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urrent seeker systems for tracking intercontinental or theater ballistic missiles
generally use the thermally generated infrared signatures of the missiles’ exhaust
plumes as their targets. This detection method requires extensive filtering to remove
high-intensity Earth and sky backgrounds and, in airborne systems, active cooling of
window materials. A considerable advantage would be obtained if the chemically
generated ultraviolet signature were used as the target. The Applied Physics Laboratory
is conducting research to design wide-bandgap GaN and Al,Ga; N semiconductor
photodetectors to meet such applications and to develop a prototype seeker system.

INTRODUCTION

During its boost phase, an intercontinental or the-
ater ballistic missile emits electromagnetic radiation in
the infrared (IR), visible, and ultraviolet (UV) regions
of the spectrum. The plume generated by the exhaust
gases at high temperature can extend several kilometers
behind the missile. The intensity of radiation in specific
bands depends on many factors, including thrust tem-
perature, fuel, fuel-to-oxidizer ratio, and missile angle
of attack. A more localized, although significantly less
intense, IR signal can be detected from the temperature
rise of the missile body from viscous drag. The UV
radiation from the exhaust plume of liquid-fueled rock-
ets is generated primarily by chemically excited byprod-
ucts and is generally located much closer to the missile
exhaust nozzle. Weak UV radiation has also been
observed as the result of heating in the bow shock of

hypervelocity nose cones. These sources of radiation
can be used to target and track the missile with sensors
located on ground- or air-based surveillance platforms
or in counter-missiles as part of the seeker system.
Given the detectors currently available, today’s seeker
systems are generally based on platinum silicide (PtSi),
mercury cadmium telluride (HgCdTe), or indium an-
timonide (InSb) on silicon charge-coupled devices
(CCDs) operating in the 3- to 10-um IR region and are
used to track the thermal signature of the target missile
and its exhaust. These seekers are satisfactory in rela-
tively low-speed situations, but when they are housed
in a hypersonic (2-6 km/s) interceptor missile, they
may require active cooling of windows to prevent over-
whelming of the target signal by radiation from any
drag-heated window material. Extensive filtering is also

246

JOHNS HOPKINS APL TECHNICAL DIGEST, VOLUME 16, NUMBER 3 (1995)



required to prevent the high-intensity solar radiation of
the Earth or sky background from reaching the active
detector. Weight and system complexity problems
could be obviated by shifting the sensor to the near UV
and using the chemical signature of the missile exhaust
as the target. One possible problem in moving to the
ultraviolet is the attenuation of such radiation by at-
mospheric ozone. For example, Fig. 1 shows the Earth’s
albedo in the wavelength range of interest.! The ozone
absorption causes a decrease in the observed radiance
at a rate of 2 decades per 12 nm in the neighborhood
of 305 nm. System requirements such as sensitivity and
operating wavelength will thus depend on target rang-
es, signal-to-background ratios, altitudes, and so on.
Finally, moving the detection wavelength to below 300
nm would make the system intrinsically solar blind,
effectively eliminating the background signals and re-
moving the need for the extensive filtering of the back-
ground solar radiation. It is worth noting that one
version of the shoulder-launched ground-to-air Stinger
missile system uses a dual-mode IR and UV tracker,
although details of system performance are unknown at
this time.

Current UV sensors are either intensified photo-
cathodes with silicon CCD detectors or the even older
tube intensifier and photomultiplier tube (PMT) devices.
The latter are generally more efficient in the UV and
have performance advantages that often compensate
for the disadvantages of their bulk, fragility, and high
operating voltage requirement. However, these disad-
vantages preclude their use in missile-borne seeker
systems. Silicon CCDs, or other narrow bandgap semi-
conductors such as gallium arsenide (GaAs) or indium
phosphide (InP) CCDs, and photodiodes suffer from a
short penetration depth in the UV. As a result, the
photons often fail to reach the charge-generation and
storage elements of a CCD or the collection electrodes
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Figure 1. The albedo of the Earth in the wavelength range 250—
350 nm, as measured by the Nimbus-4 Backscatter Ultraviolet
Instrument.

of a photodiode. Furthermore, these materials are not
intrinsically solar blind and require extensive and elab-
orate optical filtering to make them so, which adds
complexity and decreases optical throughput.

