growth regime of this
ternary, heteroepitaxial system at normal and reduced gravity during the USML-2 flight. The surface and
interface morphology, the compositional and structural uniformity, and carrier mobility of the epitaxial
layer and islands grown in microgravity are measurably improved relative to ground specimens. These
observations demonstrate the effects of convective flow on the transport, deposition, and growth processes
of this solid-vapor system even in the transient growth regime. The properties of the Hg;_xCdxTe layer
grown in a microgravity environment compare quite favorably to those of layers obtained by other tech-
niques.

1. INTRODUCTION

The mercury-cadmium-telluride (Hg)_xCdxTe) alloy system is currently one of the most important
semiconductors for infrared devices because its band gap can be varied to cover the entire spectrum from
0.8 to over 30 um by changing the alloy composition.! Various methods have been used to grow single
crystals of these compounds.>* A major problem of the melt growth of Hg;_xCdyTe crystals is the high
equilibrium pressure of Hg(g), exceeding 15 atm at the melting temperature of Hgp gCdg 2Te (~700 °C).*
The corresponding partial pressures of Cd(g) and of Te,(g) are several orders of magnitude lower than that
of Hg(g) at temperatures between about 500 °C and the melting point.* In addition to the effects of natural
convection, melt growth of this material is influenced by segregation problems. The drastic differences in
partial pressures of the constituent elements would require separate source reservoirs and complex instru-
mentation for Hgj_xCdxTe growth by sublimation techniques. Other methods such as Molecular Beam
Epitaxy (MBE), Molecular Chemical Vapor Deposition (MOCVD), and Liquid Phase Epitaxy (LPE) re-
quire also rather complex facilities.

Chemical vapor transport (CVT), using mercuric iodide (Hgl») as a transport agent, is presently the
only method which offers the advantage of growing single crystals of Hg;_xCdxTe at relatively low tem-
peratures (below 550 °C) employing a single source material of predetermined composition. In addition,

*Current address: Lockheed Martin IR Imaging Systems, 2 Forbes Road, Lexington, MA 02173



the use of a closed ampoule eliminates a priori forced convection. The chemical reactions™ ¢ of the
Hg,_xCdxTe-Hgly system, the mass transport rates>*,the composition of the grown Hg_4CdTe crystals®,
as well as the growth of bulk crystals® and epitaxial layers'®!! by the CVT method, have been studied in our
laboratory. The earlier investigations demonstrated the effects of gravity-driven convection on the mass
flux of this system, and revealed the influences of even small convective contributions on the chemical and
structural microhomogeneity of the grown crystals.’ The earlier exploratory studies showed the feasibility
of the CVT technique for the epitaxial growth of Hg;_yCdyTe on CdTe substrates.'> ! Further studies
showed the effects of growth temperature and of transport agent (Hgl») pressure on the layer morphology
and composition for different substrate orientations.”? Epitaxial growth of Hg;_yCdsTe on (100) CdTe
yields smoother surfaces, which are desirable for device fabrication. The desired epilayer composition can
be obtained by properly adjusting the source composition, the growth temperature, and the Hgl» transport
agent pressure.'?

The above investigations demonstrate that bulk crystals and epitaxial layers of Hg1_xCdxTe can be
grown by chemical vapor transport in closed ampoules. They also indicate the sensitivity of this vapor
transport system to possibly even minute convective flow under vertical, stabilizing conditions. Our earlier
mass transport and crystal growth experiments of binary Ge-chalcogenides in microgravity employing the
chemical' ' and physical'®!” vapor transport methods demonstrated, for the first time, the feasibility of
these techniques for space flight experiments. The observation of unexpectedly greater mass transport
rates under CVT conditions'* '* than estimated for microgravity provided new insight into the transport
phenomena of these complex multicomponent, multireaction systems.'® In all cases,'*'” larger single crys-
tals of improved crystallinity were grown in microgravity.

Based on the above investigations of metal-chalcogenides on ground and in microgravity, epitaxial
growth experiments of Hg1_xCdyTe on (100) CdTe using the CVT method were conducted on ground and
during the USML-1 flight.” The results of these earlier experiments'® demonstrated considerably im-
proved morphology of the as-grown surfaces, compositional homogeneity, single crystallinity, and carrier
mobility of the epitaxial layers grown in microgravity relative to layers grown on ground. In particular, the
(011) cross sections of the Hg1_xCdyTe/(100) CdTe structure showed that the substrate-layer interfaces
obtained in microgravity'? had significantly lower etch pit densities than those of ground-control” and of
other, independently grown samples.” Relative to the ground samples, there is an almost “seamless” tran-
sition from the substrates to the epitaxial layers grown in microgravity.'” These differences demonstrate the
effects of convective flow on the transport and deposition processes of this solid-vapor transport system
under steady-state growth conditions. The improved interface morphology suggests that the effects of
inherent lattice mismatch, of other substrate, and of growth defects on the interface and layer morphology
are enhanced by gravity-driven convective flow.

Because of the importance of the interface structure for layer growth, detailed investigations of the
growth properties of Hg_xCdyTe islands®! and films* on (100) CdTe substrates were performed in our
laboratory. The prolonged growth of individual islands and their properties could, in part, be related to the
defect structure of the CdTe substrates.’! The morphological evolution of Hgi_xCdyTe films* and the
transition from three-dimensional islands to two-dimensional layers are consistent with the Stranski-
Krastanov growth mode. The observations of these studies®>* demonstrate that the morphology, disloca-
tion density, growth rate, and compositional uniformity of the epitaxial layers, islands, and growth inter-
faces are time dependent in the transient growth regime of this Hg;_xCdyTe/(100) CdTe heterojunction
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system. As indicated above, the morphology of the growth interfaces observed during these studies®®? is
distinctly different from that obtained under microgravity conditions.”” In order to further explore the
relationship between convective flow and transport processes at or near the growth interface, new growth
experiments of Hgi_xCdxTe on (100) CdTe using the CVT method were performed during the second
flight of the United States Microgravity Laboratory (USML-2).

