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I. INTRODUCTION

Pulsed laser annealing has been studied as a way of activating surface
layers of GaAs that have been heavily doped by ion-implantation (Ref. 1).
Double-crystal x-ray diffraction techniques are very sensitive to strains
and defects in single crystals and provide a means for characterizing and
quantifying the damage prcduced by ion-implantation and the subsequent
relief of the damage by pulsed laser annealing.

Details of the ion-implantation and laser annealing of GaAs are given
in References 1 and 2, and the following serves as a summary. Two samples
were studied in this investigation. One consisted of a <100> GaAs wafer
onto which a 55 nm thick cap of Si3Nu was deposited using a pyrolytic
decomposition. This Si3Nu cap served as a barrier for the volitalization
of As during the laser annealings. The capped sample was then ion
implanted with 28Si+ ions for a total dose of 2 «x 10“'/cm2 at 140 kev. A
frequency-doubled Nd:Yag pumped dye laser with a wavelength of 728 nm and a
spot size of 200 um x 450 um was used to anneal the ion implantion damage.
A 5mm x 8 mm piece of the implanted GaAs was spot annealed in 18 sites
with laser energy densities ranging from 0.045 J/cm2 to 0.9 J/cme,

Figures 1A and 1B show the as-received annealed specimen. The laser energy

densities for the individual sites are given below:

mwmyD?wny &mmybymny
Site (J/cm<) Site (J/cm<)
1 0.9 10 0.07
2 0.7 1 0.06
3 0.5 12 0.045
4y 0.7 13 0.045
5 0.36 1L 0.06
6 0.25 15 0.12
7 0.18 16 0.09
8 0.09 17 0.08
9 0.12 18 0.06
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It can be seen from Figure 1B that sites with energy densities of greater
than 0.07 J/cme experienced failure of the Si3Nu over-layer. The remaining
Si3Nu was dissolved with hydrofluoric acid since it would interfere with
x-ray diffraction analyses. A second sample consisted of a <100> GaAs
wafer which had been implanted with 2851* ions at 180 keV for a total dose
of 5 «x 10'%/cm?. This sample was then similarly laser annealed in three
areas in a rastered fashion (4 x 11 spots) to provide a larger annealed
area (~ 1 x 2 mm). The laser energy densities associated with the three

annealed sites were:

Site 1 0.69 J/cm®
Site 2 0.27 J/cm?
Site 3 0.12 J/em®

The two samples will subsequently be distinguished by referring to whether
they were spot or raster annealed.

Several of the spot-annealed laser sites that had lost the Si3Nu over-
layer displayed ring-like features that were suspected of being craters.
For this reason, profilometer traces were recorded across four of the sites
(Figure 2). The scans were recorded from top to bottom across the specimen
as it appears in Figure 1. The prominent rings visible in sites 2 and 3
are defined by ridges up to several thousand & in height, while the central
regions represent depressions up to 1000 & in depth. Profilometer traces
were also attempted on sites 1 and 4. Well defined craters were not
observed; however, curvature at the surface in both of these areas made it
difficult to obtain good traces. Profilometer scans were also made of
sites 6 and 7 (Figures 2C, 2D); the circular features visible in Figure 1
were determined to be ridges. Central depressions were not easily discern-
able, and if present, must have been less than about 200 X in depth.

Debris or other irregularities on the surface were on the order of about
1000 & in height.
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IT. DOUBLE-CRYSTAL X-RAY DIFFRACTION ANALYSIS

X-ray rocking curves obtained from a double-crystal diffractometer are
extremely sensitive at measuring the strains induced by ion-implantation
and have been applied to the study of gallium arsenide and other semi-
conductors (Refs. 3-6). The use of a kinematical model of x-ray diffrac-
tion allows the determination of strain and disorder depth-profiles from
the rocking curves through an iterative procedure (Ref. 7). X-ray rocking
curves and x-ray topography have also been used to study the effects of
laser and furnace annealing on ion-implanted silicon (Refs. 8-10).