These deficiencies could be overcome by developing
semiconductor sensors based on materials with suitably
wide bandgaps. Candidate material systems include
silicon carbide (SiC), the Group II-VI semiconductors
zinc sulfide (ZnS) and zinc selenide (ZnSe), and the
Group IIIA nitrides. The hexagonal polytypes of SiC,
although considered excellent candidates for blue light-
emitting diodes (LEDs) and for high-temperature and
high-power electronic devices, are not suitable for
solar-blind UV detector applications because of their
indirect and comparatively low bandgaps (bandgap
energy E, < 3.2 eV). Recent progress in developing
blue-green LEDs and lasers in the ZnS,Se,_, alloy sys-
tem’ has been restricted to high-selenium alloys with
bandgaps < 2.8 eV. Higher-bandgap alloys continue to
be plagued by autocompensation effects that preclude
well regulated conductivity control. Thus, the Group
[ITA nitrides are the preferred candidates for wave-
length-selectable optical detectors operating in the
solar-blind regions of the UV spectrum. Gallium nitride
(GaN) and aluminum nitride (AIN) have direct band-
gaps of 3.4 and 6.2 eV, respectively, with corresponding
cutoff wavelengths of 365 and 200 nm. Since they are
miscible with each other and form a complete series of
aluminum gallium nitride (Al,Ga;_,N) alloys, it should,
in principle, be possible to develop UV detectors with
wavelength cutoffs anywhere in this range.

This article describes the work being undertaken
within the APL’s Independent Research and Develop-
ment Photonics/Electro-optics thrust area to develop
GaN and Al Ga,_N semiconductors suitable for such
solar-blind UV detectors and to produce a prototype
seeker system based on a conceptually simple “quad cell
array” of four independent photoconductive detectors
fabricated on the four quadrants of a single chip.

DEVELOPMENT OF GaN AND
AL Ga, N SEMICONDUCTORS

Background
The Group IIIA nitrides, particularly GaN, have

been under investigation for several years owing to
their enormous potential as detectors and uses in other
opto-electronic applications. The major technological
barrier to be overcome is the lack of bulk materials for
use as substrates to sustain homoepitaxial growth. The
inability to prepare bulk single crystals from the melt
is a consequence of the extremely high vapor pressure
of nitrogen in equilibrium with the compounds at
elevated temperatures. For example, the vapor pressure
of nitrogen over GaN is in excess of 1000 atm at
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1200°C, a temperature well below GaN’s predicted
melting point.’ The lack of bulk crystals results in
problems associated with heteroepitaxial growth on a
substrate of different chemical and physical character-
istics. The room-temperature a lattice parameters of
AIN and GaN are 0.311 and 0.319 nm, respectively.
Possible hexagonal substrates that have a reasonable
lattice match to the nitrides are a-SiC and zinc oxide
(ZnO), with a lattice parameters of 0.308 and 0.325
nm, respectively. The former is produced commercially
in single crystal boules up to 40 mm in diameter,* but
costs are prohibitive. The latter is chemically unstable
at high temperatures in the presence of ammonia,
which is used in the growth of the nitrides. The most
commonly used substrate is (00.1) oriented sapphire
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Figure 2. Effect of nucleation layer on growth morphology of GaN on (00.1) sapphire. (a) Random
nucleation of GaN on bare a-Al>Og; (b) selective growth of these nuclei; (c) eventual coalescence to
form a continuous layer. (d) The resultant GaN layer has a faceted surface. (e) The use of a low-
temperature buffer layer leads to a (f) much higher density of nucleation sites and (g) subsequent
pseudo-two-dimensional layer growth. (h) The resultant GaN layer has a virtually featureless surface.