The present work is concerned with the development, performance, and evaluation of the new
microgravity experiments. The primary focus of the USML-2 experiments is on the observation and mea-
surement of any microgravity effects on the uniformity of Hg;_yCdyTe epitaxial growth under transient
growth conditions, during which the compositional and structural properties of this material change with
growth time. The USML-1" experimental conditions were well within the steady-state regime. The devel-
opment of the USML-2 growth conditions in terms of film thickness and characterization were supported
by the above ground-based studies.**>

2. EXPERIMENTAL PROCEDURES
2.1 Materials Synthesis

The composition of the Hgj_xCdyTe source material, the pressure of the Hgl, transport agent, and
the temperature profile were selected to optimize the growth conditions for the flight experiments and to
maintain continuity with the USML-1 experiments. Based on the earlier studies, *'*'° a source composi-
tion of Hgp 4Cdg ¢Te, a Hgl, pressure of about 0.01 atm, and source and growth temperatures of about
595 °C and 545 °C, respectively, were preselected. The synthesis of Hgg 4Cdg ¢Te and the purification of
the chemical transport agent Hgl, are described earlier."

Commercially available CdTe single crystal wafers (p=80-100 W-cm) of (100) orientation were
used as substrates for the epitaxial growth. The substrates were about 1.5-mm thick and 14.5 mm in diam-
eter. The growth sides were chemically polished by the supplier, and chemically etched immediately be-
fore loading in this laboratory.

2.2 Ampoule Design and Preparation

The detailed description of the design, preparation, loading, and sealing of the double-ampoule-
sample assembly used for the epitaxial growth experiments has been discussed previously.'?

2.3 Growth Conditions

The transient growth experiments in our laboratory were performed in a vertical, stabilizing orien-
tation, i.e., the density gradient vector is parallel to the gravity vector (hot on top). The growth furnace, the
temperature profile along the ampoule, and the experimental procedures were discussed earlier.'>'* For the
ground control (GCEL) and microgravity experiments, the ampoule-sample assembly was enclosed in a
metal cartridge, and instrumented with six K-type thermocouples along the outside wall of the ampoule at
the source, substrate, and intermediate locations. The GCEL experiments were performed in the same
crystal growth furnace, under the same conditions as discussed earlier.”® For the GCEL tests, experiments
in our laboratory, and flight experiments in the CGF, about 1 gram Hgp 4Cdg ¢Te source material and
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0.01 atm Hgl, (at growth temperature) were used. To improve the thermal conductivity, a 0.7-mm-thick
polished sapphire disc was placed between the substrate and the flat end of the ampoule. The nominal
source and growth temperatures were 595 °C and 545 °C, respectively, and the growth times for the flight
experiments (RPI2-1 and RPI2-2) were 2.5 and 1.5 hours, respectively. At the beginning of the growth
period of the first flight sample (RPI2—1, 2.5 hours), an unprogrammed drop in the growth temperature of
about 5-7 °C occurred. This was corrected within about 7 minutes, whereupon the experiment proceeded
normally. The mechanical and structural integrity and the proper location of the thermocouples of the
ampoule-cartridge assembly were confirmed before and after the GCEL and flight experiments by x-ray
transmission photographs.

2.4 Characterization

In accordance with the earlier ground'* ' >? and space'® experiments, the GCEL and flight samples
were characterized using optical and scanning electron microscopy (SEM), x-ray diffraction Laue, WDS,
chemical etching techniques, IR surface mapping, x-ray diffraction rocking curves, and electrical measure-
ments. For a comparative analysis, typical results of the ground control experiments are compared with the
epitaxial layer and islands grown under microgravity conditions.

3. OBJECTIVES OF THE USML-2 EXPERIMENTS

The primary objectives of the USML-2 experiments were to observe microgravity effects on the
epitaxial growth at an early state. This was not possible during the USML-1 mission because of the anneal-
ing of the layer during subsequent growth. Therefore, the epitaxial growth times of the USML-2 experi-
ments were considerably shorter (2.5 and 1.5 hours) than those of the earlier mission (8.1 and 6.4 hours).
The shorter growth times were selected to observe any annealing effects, and to possibly “bracket” the
transition from island to layer growth.

The specific objectives include the observation and measurement of microgravity effects on—

* The transient behavior and morphology of the epitaxial layer and growth islands;
* The compositional and structural microhomogeneity of the layer and islands;
The growth interface morphology of layers and islands;

» The propagation of “birth”” defects from the interface into the layer; and on

* The properties of space-grown epitaxial layers and islands.

The assessment and evaluation of the above effects is based on a direct comparison between
microgravity and ground-based test experiments under otherwise identical conditions.

4. RESULTS TO DATE AND DISCUSSION
4.1 Morphology of Epitaxial Layer and Islands
Both the epitaxial layer and islands grown during the USML-2 flight are high quality single crys-

tals. The surface morphology of the as-grown epitaxial layer in microgravity (fig. 1a) is significantly smoother
and flatter, relative to the best surface area of a ground test sample (fig. 1b). The more typical ground test
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samples have irregular step-terrace structures with step heights less than about 5 mm and widths ranging
from 50 to 200 mm. The steps and terraces of the space-grown layer and island surfaces are less than 1 mm
in height. These differences reveal the effects of microgravity on the mass flow and deposition processes
near the solid-vapor interface under transient growth conditions, and are comparable to those observed for
considerably longer growth periods during the USML-1 flight.”

As shown earlier," the surface morphology of the previous'® and present space-grown layers com-
pare quite favorably to Hgi_xCdyTe layers grown by other vapor phase methods. The etch pit densities
(employing etchants of previous studies'> ?) of the as-grown flight sample are about 5104 cm—2, com-
pared to our ground samples of about 105-106 cm~2 (fig. 2). EPD values reported in the literature for
LPE 2 and MOCVD?** % growth of Hg;_xCdxTe on buffer layer structures range from 103 cm~2 to the
upper 107 cm—2, at lower growth temperatures than employed in this work. Employing the ISOVPE method
at 550 °C? yielded EPD values of 10 to the upper 105 cm—2.