In this study, x-ray rocking curves of the as-implanted and laser-
annealed GaAs were obtained with a commercially available (Blake
Ka1 radiation. A <100>
germanium (Ge) crystal aligned for the (400) reflection and a series of

Industries) double-crystal diffractometer using Cu

slits were used to obtain a 100 um x 600 um monochromatic x-ray beam. By
translating the specimen with a micrometer, a series of (U400) rocking
curves were obtained from the GaAs samples at 250 to 625 micron intervals
across the laser anneal sites. The specimen was translated parallel to the
narroWw dimension of the x-ray beam, which corresponds to a distance of

200 um on the sample due to the 57° angle of incidence.

Double-crystal x-ray topographs were obtained from the samples by
aligning the Ge monochromator for the (422) reflection which produces a
much larger area of coverage on the sample. For the spot anneal sample, a
series of (400) reflection x-ray topographs were obtained at seven posi-
tions on the x-ray rocking curve, whereas a single (422) topograph was
recorded at the maximum strain peak produced by the ion-implantation.
Three (400) reflection x-ray topographs were taken at various positions on
the rocking curve of the raster annealed sample. The topographs were
recorded on 11ford L-4 nuclear emulsion plates with a 50 um thick emulsion
layer.

"




I1I. RESULTS

A.  SPOT-ANNEALED GaAs

1.  X-RAY ROCKING CURVES

Figure 3A presents a (400) rocking curve obtained from an unannealed
portion of the ion-implanted GaAs. A rocking curve calculated from a kine-
matical model of x-ray diffraction (Ref. 7), using the strain and disorder
depth profiles in Figure 3B, is shown for comparison. The peaks on the
minus delta theta side of the rocking curve are produced by strains from an
expansion of the lattice as a result of ion-implantation. The strongest
strain peak at ~ -500 arc sec delta theta corresponds to a maximum strain
of 0.38%. There are reasonably good matches between the experimental and
calculated (U400) rocking curves, which indicate that the general shapes of
the strain/disorder depth profiles are correct, but the specifics of the
profiles may be slightly in error. The strain-depth profile shows that the
lattice is strained to a maximum of 0.38% to a depth of approximately
2000 X and that the strain then decreased to zero over approximately
another 1000 A. It is noted that x-ray rocking curves are not sensitive to
amorphous material (hence cannot be modeled), and it is assumed that the
dose of the ion-implantation was insufficient to produce complete

amorphization,

Twenty-one (400) reflection rocking curves were taken at 250 um
i.atervals across the sample along lines A-A' and B-B' in Figure 1D, where
scans are denoted by prefixes LA and LB, respectively. Scans are numbered
from 1 beginning at A' and B', to 21 at A and B. Figures 4A and 4B show
rocking curves of unannealed areas along both traverses. The rocking
curves all look identical to each other and are similar to that shown in
Figure 3. Figure 5 displays the rocking curves of the areas closest to the
center of the laser anneal sites for both traverses. It can be seen from
the rocking curves of laser sites 1, 2, 7, and 9 that a considerable amount
of strain has been relieved as a result of the annealing. This is indi-
cated by the decreased intensities of the strain peaks on the minus delta
theta side of the rocking curves. It is noted that the profilometer traces

13
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of sites 2 and 3 have shown that up to 1000 A of material has been removed
from some of the sites with the highest laser energy densities and that
this accounts for up to half the thickness of the most highly strained
material (Figure 3B). Material removal may have affected sites 1-5, but
profilometer traces of sites 6 and 7 have demonstrated that removal is
minimal at sites with lower energy densities. Figure 6 contains rocking
curve intensity contour maps compiled from the 21 rocking curves obtained
from each traverse, and represents x-ray intensity as a function of
position on the sample and delta theta on the rocking curve. Minima in the
strain peak intensity contours can be seen at the positions corresponding
to the laser anneal sites. Figures 7A and 7B represent psuedo three-
dimensional plots of portions of this same data.