(a-Al,O3), which has an a hexagonal cell constant of
0.4758 nm. When deposited epitaxially on such sub-
strates, the (00.1) plane of the GaN layer lines up
parallel to that of the sapphire, but the nitride’s lattice
rotates 30° about the [00.1] axis such that (10.10)g,x
is parallel to (ll.O)sapphire.5 This rotation reduces the
lattice mismatch between GaN and sapphire to only
16%, which is still considered inadequate for good-
quality heteroepitaxial growth. As a result, growth
proceeds by the three-dimensional mechanism illus-
trated in Figs. 2a—c. Growth commences by the nucle-
ation of GaN at dispersed random sites on the sapphire
surface (Fig. 2a). Growth then proceeds selectively on
these initial nuclei, and individual islands develop (Fig.
2b), with each one being epitaxial to the substrate.
Finally, a single layer is
formed by the coales-
cence of the islands (Fig.
2c). Facets, arising from
the anisotropic growth
rate of GaN, result in a
surface with pronounced
hexagonal features,® as
illustrated in Fig. 2d.
Similarly, the large dif-
ference in thermal ex-
pansion coefficients
causes a buildup of stress
during cooling that is
often relieved by crack-
ing in the sapphire and
epitaxial layers near the
interface,’ as is also evi-
dent in Fig. 2d.

It has been shown
that thin buffer layers of
either AIN®® or GaN!®!!
predeposited at low tem-
peratures, particularly on
(00.1) oriented sapphire,
greatly improve the crys-
tallographic, electrical,
and optical properties of
GaN. We have previously
determined'? by extensive
optical and X-ray mea-
surements that GaN nu-
cleation layers deposited
at 540°C have a mea-
surable crystalline com-
ponent, although the
X-ray data and the lack
of absorbance features
near the direct bandgap
of GaN suggest that the
crystallites are very small
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and are most probably embedded in an amorphous-like
matrix. Upon annealing to higher temperatures, the
crystallite size increases and the crystal perfection
improves markedly, until at temperatures near those
empirically determined to be optimum for growth of an
epitaxial overlayer, the perfection approaches that of
good quality single-crystal material. These buffer layers
serve to provide a high density of nucleation sites for
the growth of the overlayers, as illustrated schematical-
ly in Figs. 2e and 2f. Such a high density of nucleation
sites means that the overlayer needs to grow only a few
nanometers before it coalesces and forms a continuous
layer. This layer proceeds to grow by a pseudo-two-
dimensional layer-by-layer mechanism, as illustrated in
Fig. 2g. A photograph of such a self-nucleated overlayer
is shown in Fig. 2h (with the same magnification as
Fig. 2d), and it is distinguished by the lack of surface
structure.

The improvements in the growth and characteristics
of GaN have resulted in significant inroads in device
technology.” For example, high-efficiency blue-
emitting metal-insulator-semiconductor LEDs'* have
been fabricated, and with the advent of Mg-doped p-type
material, violet emitting pn-junction LEDs"!® have
been developed. Prototype GaN metal semiconductor
field-effect transistors have also been reported.!” In
addition, high-quality, low-aluminum-content GaN/
Al,Ga_N heterostructures have been produced that
exhibit quantum confinement effects by photolumines-
cence,'® stimulated emission under photon pump-
ing,'>?° and electron mobility enhancement.?! Finally,
violet-emitting indium gallium nitride (In;_GaXN)/
GaN LEDs with external quantum efficiencies of 0.22%
have been developed,”* and double-heterostructure
blue- and green-emitting In;  Ga N/ALGa; N LEDs
with external quantum efficiencies as high as 2.7%
have recently been reported.’**

These results demonstrate that GaN and its alloys
can no longer be regarded as “semiconductors of the
future,” particularly since some In; Ga,N/ALGa, N
devices are currently moving to full-scale production.
However, it should be noted that the ternary alloy
systems have been characterized much less than GaN.
Although solid solutions in the Al-Ga—N system were
first reported in 1973%° and epitaxial layers of
AlLGa, N on sapphire were reported in 1978,% few
comprehensive studies have been undertaken on the
growth and characterization of these materials, and
some controversy on their physical, optical, and elec-
trical properties remains.