The growth morphology for the short-term (1.5 hour) experiments in microgravity and on ground
(fig. 3) shows similar island-type growth. However, a closer inspection of many individual islands reveals
very well developed as-grown faces and facets of the Hg;_CdxTe islands obtained in microgravity com-
pared to numerous ground samples. Typical etch pit densities (fig. 4) of the space-grown islands are lower
(5 x 104 cm~2) than those of the ground samples (106 cm=2).

The transition time from three-dimensional islands to two-dimensional layer growth is between 1.5
and 2.5 hours for the two microgravity experiments and for several GCEL test experiments. The transition
time observed during independent studies in our laboratory for this system is about 1 hour.* The difference
in transition times between the latter* and the present experiments can be explained by the lower tempera-
ture gradient d7/dx (~7 °C cm~!) at the growth interface employed in our laboratory*> as compared to that
of the Crystal Growth Furnace (CGF) (~20 °C cm~1). The lower temperature gradient enhances the mobil-
ity of condensed species on the growth surface. This enables the faster growth of individual islands parallel
to the (100) surface, and, thus, the faster coalescence of islands to form a layer.

4.2 Compositional Uniformity

Based on infrared (IR) spectroscopy, the overall compositions of the GCEL and space-grown is-
lands (1.5 hour) and layer (2.5-hour growth time) of the present work are in very good agreement with the
corresponding compositions of independent ground-based investigations.** In combination with the analo-
gous results for the previous USML-1 flight experiments'® (6.4 and 8.1-hour growth time), the data clearly
reveal the transient nature of the present flight experiments. Considering the sensitivity of the growth
composition with respect to very small changes in experimental parameters,® the present and previous
composition results obtained in microgravity are in excellent agreement with the time dependence of the
other® studies. This shows that the inherent transient behavior of the system is gravity independent.

Based on electron microprobe analysis, the depth composition profile perpendicular to the (100)
growth face of the epitaxial layer (2.5 hour) grown in microgravity (fig. 5) shows that a nearly uniform
composition of about Hgy gCdg 2 Te over a distance of about 5 mm can be obtained for this growth time by
the CVT technique. Because of the shorter growth time, the width of the interdiffusion region is smaller
than that for longer growth times."
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A more detailed view of the compositional microhomogeneity is obtained by IR spectroscopy mea-
surements employing a beam diameter of 0.8 mm. The spatial composition maps after 2.5-hour growth of
the flight and ground—control samples (fig. 6) show measurable differences. The composition uniformity
of the former (Dx/x = 5 percent) is considerably better than that of the latter (Dx/x = 12 percent) for the
major portion of the surface. The differences between the space (Dx/x = 1.5 percent) and ground-grown
(Dx/x = 10 percent) islands (1.5-hour growth time) are even more pronounced. These quantitative differ-
ences over 10-1 mm distances under transient growth conditions demonstrate the sensitivity of this ternary
system to nonuniformities in the fluid flow and concentration of nutrient species, owing to the effects of
convection. The above-mentioned initial drop of the substrate temperature for the 2.5-hour growth flight
sample probably affected the microhomogeneity in the central portion of the layer less than around the
periphery. The absence of any such temperature fluctuations for the 1.5-hour flight sample and for the
GCEL experiments strongly emphasizes the compositional improvement observed in microgravity for the
2.5-hour sample. These improvements of the compositional microhomogeneity of the flight samples under
present transient (time-dependent) growth conditions are similar to those obtained for much longer growth
periods and after steady-state conditions have been achieved of the USML-1 experiments.”” Based on a
comparison of the earlier work' with the literature, the earlier’” and presently observed compositional
uniformities of the space-grown layers compare quite favorably to those obtained by other techniques on
ground.”

4.3 Crystallinity of Epitaxial Layer and Islands

The epitaxial growth of the layers and islands parallel to the (100) orientation of the CdTe substrate
was confirmed by x-ray diffraction Laue photographs. The size and shape of the diffraction spots also
indicated single crystallinity of both the ground and space samples. A double-crystal x-ray diffraction
monochromator (beam diameter 1 mm), the (400) diffraction plane, and CuKa; radiation were used to
determine rocking curves at various locations of the as-grown epitaxial layer and islands.

The inherent transient nature of the present growth experiments adds to the formation of local
variations in the crystallinity of the epitaxial layers and islands. The appearances of double peaks in several
rocking curves of different ground samples reflect the compositional nonuniformities and the possible
existence of subgrain boundaries in these samples. Under these conditions it is more meaningful to repre-
sent the structural uniformity in terms of DF/F, where F is FWHM (full width at half maximum) and F the
average of the FWHM values of the sample. Numerical values of DF/F for the 2.5-hour and 1.5-hour
growth time flight samples are 14 percent and 7 percent, respectively. The corresponding quantities of the
ground-based samples range from about 45 percent to 36 percent. These data clearly show the improved
crystallinity of the space-grown layer and islands. Considering the possible influence of the temperature
disturbance for the 2.5-hour space experiment, the uniformity of this ternary system obtained in microgravity
and under transient conditions is quite remarkable. The observed trend of the DF/F values demonstrates
the effects of microgravity on the crystallinity of this inherently complex, ternary, heterojunction structure
even under transient growth conditions. A detailed discussion of the crystallinity of epitaxial layers grown
from the vapor phase, reported in the literature, under more favorable conditions with respect to inherent
defects (lattice mismatch), as discussed above, shows a range of FWHM values from about 200-600 arcsec
(except for MBE)." Based on the literature and on the fact that the compositional and structural uniformity
measurements of the present work were performed on as-grown, untreated surfaces, the results obtained in
this work for the space and ground experiments are very good.
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4.4 Interface Morphology of Epitaxial Layer and Islands