Figure 8 presents rocking curve intensity contour maps of the
unstrained GaAs substrate for the 21 scans of each of the traverses. It
was assumed that laser annealing would relieve the ion-implantion-induced
strain, which would result in an increase in the unstrained GaAs peak. No
clear trend relating unstrained intensity and annealing, however, is dis-
cernable from the intensity contours. This is consistent with preliminary
éttempts at trying to locate laser sites by monitoring the intensity of the
unstrained (400) peak as a function of position on the sample. It was
found that areas of maximum intensity didn't necessarily correspond with
those of strain relief. It was for this reason that a series of rocking
curves were recorded across the sample (Figure 6). This maximized the
chances that rocking curves were recorded from the laser-annealed sites.
Figures 9 and 10 contain individual rocking curves of the unstrained (400)
reflections. Figure 9 shows that rocking curves from both as-implanted and
annealed regions are very similar. In Figure 10 unstrained (400) peaks
from adjacent areas along traverse B-B' are closely compared. These
correspond to the locations at 3.25 mm (LB9) to 1.50 mm (LB16) in Figure 7A.
While subtle differences in the intensity and shape of the rocking curves
exist, no clear consistent trend between the center of laser site 7 (LB11)
and an as-implanted region (LB15) can be found. Therefore, the slight
differences in the unstrained (400) peaks are probably due to local
variations in the quality of the GaAs substrate.
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annealed and nonannealed (NA) sites.
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2. DOUBLE-CRYSTAL X-RAY TOPOGRAPHY

After preliminary attewpts at manually locating the center of laser
anneal sites were unsuccessful, it was decided that a reflection x-ray
topograph would provide a quick survey of the state of strain at annealed
areas. For this reason, a (422) reflection topograph was recorded with the
sample oriented at the maximum strain position of the (422) rocking
curve. This topograph is presented in Figure 1D. In this and subsequent
topographs, areas of decreased x-ray intensity appear lighter with respect
to the background, and areas of increased intensity appear darker. From
the x-ray topographs, it is evident that some strain relief has occured at
the centers of the majority of the laser annealed sites as shown by the
lack of x-ray intensity. The dark rings arouncd each site represent some
form of strain transition region between the annealed and as-implanted

areas. The exact cause for these rings will be discussed later.

The results from the (l422) x-ray topograph provided firm evidence that
some strain relief had occurred in the laser sites, and this motivated the
detailed (400) rocking curve traverses which have been discussed earlier.
The size of the x-ray beam (200 ym x 600 um on the sample) used to obtain
the (400) rocking curves was large compared to the size of some laser sites
and there was considerable uncertainty (%300 um) of position in the longi-
tudinal direction of the x-ray beam. For these reasons, it is doubtful
that the rocking curves in Figure 5 represent the centers of the annealed
regions. Instead, for the smaller sites, they probably include some
contribution from the partially strained transition regions and/or the

as-implanted substrate.

The resolution of the nuclear emulsion plates used to record the x-ray
topographs is considerably greater than can be attained by reducing the
aperture of the x-ray beam used to record the rocking curves. It is more
difficult to obtain quantitative information about strain from the topo-
graphs, but they compensate for this deficiency by simultaneously recording

information from the whole surface of the sample.
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In order to obtain as much information about the state of strain in
the laser annealed sites, a series of (400) reflection topographs of the
complete surface of the specimen were recorded at seven positions on the
(400) rocking curve. The locations on the rocking curve at which topo-
graphs were recorded are shown in Figure 3 and the series of topographs are
presented in Figure 11. X-ray topographs are typically recorded using
reflections such as (422) (Fig. 1D) because the x-ray beam impinges on the
sample at a very small angle (a = 1.5°) and the diffracted beam exits
nearly normal to the sample surface (20 = 88°). This allows the film plate
to be placed very close to the sample without obstructing the incident
x-ray beam and results in an undistorted image. The (400) reflection has a
considerably less favorable geometry since a = 8 = 33° and 26 = 66°. For
this reason, there is distortion in the images in Figures 11 and 12. The
amount of the distortion is not constant between topograpus because the
film plate was not positioned at exactly the same angle with respect to the

specimen in each case.