Experimental Results

Growth

We have studied the growth of self-nucleated
Al,Ga_N films on (00.1) oriented sapphire substrates
using a vertical spinning disc metallo-organic chemical
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vapor deposition (MOCVD) reactor operating at 70
torr.”?® Trimethylgallium (TMG), trimethylaluminum
(TMA), and ammonia (NH;) in a nitrogen (N,) carrier
gas were used as starting reagents. Before being loaded,
the substrates were given an ultrasonic rinse in mild
detergent and washed in 5:1:1 mixtures of hot
H,O:HNO;:H,O, and H,O:HC;:H,0O,, rinsed in
deionized H,O, and dried with filtered N, gas. In ad-
dition, the substrates were heated in situ at 850°C for
5 min. The self-nucleation layers were deposited for
periods ranging from 120 to 360 s at 540°C (as mea-
sured with an optical pyrometer) using a combined
TMA and TMG gas flow in the range of 67 to 87
pmole/min, an NHj gas flow of 22 X 10~ mole/min,
and an N, gas flow of 4.0 standard L/min. The depo-
sition rate of the nucleation layer varied with the
TMA/TMG ratio in the gas phase such that the layer’s
thickness was estimated to be in the range of 20 to 50
nm. The overlayers were grown at 1025°C using the
same TMA and TMG flows. The growth rate of the
overlayer was approximately independent of alloy com-
position at 1.2 um/h, and total thickness was in the
range of 0.8 to 1.8 um.

All films were smooth and specular, and any growth
features followed only from nonoptimized buffer lay-
ers.”? There was also no indication that any other prop-
erties were influenced significantly by the variation in
buffer layer thickness or other deposition parameters.

Composition and Structure

Alloy compositions x as determined by X-ray energy
dispersive spectroscopy and by X-ray diffraction mea-
surement of the lattice constants agreed to within
+0.02, confirming that Vegard’s law is obeyed for these
self-nucleated Al,Ga; N films. This finding is in ac-
cord with Koide et al.,’*® who prepared Al,Ga,_N alloys
on both (00.1) sapphire and (111) silicon substrates
using atmospheric pressure MOCVD, and it contradicts
the results of Yoshida, Misawa, and Gonda,’! who stud-
ied films prepared by reactive molecular beam epitaxy
and concluded that the lattice constant was not a linear
function of alloy composition. The high-crystalline
quality of our Al,Ga,_\N alloy films is evidenced by the
6/26 X-ray diffractometer scans shown in Fig. 3 for a
selection of alloy compositions in the range 0 < x < 0.4.
As for GaN itself, the (00.1) plane of the Al,Ga; N
layer parallels that of the sapphire substrate, and the
clear separation in the Keo;/Ke, doublets for the low-
angle (00.2) reflection shows that the structural co-
herence parallel to the growth direction is excellent.
The full-width at half maximum (FWHM) from a
Lorentzian fit to the Koy component is depicted as a
function of alloy composition in Fig. 4. It should be
noted that from the characteristics (CuKeay; 260 =
41.71°; FWHM = 2.9 arc-min) of the (00.6) reflection
from the sapphire substrate, the minimum FWHM for
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Figure 3. Normalized X-ray diffraction intensity profiles (/26 scan)
of self-nucleated Al,Ga_yN layers with x < 0.4.
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Figure 4. Full width at half maximum (FWHM) of X-ray diffractom-
eter 6/26 scans and X-ray rocking curve 6 scans as functions of
alloy composition x. The solid lines are guides to the eye.