Earlier investigations of the (011) cross section of the Hg1_xCdxTe/(100) CdTe structure yielded
important information about the effects of the interface morphology on subsequent layer growth.” As
shown in figure 7, the etched (011) cross sections of the Hg1_xCdyTe/(100) CdTe layer-substrate interfaces
obtained after 2.5-hour growth in microgravity and in GCEL experiments on ground reveal significant
differences in the dislocation densities of the growth interfaces. The EPD of the space-grown layer inter-
face (fig. 7a) is much lower than that of the ground (fig. 7b) sample. The etched growth interface of the
latter is a continuous groove of overlapping etch pits (fig. 7b). These observations strongly suggest that the
effects of inherent lattice mismatch and of substrate surface defects on the interface morphology are af-
fected by convective flow at or near the growth surface. It is justified to conclude that the combined effects
also influence the formation and propagation of growth defects. These findings under transient growth
conditions are similar to those of the earlier experiments® for longer growth times (steady-state condi-
tions), during which a nearly “seamless” transition from the substrate to the epitaxial layers grown in
microgravity was observed.!” These new results also show that any annealing effects on the interface mor-
phology during subsequent growth (USML-1%) are small.

Observations of the growth interfaces of the epitaxial islands grown in microgravity and on ground
(fig. 8) yielded similar results. The etch pit densities of the space-grown interfaces are significantly lower
(fig. 8a) than those of ground samples where the interfaces again are continuous grooves of overlapping
etch pits (fig. 8b and reference 20). Also, the Hg;_xCdTe islands grown in microgravity have very well-
defined growth faces and facets (fig. 8a).

The proposed enhancement of the effects of inherent substrate-layer defects, and of the associated
formation and propagation of growth defects by convective flow is strongly supported by the combined
observations of the present and previous works.!” 2 The present work for considerably shorter-growth
periods (transient growth conditions) also suggests that the interaction between fluid flow and the growing
surface occurs from the very beginning of growth. Lattice matched substrates, buffer layers, and interdiffu-
sion processes are well-known practices to minimize the effects of inherent defects. The combined results
of the present and previous'® investigations show that the adverse interference of convective flow with
layer growth cannot be excluded even for the above-mentioned techniques.

4.5 Growth Rates of the Epitaxial Layers

The average growth rates of the ground- and space-grown epitaxial layers are about 8 and 10 mm/
hour, respectively, after 2.5 hours of growth. The differences between these and that of independent tran-
sient experiments> is still being investigated. It possibly could be due to the considerably larger axial
temperature gradient, d7/dx, at the substrate surface of the present work (CGF) of about 20 °C-cm~! com-
pared to about 7 °C-cm~! employed in our laboratory.?* In addition, the sensitivity of the growth rate with
respect to small variations in the transport agent pressure'® could also have contributed to this difference.
The slightly higher growth rate in microgravity than on ground in the present work could be affected by the
above temporary drop in the growth temperature in the beginning of the 2.5-hour growth period in
microgravity. The higher growth rates of the present work relative to those of the USML-1" experiments
are explained by the transient nature of the present experiments.
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The combined growth rates of the present and previously'® grown epitaxial layers on ground and in
microgravity reveal the transient regime of the Hg_xCdyTe/(100) CdTe-Hgl, vapor transport system. The
overall trend of the present and earlier'® growth rates as a function of time is in good agreement with that of
independent studies.”

4.6 Electrical Properties of Ground and Space-Grown Epitaxial Layers and Islands

Electrical measurements on the as-grown epitaxial layers and islands are performed using the van
der Pauw method and Indium for ohmic contacts. The islands are interconnected electrically by the diffu-
sion layer below the original growth interface.”® The relative contributions of the diffusion layer and is-
lands to the measured conductivity are not well understood. For the evaluation of the Hall measurements
(of the islands), different thicknesses of the conducting layer and islands are used, which affects the calcu-
lated carrier concentration, but leaves the computed mobility essentially unchanged. The average carrier
mobility of the epitaxial layer (2.5-hour growth time) and islands (1.5-hour growth) obtained in microgravity
is about 7-103 (cm2-V-1:s-1). The corresponding average of the GCEL samples is about 3.5-103 (cm2-V-
L.s-1). Measurements on postflight GCEL samples, subjected to the identical temperature-timeline as em-
ployed in microgravity (including the initial temperature drop of the 2.5-hour growth experiment), clearly
show a considerably reduced mobility of the latter sample relative to that grown without the temperature
variation. This demonstrates that the above difference in mobilities between space and ground samples
should be even larger. This comparison emphasizes the considerable improvement in crystallinity of the
epitaxial growth in microgravity relative to that on ground.

The n-type conductivity and carrier concentration of all samples are due to the incorporation of a
transport agent (iodine) into the grown layers and islands. The carrier concentrations of the ground-control
and flight samples are of the order of 1017 (cm=3) similar to those of the earlier USML~1 experiments'
using considerably longer growth periods. The iodine concentration in the layer and islands under present
experimental conditions is estimated to be about 10-2 percent, well below the detection limits of the elec-
tron microprobe analysis.

In the present work, the carrier concentrations of all ground samples apparently are greater than
those of the space-grown layer and islands. This observation is being further investigated.

The differences in the single crystallinity and growth morphology observed for the 2.5-hour samples
grown under microgravity and ground-based conditions suggest that convective flow on ground amplifies
any effects of the initial temperature disturbance. This interpretation represents an extension of that pro-
posed for the differences in interface morphology observed in the present and previous'® work (between
ground- and space-grown layers), namely, the enhancement of the effects of inherent defects on growth
morphology by convective flow. The combined observations suggest that the effects of any growth and/or
flow disturbances are apparently increased under ground-based convective flow conditions.

Although the growth conditions of the USML-2 experiments are within the transient regime, the
carrier mobilities of the present epitaxial layers (and islands) are quite comparable to those obtained for the
much longer growth times of the USML-1" experiments. Based on a comparison of the earlier'” results
with the electrical properties of Hg1_xCdxTe grown by other vapor phase methods,' the present mobilities
compare quite favorably to the literature data.
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5.0 SUMMARY AND CONCLUSIONS

The comparative analysis of the Hg;_xCdxTe epitaxial layers and islands grown on (100) CdTe

substrates under normal and microgravity conditions yielded important results.