It can be seen in Figures 11(1-6) that many of the laser-annealed
sites have experienced strain relief since very little x-ray intensity has
been recorded at the centers of these regions. With the exception of
Figure 11(1), concentric dark/light ring-like features border these sites
and probably represent incomplete strain relief or strain transition zones.
Figures 11(1) and 1D both represent topographs taken at the maximum strain
peak of the (400) and (422) rocking curves, respectively. Note that con-
centric ring-like features are present in the (422) topograph, but are
absent in the equivalent (U400) image. The (400) reflection is only sensi-
tive to perpendicular strain within the sample since x rays are diffracted
from lattice planes parallel with the surface. On the other hand, the
(422) reflection contains information about both perpendicular and parallel
strain since these lattice planes are included at an angle of 35.3° to the
<100> surface. For this reason, the ring structures observed in the (422)
topograph may be related to the state of parallel strain near the annealed
sites.
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A number of observations have been made concerning the features seen
in the (400) topographs. These include: (1) the number of concentric
bands is a minimum (0) at the highest strain position and increases (to a
maximum of 3) as the strain position on the rocking curve decreases;

(2) the size of the central strain relief zone decreases with decreasing
strain; and (3) the broadeét, most intense, concentric band is usually
closest to the center of the relieved zone for all strain positions.

Table 1 summarizes the strain relief information obtained from the
topographs for all laser sites, as a function of laser energy density and

Table 1. Summary of Strain Relief Information Obtained
from Topographs for All Laser Sites

Position/
Perpendicular Strain (%)
Laser Energy 1 2 3 4 5 6

Site  Density (J/em?®) 0.38 0.28 0.21 0.15 0.10  0.05
1 0.09 X X X X X X
2 0.7 X X X X X X
4 0.7 X X X X X X
3 0.5 X X X X X X
5 0.36 X X X X X X
6 0.25 X X X X X s?
7 0.18 X X X X X s
9 0.12 X X X X X 8
15 0.12 X X b X s? s
8 0.09 X b4 X X X s
16 0.09 X 4 X X s? s
17 0.08 X X X s s s
10 0.08 X X X s s s
1" 0.06 x X X s s s
1 0.06 X X X s s s
18 0.06 X X s s s s
12 0.045 X X s s s 0
13 0.045 X X X s s s

x = Near complete strain relief in some portion of site with or

without strain transition bone (ring structures).
s = Some strain relief (change) indicated from ring structure.
0 = No change observed/indistinguishable from as-implanted region.
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the strain at which relief has occurred. At the highest strain values

(> 0.28%) near complete strain relief has occurred at all laser sites
regardless of energy density (> 0.04 J/cmz), whereas at the lowest

strain values (0.05%) only sites with laser energy densities greater than
0.25 J/cm2 experienced complete relief of this strain.

The concentric ring structures observed in the topographs of the laser
sites have a somewhat unique appearance compared with other features seen
in x-ray topographs, and as a result, probably are formed by a unique
contrast-forming mechanism. The most common types of contrast in x-ray
topographs are due to extinction, lattice tilt, or lattice strain effects.
Extinction occurs in nearly perfect single crystals when the diffracted
x-rays tend to be doubly diffracted back towards the interior of the
crystal and destructively interfere with the incident x-ray beam. The
result is that a lower diffracted intensity is observed from nearly perfect
crystals than from less perfect crystals. The introduction of defects in a
nearly perfect crystal disrupts the extinction and produces an increased
diffracted intensity (extinction contrast). Since the surface of the GaAs
has been strained (and disordered) as a result of Si ion-implantation, it
is assumed that it no longer represents a nearly perfect single crystal and