the CuKq; line from the (00.2) GaN reflection is es-
timated at 3.0 arc-min. It can be seen that the FWHM
increases mildly with increasing alloy composition,
implying minimal increases in physical and chemical
inhomogeneity on alloying. Using the X-ray precession
method,” the quality of the in-plane heteroepitaxy

[{ 1 O'O}AI_\.Gal_xN ” { 11 ‘O}sapphire]

has also been assessed as a function of alloy composi-
tion. In line with the trend in the c-axis length with
x, the a-axis length varies linearly with composition,
with a gradient correlating with the different c/a ratios
of GaN and AIN. Furthermore, the in-plane azimuthal
coherence (mosaic spread) deteriorates slightly across
the series, presumably in parallel with the weakly de-
graded structural coherence seen in the film growth
direction.

To assess the misorientation of the mosaic of
AlGa_N islands relative to the growth direction
(polar dispersion) more fully, X-ray rocking curves
through the (00.2) reciprocal lattice vector were re-
corded. These rocking curves are shown in Fig. 5, and
three features of the scattering profiles are immediately
discernible: (1) there is a shift to higher 6 with increas-
ing x that reflects the decreasing c lattice constant; (2)
the peak widths are of the order of tenths of a degree
and are much larger than that [0.005°] for the compa-
rable (00.6) reflection from the sapphire substrate; and
(3) there is a systematic broadening of the FWHM for
the X-ray rocking with increasing x (shown in Fig. 4),
signaling a decrease in orientational coherence. A
point to be emphasized is that this increase in out-of-
plane mosaic spread with increasing x is unlikely to
result from a significant increase in inhomogeneous
strain, as the calculated lattice mismatch actually im-
proves (ultimately by about a percent) with increasing
Al content.

The in-plane mosaic morphology of the films was
further confirmed by scanning tunneling microscopy
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Figure 5. Normalized X-ray rocking curves (6 scan) through the
(00.2) reflection for self-nucleated Al,Ga;_xN layers with alloy
composition x < 0.4.

(STM), which showed that all films consisted of a
dense mosaic of highly oriented grains, with disk-like
features yielding surface height modulations of 1-2 nm
and average island diameters on the order of a few
tenths of a micrometer. It was further apparent that
island size significantly decreased with increasing x. In
fact, as in the case of the FWHM of the X-ray rocking
curve, the decrease in island size was also linearly cor-
related with film composition.

A similar reduction in grain size with increasing x
has been noted by Koide et al.” for AlLGa; N thin
films grown on AIN-buffered (00.1) sapphire. There
the grain size decreased markedly from about 400 nm
for a GaN film to 60 nm for a film with x=0.1 as
estimated from a combination of # and 6/26 X-ray scans.
In contrast, we found that, for a more extended series
of self-nucleated films, the feature size, as determined
by the real-space STM scans and inferred from X-ray
0 scans, diminishes much less rapidly. The common
decrease in grain size in each set of films implies a
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parallel reduction in a growth factor influenced by
increasing Al content. Across the set of AIN-nucleated
films of Koide et al., there is a common nucleation layer
whose lattice mismatch with the overlayer decreases
with increasing Al content. It might be anticipated in
that case that the grain size could in fact increase with
increasing x (in contrast to our experiment). In the
films we studied, the nucleation layer composition
nominally matches that of the overlayer and could lead
to the naive speculation that the grain size might re-
main constant (again in contrast to experiment). These
conflicting results suggest, in fact, that lattice-matching
the nucleation layer and overlayer is not a predominant
factor in modifying the growth mode, although the
reduction in grain size with increasing x is considerably
less pronounced for the self-nucleated films. The com-
parison of results demonstrates that a reduction in sur-
face mobility or nucleation site density with increasing
Al content dominates the growth process for the
AlLGa,_N overlayers.