1.

The inherent overall transient properties of this system are not affected by gravity. However, there
are measurable convection effects on the morphology and crystallinity of the material.

The as-grown surfaces of the layer and islands obtained in microgravity are considerably smoother
relative to those of ground samples.

The improvement of the compositional uniformity of the space-grown layer and islands demon-
strates the effects of convection on composition profiles near the growing surface on ground.

The crystallinity and structural uniformity of the flight samples are improved relative to ground-
control specimens.

The electrical properties of the space-grown samples are improved compared to those of ground
samples.

The growth interfaces of the space-grown samples have considerably lower dislocation densities
than those of the ground-control specimens.

These observations demonstrate that even under transient growth conditions the mass flow and

deposition processes are more uniform in microgravity than on ground. They also confirm the existence of
residual convective flow under vertical, stabilizing conditions and its effects on the transport and deposi-
tion processes at or near the growing surface of this vapor-solid growth system.

The combined results of the present and previous investigations of this system strongly support the

conclusion that the effects of inherent defects on the growth interface and growth morphology are ampli-
fied by convective flow. In addition, flow disturbances, as a result of a temperature fluctuation, appear to
be less harmful to crystalline properties of samples grown in microgravity than on ground. These new
observations contribute to a better understanding of the interactions between interface processes and fluid

flow.
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Figure 1. Optical photomicrographs of Hgj_xCdxTe epitaxial layers as-grown at 545 °C on (100) ori-
ented CdTe substrates under reduced (a) and normal (b) gravity conditions after 2.5-hour growth
time (at a magnification of X 200).

Figure 2. Optical photomicrographs of chemically etched Hgj xCdxTe epitaxial layers as-grown at
545 °C on (100) oriented CdTe substrates under reduced (a) and normal (b) gravity conditions
after 2.5-hour growth time (at a magnification of x 500).
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Figure 3. Optical photomicrographs of Hg;_xCdxTe epitaxial islands as-grown at 545 °C on (100) ori-
ented CdTe substrates under reduced (a) and normal (b) gravity conditions after 1.5-hour growth
time (at a magnification of x 200).

Figure 4. Optical photomicrographs of chemically etched surfaces of Hgj_xCdxTe epitaxial islands as-
grown at 545 °C on (100) oriented CdTe substrates under reduced (a) and normal (b) gravity
conditions after 1.5-hour growth time (at a magnification of x 500)
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Figure 6. Spatial composition maps of the as-grown Hgj_4CdyTe epitaxial layers grown on (100) CdTe
substrates at 545 °C under reduced (flight) gravity and normal (ground test) conditions. The
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Figure 7.

Optical photomicrographs of the (011) cross sections of Hg1_xCdxTe/(100) CdTe epilayer-sub-
strate structures grown at 545 °C under reduced (a) and normal (b) gravity conditions (2.5-hour
growth time). The arrow marks the growth interface. The thinner layer below the interface is
the interdiffusion zone into the CdTe substrate (dark area). The epitaxial layer is the light-
shaded area above the growth interface (at a magnification of x 1,000).

Figure 8.

Optical photomicrographs of the (011) cross sections of the Hg;_xCdxTe/(100) CdTe epiisland
substrate structures grown at 545 °C under reduced (a) and normal (b) gravity conditions
(1.5-hour growth time). The arrow marks the growth interface. The thinner layer below the
growth interface is the interdiffusion zone into the CdTe substrate (dark area) (at a magnifica-
tion of x 1,000).
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ABSTRACT

The extensive use of zeolites and their impact on the world’s economy leads to many efforts to
characterize their structure, and to improve the knowledge base for nucleation and growth of these crystals.
The Zeolite Crystal Growth (ZCG) experiment on USML-2 aims to enhance the understanding of nucle-
ation and growth of zeolite crystals while attempting to provide a means of controlling the defect concen-
tration in microgravity. Zeolites A, X, Beta, and Silicalite were grown during the 16-day USML-2 mission.
The solutions where the nucleation event was controlled yielded larger and more uniform crystals of better
morphology and purity than their terrestrial/control counterparts. Space-grown Beta crystals were free of
line defects while terrestrial/controls had substantial defects.

1. INTRODUCTION

Zeolites are crystalline aluminosilicates. These materials have an open framework based on an
extensive three-dimensional network of oxygen ions. Situated within the tetrahedral sites formed by the
oxygen can be either an Al** or Si**ion. This unique structure has proven to be extremely effective in
processing materials at the molecular level and in turn, zeolites formed the backbone of chemical and
petrochemical process industries. The extensive use of zeolites in refining (gasoline production by fluid-
ized catalytic cracking (FCC)), petrochemical processing, laundry detergents, agriculture, and environ-
mental cleanup as catalysts, adsorbents, and ion exchangers caused the market to mushroom in the mid-
1980’s reaching worldwide sales of about 2 billion dollars. The existing markets for zeolites are expected
to grow at a rate of 3—4 percent through 2000.!

Continued growth for zeolites includes cultivating markets beyond petroleum refining and deter-
gents. New applications for these molecularly selective materials are in areas such as selective membranes,
chemical sensors, molecular electronics, quantum-confined semiconductors and zeolite-polymer compos-
ites. These new applications are expected to have an impact on novel technological developments.