that extinction effects are minimal,

Orientation contrasts due to lattice tilt and strain arise from local
areas in the crystal having slightly different orientation (tilt) or
lattice parameter (strain) than the bulk. This is equivalent to these
areas being at different positions on the rocking curve with respect to the
bulk, and they will exhibit increased or decreased intensity depending on
the sense of tilt or strain. Orientation contrast effects are often seen
in x-ray topographs at the margins of thin-film islands deposited on single
crystal substrates due to localized stresses in these areas (Refs. 11, and
12). From symmetry considerations, the sense of lattice tilt will be
reversed on opposite sides of film islands and this produces the opposite
sense of contrast in x-ray topographs. The same symmetry assumption would
also apply to the laser sites. Therefore, if significant lattice tilts are
present at the margins of the sites, they should have opposite senses on
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opposite sides of the sites. As a result, the sense of the contrast (dark
vs light) should be reversed in the x-ray topographs. The contrast
features around the laser sites, however, are concentric and do not show
contrast reversal; for this reason, it is felt that lattice tilts are not

responsible for the contrast features.

Lattice strains do not display contrast reversal effects on opposite
sides of film islands, but several factors indicate that this contrast
mechanism is not responsible for the features observed in the x-ray topo-
graphs of the laser sites. Some of the laser sites display up to three
dark concentric bands, but from a simple strain gradient only two dark
contrast bands are possible (Ref. 12). Furthermore, in topographs of
features such as film islands which display strain contrasts, a contrast
minimum is observed at edges that are parallel with the incident x-ray
beam. The features around the laser sites, however, display nearly

constant contrast completely around the sites.

The concentric contrast features observed in the x-ray topographs of
the laser sites do not appear to have been produced by the more common
contrast forming mechanisms, but they do bear a striking resemblance to
topographs of semiconductors that have experienced MeV ion-implantation
(Refs. 13-16). For this reason, it is felt that this contrast (concentric

bands) is produced by a similar mechanism.

Interference fringe features (concentric bands) have been observed in
MeV ion-implanted semiconductors and a bi-crystal model has been proposed
to account for these fringes (Refs. 13-16). MeV ion-implantation damages a
crystal such that its surface is relatively unaffected, while at some depth
(projected ion-range) the lattice has been amorphized or is high strained.
Interference between x-rays diffracted by the bulk and undamaged surface
produces the fringes observed in the x-ray topographs. This situation is
similar to what is expected in some areas of the laser-annealed sites. The
strain-depth profile modeled from the as-implanted regions (Fig. 3B)
assumes that the surface of this sample is uniformly strained to a depth of
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about 2500 &, while at the center of laser-annealed sites the ion-implanta-
tion strain has been almost completely relieved. Neither of these cases
represent a bi-crystal and no interference fringes are expected to be
observed from these areas. Further from the center of the laser site it is
assumed that strain relief has occurred at the surface, but that it has not
progressed down to the undamaged bulk. These regions then approximate a
bi-crystal and in these areas interference fringes are observed. This
situation is represented schematically in Figure 13.

The interference nature of the fringes observed by other investigators
(Refs. 15, 16) has been proven by recording and analyzing both reflection
and transmission topographs from numerous different reflections. While
this type of rigorous analysis has not been attempted in our case, the
similarities between our observations and those from MeV ion-implantation
support a common cause. In particular, both cases: (1) exhibit constant
intensity around the fringes, (2) the number of observed fringes decreases
as the position on the rocking curve, at which the topograph was taken,
decreases from 0° delta theta, and (3) the strain-depth profiles are
expected to have a similar form in areas that exhibit the fringes.

B.  RASTER ANNEALED Gaés

1.  X-RAY ROCKING CURVES

Figure 14A presents a (400) rocking curve obtained from an unannealed
portion of the 5 «x 1015/cm2 2851+ ion implanted GaAs. In contrast with the
2 x ‘Iom/cm2 implanted specimen, this sample has been strained up to a
depth of 6000 & with a maximum perpendicular strain of 0.50% (Figure 14B).
By using the kinematical model of x-ray diffraction to match the oscilla-
tion periodicity and position of the lowest delta theta strain peak, the
thickness of the strained layer and the maximum perpendicular strain,
respectively, were obtained. The exact position of various strains within

the sample are speculative.