Optical Properties

We assessed the optical quality of the films from the
optical absorption in the bandgap region. Figure 6
shows a plot of the square of the absorption coefficient
a as a function of photon energy hv. The solid lines are
drawn from the point of maximum gradient in the
absorption curves, and their extrapolated intercepts are
used to calculate the optical direct bandgap energies E,
of these Al,Ga,_\N alloys. The absorption curves do not
exhibit the large low-energy tails observed in other
studies,”™* indicating again that macroscopic nonuni-
formities in the samples are minimal. In fact, probing
the films with a 1-mm-diameter beam aperture showed
a variation of less than +0.02 eV in the derived E,,
corresponding to a variation in x of less than 0.01. The
high optical quality of these alloys has also been confirmed
by studies of their nonlinear optical characteristics.

A plot of the optical bandgap energy E, as a function
of the alloy composition x is given in Fig. 7 and shows
anominally linear dependence of E, on x with a bowing
parameter b=0 eV. Here, the bowing parameter is
defined by the experimentally determined equation of the
variation in E, of a temary alloy A,B; ,C on the alloy x:

E (x) = xE, pc + (1-x)E, pc — bx(1-x) .

This is in agreement with the results of Khan et al.,*
although it would seem from the presented data that
the bandgap of those authors’ material was consistently
higher than expected. It does not agree with the results
of Yoshida, Misawa, and Gonda,’! who concluded that
there was a small negative bowing parameter, which
they estimated to be —0.8 eV. Neither does it agree with
the results from the Nagoya group, who studied both
unnucleated** and nucleated®® samples and determined
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a positive bowing parameter of 0.98 eV. The magni-
tude of these discrepancies is illustrated in Fig. 7 by the
lines representing the reported range of b values.

It is difficult to resolve these differences fully, al-
though it is noted that both the lattice constant and
energy gap of a particular Al,Ga,_\N film are functions
of any residual strain present. Moreover, since absorp-
tion coefficients are greater than 10* cm™ near the
band edge, the optical gaps are in practice determined
using samples thinner than =3 um. It is further noted
that GaN films grown on AIN-nucleated sapphire sub-
strates either by MOCVD or by hydride vapor phase
epitaxy have significant residual strain owing to a
combination of lattice and thermal expansion coeffi-
cient mismatch.’” This residual strain gradually de-
creases in those films at thicknesses greater than 4 um,
and the films become completely relaxed by =100 um.
In contrast, we have previously shown that GaN nu-
cleation layers deposited on (00.1) sapphire substrates
become fully relaxed by the time that they have been
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Figure 6. Absorption coefficient squared (¢?) as a function of
l photon energy hv for Al,Ga;_xN alloys with x < 0.4.
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Figure 7. Optical bandgap energy of Al,Ga;_xN layers as a
function of alloy composition x. The black line represents bowing
parameter b = 0; the other lines represent the range of b values
reported in the literature.

JOHNS HOPKINS APL TECHNICAL DIGEST, VOLUME 16, NUMBER 3 (1995) 251



D. K. WICKENDEN ET AL.

ramped from their deposition temperature to the
growth temperature of the GaN overlayer,”® a result
that is independent of film thickness. We speculate at
this time then that the widely different results for the
trends in optical bandgaps in Al Ga; N alloys are
attributed to an equal variance in the residual strain in
various samples. Further work is in progress to fully
clarify this point.

Electrical Properties

As is the case with APL-grown GaN, the Al,Ga; N
layers are electrically insulating when no intentional
dopant is present in the gas stream. To fabricate useful
semiconductor junction devices, it is necessary to be
able to produce both n- and p-type material with con-
trolled transport characteristics. Initial studies have
been undertaken on the growth and characterization of
silicon-doped n-type AlGa, N alloys obtained by
adding silane to the growth stream during the deposition
of the overlayer, as had been previously demonstrated
with GaN.*

Figure 8 shows the carrier concentration as a func-
tion of alloy composition x for selected ratios of silane
(SiH,) to Group III metallo-organic compound in the
vapor phase. It can be seen that, for each ratio studied,
there is a monotonic decrease in observed carrier con-
centration with increasing x. Studies are in progress to
determine whether this decrease is correlated with
either a change in silicon incorporation efficiency with
increasing x or with a change in dopant activation. The
mobility as a function of carrier concentration for the
range of Al,Ga; N alloy compositions studied here is
shown in Fig. 9. Mobility decreases dramatically with
increasing values of x. Similar drops in either or both
carrier concentration and mobility with increasing x in
undoped Al,Ga;_,N alloys have been observed by other
workers,®*13% who have generally found that sam-
ples with x > 0.4 become insulating.