The importance of zeolites has driven extensive efforts to characterize their structures and under-
stand their nucleation and growth mechanisms. These efforts aim to produce “custom-made” zeolites tai-
lored for a desired application. To date, nucleation mechanisms and growth are not well understood for
many of the systems involved. In most cases, the problem is compounded with the presence of a gel phase
which controls the degree of supersaturation. This gel also undergoes a continuous polymerization type
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reaction during nucleation and growth. Currently, there is no available technology to grow large, crystallo-
graphically perfect zeolites in high yield. The microgravity environment on board the Space Shuttle in
low-Earth orbit provides a unique environment (around 10~-10-° ) for zeolite crystal growth. This envi-
ronment virtually eliminates settling and convection, enhances diffusion-limited growth and reduces colli-
sion breeding. These benefits led to several attempts to grow larger and structurally improved zeolites in
space’”® providing mixed results in literature. The previous attempts of Sacco et. al indicated that larger
zeolite crystals with fewer defects can be synthesized in microgravity.® Investigating zeolite crystal growth
in microgravity enhances the understanding in nucleation and growth mechanisms. This also attempts to
control the defect structure in zeolites.

2. RESULTS
2.1 Zeolite A

Figures 1 and 2 show typical results from zeolite A synthesis using the nucleation control agent
triethanolamine (TEA). Scanning Electron Microscope (SEM) photomicrographs in figure 1 indicate that
largest flight zeolite A crystals (85-um cubes) are 70 percent larger in linear dimension than the largest
terrestrial zeolite A crystals with sizes up to 50 pm. This linear size increase corresponds to about
190-percent increase in the surface area, and a 390-percent increase in the volume of the zeolite A crystal.
Particle size distributions (PSD’s) of these flight and terrestrial products shown in figure 2 are in agreement
with the SEM photomicrographs and indicate that a considerable population of large zeolite A crystals
exist in the flight sample. The shape of PSD is different for flight and terrestrial samples, indicating differ-
ent nucleation and/or growth history for these samples. It should be noted that the sizes of zeolite A crystals
grown during USML-2 and their terrestrial counterparts show a substantial improvement over commercial
zeolite A products and previous USML-1 flight results. Our increased zeolite crystallization knowledge
through space flight allowed us to produce terrestrial zeolite A crystals during USML-2 that are equal or
larger in size than those produced during the USML-1 flight.

Figure 3 shows the improvements in zeolite A crystallization with SEM photomicrographs of com-
mercial, USML-1, and USML-2 crystals at the same magnification. The large zeolite A crystals (~85 pm)
in the USML-2 product are about 42 times greater than the commercial crystals (~2 wm). This corresponds
to a volume increase of about 77,000 times for the flight crystals over the commercial crystals. Figure 4
illustrates the PSD’s for the samples shown in figure 3. Figures 5 and 6 show typical results from zeolite A
synthesis using nucleation control agent 2,2-Bis(hydroxymethyl)-2,2",2 —nitrilotriethanol (BIS). Figure 6
shows that flight crystals are 40—-60 percent larger than terrestrial/control crystals, and indicate the pres-
ence of an amorphous phase in addition to zeolite A crystals in the flight sample. The amorphous phase
corresponds to unreacted species which, given enough time at reaction temperature, will allow the flight
sample to grow even larger. The corresponding terrestrial sample is free from unreacted amorphous mate-
rial. These differences indicate the possibility of slower crystallization rates of zeolite A in microgravity.
PSD’s for these samples shown in figure 6 confirm size differences between flight and terrestrial/control
samples seen in figure 5, and clearly indicate the presence of an amorphous material in flight sample
manifested as a second peak centered around 5 um. Table 1 shows the comparison of lattice parameters for
flight and terrestrial/control samples in a typical zeolite A experiment. As illustrated, the lattice parameters
and, thus, the unit cell volumes for the flight samples, were frequently smaller than for the terrestrial
counterparts. This is consistent with fewer lattice defects in the structure, and is consistent with similar
results for Spacehab—1 and USML-1.
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Table 1. XRD data comparing flight (F) and terrestrial/control (T) zeolite A samples.

Sample a(A) Volume (&%)
F (TEA) 12.2740.01 1848.97
T (TEA) 12.2940.00 1857.10
FBIS) 12.30:000 | 1863.23
T (BIS) 12.3140.00 1866.82

2.2 Zeolite X

Figures 7 and 8 show typical results from zeolite X formulations using nucleation control agent
TEA. SEM photomicrographs (fig. 7) indicate that largest flight zeolite X crystals (octahedra with side
~215 um ) are about 35 percent larger in linear dimension than the largest terrestrial/control zeolite X
crystals with side ~160 um. This linear size increase corresponds to about an 81-percent increase in the
“surface area, and about a 143-percent increase in the volume of the zeolite X crystal. The increases in
surface area and volume are significant for certain applications, such as incorporating semiconductors into
cages in the zeolite.

The PSDs of these flight and terrestrial/control samples, shown in figure 8, are in agreement with
the SEM photomicrographs and confirm a significant shift to larger sizes for crystals grown in microgravity.
Other formulations using less TEA resulted in similar 3040 percent increase of linear dimension of flight
zeolite X crystals in comparison to their terrestrial/control counterparts. SEM photomicrographs and PSDs
for other formulations are shown in figures 9 and 10, respectively.

Both scanning electron microscopy and particle size analysis show that a substantially larger prod-
uct is obtained in microgravity. SEM photomicrographs indicate that flight crystals are predominantly
pure, while the terrestrial/control samples have considerable amounts of zeolite A and clusters of zeolite R
and P impurity phases. The presence of impurities is also indicated in the PSDs in figure 10 showing
bimodal distributions for the control samples. X-ray powder diffraction (XRD) analysis confirmed the
presence of impurities indicated by SEM and PSDs. XRD patterns for crystals grown in space exhibit
sharp peaks indicating a very pure product consisting of large single crystals. The terrestrial samples have
considerable peak broadening of additional peaks due to polycrystalline impurities.

Figure 11 illustrates the improvements in zeolite X crystallization with SEM photomicrographs of
commercial, USML-1, and USML-2 crystals at the same magnification. The particle size of the zeolite X
product of USML-2 is about 107 times larger than the commercial product. This corresponds to a volume
increase of about 1.24 million times for the flight crystals over the commercial product. Figure 12 shows
PSDs of the products depicted in figure 11. Figure 12 indicates a substantial increase of the size of the
USML-2 product in comparison to USML~1 and commercial zeolite X.