A series of 20 (400) rocking curves were recorded at 0.625 mm inter-
vals across the three raster anneal areas on the sample. Figures 154 and
15B represent a contour map and pseudo three-dimensional plot of x-ray
rocking curve intensity compiled from these 20 scans. Individual rocking
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curves of an unannealed area and the most strain-relaxed region of anneal
sites 1-3 are given in Figure 16A-D. From Figures 15 and 16, it can be
clearly seen that some strain relief has occurred at the laser annealed
sites. However, it is clear that the strain relief is far from complete,
since strain peaks on the negative side of the rocking curve are still
observed. The strain peak, at about -300 arc sec in the rocking curves of
sites 1 and 2, indicates that the same magnitude of strain is present in
both anneal sites and represents a perpendicular strain of about 0.22%.
The higher amplitude of this peak in the rocking curve from siﬁe 2, how-
ever, infers that the thickness of the strained layer is greater, or that
less disorder is present 2t this site. The rocking curve from site 3
displays two strain peaks at -400 and -600 arc sec delta theta, which
correspond to perpendicular strains of 0.45 and 0.30%, respectively. This
indicates that less strain relief has occurred at the site with the lowest
laser fluence.

2. DOUBLE-CRYSTAL X-RAY TOPOGRAPHY

The three (400) reflection x-ray topographs shown in Figure 17 were
taken at positions A, B, and C on the rocking curve in Figure 14A. At all
three sites, the highest as-implanted strain (0.50%) has been relieved, as
indicated by the absence of diffracted x rays. At sites 1 and 2, inter-
mediate levels of strain (>0.25%) have also been relieved; however, the
relaxation in site 2 is less uniform since individual anneal spots in the
raster pattern have become resolvable. These results are consistent with
the rocking curve data in Figure 16, since the rocking curves from sites 1
and 2 show no diffracted intensity at topograph positions A and B, whereas
that of site 3 has an intense peak at position B but no intensity at
position A. The interpretation of the topograph taken at position C on the
rocking curve is straightforward for sites 2 and 3. In these cases, the
intensity at this position on the rocking curve for sites 2 and 3 is nearly
equivalent to that for unannealed areas and, as a result, there is little
contrast associated with these areas in the topograph. The intensity at
position C in the rocking curve of site 1 is also similar to that of
unannealed areas.
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However, there is very high contrast and nonuniformity associated with this
site on the topograph. This nonuniformity may account for the appearance
of the rocking curve if the x-ray beam happened to sample areas of both
increased and decreased diffracted intensity.

Interference fringe-like features are also visible in the x-ray
topographs of the raster-annealed sample, and it is assumed that they have
a similar origin as those observed in topographs of the single-laser, spot-
annealed sample. However, the interpretation of these fringes in this case
is complicated by the multispot raster-annealing pattern becoming resolv-

able in topographs taken at lower levels of strain.
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IV. SUMMARY

Double-crystal x-ray rocking curves and topographs have been used to

study the relief of strain in 28Bg;+

ion-implanted GaAs produced by pulsed
laser annealing. X-ray rocking curves of the 140 keV 2 x 10m/cm2 as-
implanted GaAs indicated that the upper 2000 X of the sample had been
strained to a maximum of 0.38%. Rocking curves of two of the laser-
annealed sites with the highest energy densities (and largest areas of
annealing) indicated that the ion-implantation strain at each had been
almost completely relieved, but the relief could not be correlated with an
increase in intensity of the unstrained peak. Results from lower energy
density annealed sites were less conclusive because of uncertainties in

positioning the x-ray beam in the exact center of small sites.

X-ray rocking curves of the 180 keV 5 x 1015/cm2 as-implanted sample
revealed that it was strained to a maximum of 0.50% with strain extending
to 6000 & beneath the surface. Rocking curves from all three of the
raster-annealed sites indicated the presence of residual strains as high as
0.45% and 0.22% for the lowest and highest laser fluences, respectively.