Photoluminescence studies on undoped samples
have provided no evidence that the sharp change in
resistivity arises from an increase in depth of a native
donor defect with increasing aluminum composition of
the alloy.*" This finding is in accord with theoretical
predictions of the location of energy levels associated
with native defects in the Group IIIA nitrides,* leav-
ing either compensation by an increasing number of
deep acceptors (which could be responsible for the
observed drop in carrier concentration with increasing
x) or the appearance of another carrier scattering
mechanism (which could be responsible for the drop
in mobility with increasing x) as the major cause of the
results. Possible scattering mechanisms include straight-
forward alloy scattering resulting from local composi-
tional fluctuations on the atomic scale or some form
of “grain boundary” scattering caused by the decrease
in feature size with increasing Al content of the alloy.
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Figure 8. Carrier concentration of Al,Ga;_xN layers as a function
of alloy composition for various ratios of SiH4 to Group Il metallo-
organic compound in the vapor phase.
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Figure 9. Mobility of Al,Ga;_xN layers as a function of carrier
concentration for various alloy compositions.

More detailed studies are necessary to fully understand
these results and their implications for devices contain-
ing high x value Al,Ga,_ N alloys.

DEVELOPMENT OF PROTOTYPE UV
SEEKER SYSTEM

GaN and Al,Ga,_N Photodetectors

The results outlined previously demonstrate an
MOCVD growth technology capable of yielding semi-
insulating GaN and Al,Ga; N alloys of high optical
and structural quality. This technology is based on the
use of self-nucleation layers and a firm understanding
of how these layers influence subsequent growth of the
epitaxial layer to yield semi-insulating GaN under stan-
dard continuous growth conditions. This material is
suitable for processing into photoconductive detectors,
and prototype GaN devices have been fabricated in
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collaboration with the Naval Research Laboratory.
The devices are composed of a set of interdigitated
electrodes with finger separations of approximately 35
and 3 pm. The response of the 35-pum devices was more
than an order of magnitude lower than the 3-um de-
vices, most probably because of the high surface recom-
bination velocity of photogenerated carriers observed
in direct gap semiconductors. The performance of a rep-
resentative sample of the 3-um devices under an illumi-
nated power density of approximately 40 mW/cm?® at
300 nm is shown in Fig. 10. It can be seen that the
device exhibits an extremely low dark current, that the
photocurrent saturates quickly, and that the current
recovers relatively rapidly after the illumination is
switched off, indicating that few deep traps are present
in the material. Gains as high as 600 are observed. This
performance is comparable to that of GaN photocon-
ductive devices reported by other workers.* The dark
current is not affected by illumination with below-
bandgap light of 400 nm. There are no previous reports
in the literature of photodetector devices being devel-
oped from Al,Ga; N alloys. Moreover, it is expected
that the quality of the material described earlier will be
suitable for the development of a laboratory prototype
seeker system. Photoconductive devices will be made
from various alloy compositions, including x > 0.28,
which inspection of Fig. 7 shows will have cutoff wave-
lengths of 300 nm (4.13 eV) and below. These devices
will be developed in collaboration with researchers at

NASA, Goddard.

Prototype System

To serve as a detector head in seeker systems, the
photodetector device needs to be operated as a position-
sensitive detector. The simplest practical way to
achieve this is in a quadrant geometry in which four
independent photodetectors are fabricated on a single
chip with the minimum of dead space between them,
a so-called quad cell array. The optical system is de-
signed such that the size of the image, when centered
on the quad cell array, overlaps all four elements, thus
giving equal output signals to the control electronics,
as detailed in Fig. 11. As the image deviates from
center, these output signals change, and the relative
changes are used to compute the movement of the
target. [t is a comparatively simple task to program any
servo-controlled guidance system to maintain the im-
age at the center of the array.