Figures 13 and 14 show results from another zeolite X formulation using the nucleation control
agent TEA. SEM photomicrographs in figure 13 and PSDs in figure 14 indicate that the flight zeolite X
product contains a zeolite A impurity; however, the flight zeolite X crystal size increase over its terrestrial/
control counterpart is about 70 percent (120 um flight versus 70-im control). These results are very similar
to USML-1 results obtained with a similar formulation.’
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Figure 15 shows the results of a microprobe analysis of the hexagonal cross sections of a flight
sample and its control (fig. 16). The results indicate the distribution of Al in both samples. The increase of
Si/Al ratio from the center to the exterior of the crystals suggests depletion of Al in the reaction mixture in
agreement with the fact that Al is a limiting reagent in zeolite X synthesis.® As shown in figure 15 the Si/Al
ratio is higher for the flight sample than for the terrestrial counterpart, consistent with USML-1 results
showing average Si/Al ratios larger in flight samples than in their terrestrial/control counterparts. Also, the
Si/Al ratio of the flight material appears to be more uniform throughout the center of the crystal. Table 2
shows the comparison of lattice parameters for flight and terrestrial sample shown in figure 15. As illus-
trated, the lattice parameters and, thus, the unit cell volumes for the flight sample, are smaller than for the
terrestrial counterpart, which is consistent with its lower Al content.

Table 2. XRD data comparing flight (F) and terrestrial/control (T) zeolite X samples.

Sample a(h) ESD Volume (A%)
F 24,849 0.002 15343.25
T 24,855 0.0009 15354.41

2.3 Silicalite

Figures 17 and 18 illustrate typical results from the Silicalite synthesis using untreated silica gel
(without nucleation control). SEM photomicrographs shown in figure 17 indicate clearly that the intergrown
disk morphology of Silicalite crystals grown in microgravity is different from the morphology of Silicalite
crystals grown in 1 g, which crystallized in the form of spherulitic agglomerates.

Although the morphologies are very different for crystals synthesized in microgravity and 1 g
environments, XRD patterns for these products, indicate that they are both pure Silicalite. The PSDs for the
products corresponding to figure 17 are given in figure 18. Figure 18 shows that the PSDs of Silicalite
crystals grown in g are distinctly shifted to larger geometrical diameters in comparison to PSDs of Silicalite
crystals grown in 1 g. These results illustrate that when one compares the nucleation and crystal growth
processes for Silicalite grown in microgravity and 1g environment, the microgravity effect yields larger
crystals with a different (better) morphology.

A heat treatment of silica gel granules in air at sufficiently high temperatures prior to their use in
syntheses (resulting in the decrease of effective surface area of silica source available to dissolution) is an
effective method of reducing nucleation of Mordenite crystals.” Nucleation control of Silicalite was ac-
complished by heat treating silica gel at 700 °C for 20 hours prior to use in syntheses. Specific surface area
of heat treated silica gel decreased from 750 to 320 m*/g. Figure 19 shows the SEM photomicrographs of
Silicalite crystals grown from heat treated silica in microgravity and 1g. PSDs for the products correspond-
ing to figure 19 are given in figure 20.

Comparison of SEM photomicrographs shown in figures 17 and 19 indicates a change of morphol-
ogy of terrestrial crystals from spherulitic agglomerates obtained using untreated silica gel, to intergrown
disks obtained using heat treated silica gel. Change of morphology (combined with distinct size shift of’
PSDs to larger geometric diameters for crystals grown using heat treated silica gel in comparison to crys-
tals grown using untreated silica gel) indicates the reduction of nucleation of Silicalite crystals by using a

3-40



heat treated silica source. Similar morphologies and size of flight crystals grown using untreated silica gel
(no nucleation control) and terrestrial/control crystals grown using heat treated silica gel (reduction of
nucleation rate), shown in figures 17, 18, 19, and 20, indicate that the microgravity environment resulted in
reduction of the nucleation rate of flight crystals. Flight crystals grown from heat treated silica gel show the
same intergrown disks morphology as their terrestrial counterparts (nucleation rate is reduced in both
cases). However, they appear to be predominantly individual crystals or assemblies of a few crystals while
the terrestrial crystals are predominantly in groups of larger agglomerates. The effects of these terrestrial/
control agglomerates are seen in the PSDs shown in figure 20. The observation of larger PSDs for the
terrestrial case is due to agglomerates in this case. The product grown in microgravity is free of large
agglomerates, resulting in smaller PSDs. However, when comparing the flight/heat treated silica gel and
flight/untreated silica gel samples, the heat treated samples are 52 percent larger.

The effect of agglomeration and sedimentation in the terrestrial samples was examined by cutting
the Teflon™ liners used in synthesis of Silicalite in pug and 1 g along the longitudinal axis. Figure 21 shows
typical appearance of internal walls of the Teflon™ liners used to grow terrestrial and flight crystals. The
effect of sedimentation in the terrestrial samples is obvious. Part of the product in the terrestrial autoclaves
is in the form of a scale, or cake, attached to the internal wall of the Teflon™. This region is circled to show
the terrestrial agglomerates in figure 21. However, the autoclave for the Silicalite samples grown in pg has
a clean and smooth surface with no crystals, scale, or agglomerates attached. This shows the clear advan-
tage of crystal growth in microgravity where absence of settling results in containerless processing.

2.4 Zeolite Beta

XRD patterns of products obtained from the zeolite Beta synthesis using untreated silica gel (no
nucleation control) are typical for zeolite Beta'” and show that the material is an intergrowth of two or three
polymorphs. SEM photomicrographs and PSDs of these products shown in figures 22 and 23 do not show
significant differences in either morphology or size between the terrestrial and flight samples of zeolite
Beta. Both products crystallized in the form of polycrystalline round or slightly elongated aggregates
0.25-1.5 pm in geometric diameter.

Although SEM pictures and particle size distributions look similar, transmission electron micro-
scope (TEM) photomicrographs of the same samples given in figure 24 clearly indicate that zeolite Beta
grown in Qg is structurally more perfect while the terrestrial sample has considerable line defects.