Double-crystal reflection x-ray topographs of the spot-annealed
sample, taken at various positions on the rocking curve, were able to
qualitatively map out the state of strain to much higher resolution than
the x-ray rocking curves. Laser energy densities of greater than approx-
imatelv 0.25 J/cm® vere able to relieve nearly all of the ion-implantation
strain in at least some portion of the sites, whereas all laser energy
densities were able to relieve strains of above 0.21% in some portions of
the sites. The x-ray topographs of the laser sites exhibited unusual
interference fringe patterns that have been attributed to a bi-crystal
structure produced in some areas of the laser annealed areas.

X-ray topographs of the raster-annealed sample generally agreed with
individual rocking curves from the anneal sites. In this specimen, laser
fluences, which produced near total strain relief in the 140 keV 2 x 101u/cm2
sample, left considerable residual strains. This is probably more a result

4




of the greater total thickness of the strained layer (6000 & vs 3800 1),
rather than the higher as-implanted strain, since if there were insuffi-
cient heating (melting?) at the strained layer to substrate interface, then

the unstrained substrate could not serve as a perfect seed for complete
strain relief.
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LABORATORY OPERATIONS

TheAerospoeeCorponuontnmlum lrdﬁw-ew&rmnomlmty

corporation’s Laboratory Operations conducts experimental and theoretical investigations that
focus on the application of scientific and technical advances to such systems. Vital to the success
of these investigations is the technical staff’s wide-ranging expertise and its ability to stay current
with new developments. This expertise is enhanced by a rescarch program aimed at dealing with
the many problems associated with rapidly evolving space systems. Contributing their capabilities
to the research cffort are these individual laboratories:

Acrephysics Laberatery: Launch vehicle and reentry fluid mechanics, heat transfer
and flight dynamics; chemical and electric propulsion, propellant chemistry, chemical
dynamics, environmental chemistry, trace detection; spacecraft structural mechanics,
contamination, thermal and structural control; high temperature thermomechanics, gas
kinetics and radiation; cw and pulsed chemical and excimer laser development,
including chemical kinetics, spectroscopy, optical resonators, beam control, atmos-
pheric propagation, laser effects and countermeasures.

Chemistry and Physics Laberatory: Atmospheric chemical reactions, atmospheric
optics, light scattering, state-specific chemical reactions and radiative signatures of
missile plumes, sensor out-of-fiekd-of-view rejection, applied laser spectroscopy, laser
chemistry, laser optoclectronics, solar cell physics, battery electrochemistry, space
vacuum and radiation effects on materials, lubrication and surface phenomena,
thermionic emission, photosensitive materials and detectors, atomic frequency stand-
ards, and environmental chemistry.

Electronics Research Laboratery: Microelectronics, solid-state device physics,
compound semiconductors, radiation hardening electro-optics, quantum electronics,
solid-state lasers, optical propagation and communications; microwave semiconductor
devices, microwave/millimeter wave measurements, diagnostics and radiometry, micro-
wave/millimeter wave thermionic devices; atomic time and frequency standards;
antennas, rf systems, clectromagnetic propagation phenomena, space communication
systems.

Materials Sciences Laboratory: Development of new materials: metals, alloys,
ccramics, polymers and their composites, and new forms of carbon; nondestructive
evaluation, component failure analysis and reliability; fracture mechanics and stress
corrosion; analysis and evaluation of materials at cryogenic and clevated temperatures
as well as in space and enemy-induced environments.

Space Sciences Laboratory: Magnetospheric, auroral and cosmic ray physics,
wave-particle interactions, magnetospheric plasma waves; atmospheric and ionospheric
physics, density and composition of the upper atmosphere, remote sensing using
atmospheric radiation; solar physics, infrared astronomy, infrared signature analysis;
effects of solar activity, magnetic storms and nuclear explosions on the earth’s
atmosphere, ionosphere and magnetosphere; effects of electromagnetic and particulate
radiations on space systems; space instrumentation.