A block diagram of the prototype system is shown
in Fig. 12. A simple F/6 telescope focuses a UV spot,
generated in the first instance from a small pen-ray
lamp, onto the GaN or Al Ga;_N quad cell. A pream-
plifier conditions the quad cell output, and a 68HCI11
single-chip microcontroller digitizes the four preamplifier
outputs and computes position error signals in software.
This approach allows the system to be easily changed
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Figure 10. Characteristics under illumination of prototype GaN
photoconductive detector. The illumination (40 mW/cm?) at 300 nm
is turned on at =50 s and turned off at =112 s.

Common

L.

B (Ig +Ig) = (In + Ip)
T Iz+Ig+Ic+1p
~ (Ic + Ip) = (Ip + Ig)
T tlg+Ig+Ip
Figure 11. Schematic diagram of prototype Al, Ga;_xN photocon-

ductive quad cell. The position coordinates are x and y and the
currents from the separate quadrants are I, Ig, Ic, and Ip.

to accommodate the various characteristics to be ex-
pected from different batches of devices. The design is
also capable of balancing out nonuniformities in indi-
vidual quad cell arrays. The telescope position is con-
trolled by radio control servo positioners that produce
a shaft position proportional to a pulse width between
1 and 3 ms. The pulse-width-modulated elevation and
azimuth signals are generated by the microcontroller to
position the telescope in such a manner as to nullify
the quad cell position error signals. The electronics are
battery powered, since the prototype system is intended
to be portable.

Photographs of the front and side views of the pro-
totype seeker assembly, mounted on a base plate about
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the size of a standard sheet of paper,
are shown in Fig. 13. A small box
(not shown) contains the electron-
ics and batteries. The telescope is
mounted on an azimuth pedestal so
that the range of travel is —30 to
+90° in azimuth. The entire assem-
bly can be packed in an instrument
case for ease of transport.

SUMMARY

Moving the target of an inter-
continental or theater ballistic mis-
sile  seeker system from the
thermally generated infrared signa-
ture of the exhaust plume to the
chemically generated ultraviolet
signature could result in significant
savings in system weight and com-
plexity. Such a move would require
the development of suitable UV-
sensitive solid-state detectors. We
have demonstrated that Al Ga; N
alloy semiconductors, which have
direct bandgaps in the range from
3.4 to 6.2 eV, are ideally suited for
such applications. Moreover, APL
has developed an MOCVD growth
technology capable of producing
high-quality alloys with 0 < x<0.4.
The maximum alloy composition in
this range, with a bandgap of 4.4 eV,
corresponding to a wavelength cutoff
of 280 nm, is useful for fabricating
intrinsically solar-blind detectors.
Unintentionally doped material is
semi-insulating, having character-
istics suitable for good-quality
photoconductive devices. Such de-
vices are being used to develop a
prototype bench-top tracking sys-
tem based on a position-sensitive
detector using a simple photocon-
ductive quad cell. N-type doping
has been achieved by adding SiH,
to the gas stream. Preliminary
indications are that the electrical
characteristics degrade with in-
creasing aluminum composition,
although the reasons for this degra-
dation are unknown at this time. If
it proves possible to produce p-type
AlGa,_\N alloys, the development
of more complex photovoltaic di-
odes and arrays will be feasible.

25 mm
FIe : Quad cell Pre-amp
Elevation
O servo
I |
Elevation pulse width modulation
Azimuth Azimuth pulse width modulation

servo <

Figure 12. Block diagram of prototype UV seeker.
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| Figure 13. Photographs of prototype UV seeker. The electronics box is not shown.
| (a) Side view. (b) Front view. \
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