Fourier Transform Infra-Red (FTIR) spectra of the same samples are shown in figure 25. Intensity
of a band at 3,750 cm™ for flight sample is lower than for its terrestrial counterpart. This band is due to
terminal hydroxyl group from the surface or at a defect site, and, therefore, a more intense band at 3,750
cm! for the terrestrial sample may indicate more defect sites in the terrestrial sample, consistent with TEM
results.

The Si/Al ratios determined by SEM/Energy Dispersive X-ray Analysis (EDX) (which is a semi-
quantitative technique with an accuracy —20 percent) indicate a higher Al content in flight samples than in
its terrestrial/control counterpart, as shown in table 3. Yield of zeolite Beta is also higher in flight than in
the terrestrial/control sample, as seen in table 3.
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Table 3. Comparison of Si/Al ratios and yield of flight (F) and terrestrial/control (T) zeolite Beta crystals.

Sample Si/Al Yield(g)
F (untreated silica source) 5.8 0.759
T (untreated silica source) 76 0.670
F (silica source heat treated at 850 °C) 71 0.820
T (silica source heat treated at 850 °C) 7.8 0.650

Morphology, PSDs, and the purity of zeolite Beta synthesized using silica gel heat treated at
850 °C prior to use in syntheses, are the same for crystals grown in microgravity and 1 g. However, flight
crystals were formed in higher yield and with higher Al content, as shown in table 3. These results cannot
be attributed to formation of impurity phases because XRD patterns for both products are the same.

The flight zeolite Beta product synthesized using another silica source was in loose powder form,
similarly to all flight and terrestrial/control zeolite Beta products grown from silica gel in both untreated
and heat treated forms. The terrestrial zeolite Beta product grown using this other silica source, however,
showed two distinct forms: a loose powder (herein referred to as “powder”) and agglomerated solid chunks
(referred to as “chunk”). These two different terrestrial forms were analyzed separately. X-ray data indi-
cate that the space zeolite Beta sample contained a very small amount of Chabazite and Faujasite impuri-
ties while the powder portion of the terrestrial sample contained a large amount of Faujasite impurity in
addition to very small amounts of Chabazite impurity. XRD did not reveal Faujasite in the chunk portion of
the terrestrial sample. PSDs of flight and two terrestrial portions of zeolite Beta samples were very similar
to PSDs of samples grown using silica gel. The reason for the presence of Faujasite in the flight sample and
in the loose portion of the terrestrial sample is unclear at this time, but may be due to local nonhomogeneous
mixing pockets in the autoclaves.

2.5 Zeolite Glovebox Experiment (GBX-ZCG)

The zeolite glovebox experiment was used to establish mixing procedures for the zeolite solutions
to be processed in the ZCG facility. The results from the glovebox experiment using clear autoclaves
illustrated that real-time observation of the mixing process is necessary to ensure gel uniformity without
excessive shear. Bubble formation, inherent in the mixing process, was minimized with real-time observa-
tions including spinning the autoclaves if necessary.

In addition to establishing mixing protocols for the ZCG experiment, four GBX autoclaves con-
tained reaction mixtures developed to produce zeolite A at low temperature. These were mounted on the
outside surface of the ZCG furnace for crystal growth at 40 °C. No nucleation control agent was used in
this synthesis in order to achieve 100 percent crystallinity of product at the end of synthesis. Visual obser-
vation of the progress of crystallization occurring in microgravity was therefore achieved for the first time.
Visual observations verified the hypothesis that during synthesis gel will not settle and crystals will remain
suspended in the reaction mixture. Figures 26 and 27 show the comparison of flight and terrestrial results
from the zeolite A synthesis carried out at 40 °C. As shown in figure 26 the results from an on-orbit
experiment do not differ significantly from terrestrial duplicate, although PSDs of flight samples appear to
be shifted slightly towards larger sizes, as illustrated in figure 27. Similar results were observed for zeolite
A synthesis with no nucleation control during USML-1.
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3. CONCLUSIONS

Flight zeolite A samples show enhanced size of the largest crystals in comparison to terrestrial/
control counterparts. In addition, amorphous material is present in many flight zeolite A samples grown in
the presence of BIS. This indicates that fewer crystals nucleated in flight samples and the crystallization
(conversion of amorphous gel into crystalline product) process took longer to complete in microgravity
than in 1 g. Smaller unit cell volumes of flight samples in comparison to terrestrial samples appear to
suggest fewer lattice defects in their structure.

Flight zeolite X samples are substantially larger in size in comparison to terrestrial/control counter-
parts. This indicates that fewer crystals nucleated in flight samples. The size increase varies between 30—70
percent, depending on the type of formulation. Zeolite X crystals with sizes up to 215 um were obtained.
Flight crystals have higher Si/Al ratios than their terrestrial counterparts and are more uniform.

Silicalite crystals grown from silica gel heat treated at 700 °C yielded larger crystals with intergrown
disks morphology. This morphology is different in comparison to crystals synthesized from untreated silica
gel, which grew as spherulitic agglomerates. This is due to reduced nucleation of Silicalite caused by
slower dissolution rates of heat treated silica gel in comparison with untreated silica gel caused by its
decreased specific surface area. Almost no agglomeration is observed in flight samples due to lack (or
reduction) of settling of silica gel substrate and/or Silicalite product.

The results of zeolite Beta synthesis show that flight samples have better morphology and less
structural defects in comparison to terrestrial/control samples. The silica source used in syntheses affected
the quality, purity, and morphology of the final product. Yield and Al content in zeolite Beta obtained using
untreated and heat treated silica gel was higher for flight than for terrestrial samples. Different silica sources
resulted in large amounts of Faujasite impurity present in flight zeolite Beta samples while terrestrial
samples had substantially lower Faujasite content. These results again illustrate the differences between
nucleation and growth processes occurring in microgravity and 1 g environments.
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Figure 2. PSDs of zeolite A illustrated in figure 1.
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