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There is increasing interest in the use of Group IIIA nitrides (AlN, GaN, InN, and their 
alloys) for a variety of optoelectronic applications, including short wavelength sources and 
detectors. Progress, while spectacular these past few years, has been hampered by the lack of 
bulk, lattice-matched material to serve as the substrate for homoepitaxial growth. The most 
common substrate, basal plane sapphire, with a 16% lattice mismatch, requires a prede- 
posited nucleation layer to achieve pseudo two-dimensional layer-by-layer growth suitable 
for device processing. The surface morphology and mosaic dispersion of both unnucleated 
and self-nucleated GaN thin films have been studied by a combination of real space images 
from atomic force and scanning tunneling microscopies and reciprocal space intensity data 
from X-ray scattering measurements. The unnucleated GaN films show a large-grained 
hexagonal relief, typical of threedimensional island growth, while the self-nucleated films 
are shown to be dense mosaics of highly oriented islands emblematic of a more two-dimen- 
sional growth. High quality AI,Gal-xN alloy films have also been deposited on self-nucle- 
ated sapphire subsbrates and exhibit minimal homogeneous and inhomogeneous strain and 
alloy clustering. Consistent with their reduced strain and chemical uniformity, these wide- 
bandgap Al,Gal-fi films are suitable for a number of optoelectronic applications. 
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INTRODIJCTION 

The science and technology of semiconductors has steadily evolved 
from elemental devices based on Si and Ge to inorganic compound semi- 
conductors typified by 111-V (e.g., GaAs) and TI-VI (e.g., ZnS, ZnSe) 
materials. A principal driving force for the interest in these compound 
semiconductors has been the desire for broad direction over the energy 
bandgap which ultimately allows control over the available spectral 
range for optical emitters and detectors and nonlinear optical elements. 
In conjunction with rapid progress in the control of the physical proper- 
ties of semiconductors via compositional tailoring, there have been 
notable advances in sophisticated deposition techniques that allow for 
growth of homoepitaxial or heteroepitaxial layers with a thickness con- 
trolled on the atomic scale. In combination, these two advances have, for 
example, made possible the development of semiconducting superlat- 
tices. In particular, a compositional superlattice can be fabricated from 
alternate layers of different chemical formulation. The archetypal system 
has been the psuedobinary 111-V compound Ga-Al-As. Although epi- 
layers and superlattices based on these materials have been at the core of 
many useful devices (e.g., high efficiency laser diodes and infrared 
detectors), their relatively small bandgaps limit their technological 
scope. 

These limitations, along with increased demands from a variety of 
proposed applications, has spurred renewed interest in inorganic semi- 
conductors with wide bandgaps for the fabrication of emitters and 
detectors and nonlinear optical elements operable in the visible and UV 
bands of the electromagnetic spectrum. Particular areas of current inter- 
est for wide bandgap materials include: surface acoustic wave devices; 
nonlinear optical elements for frequency doubling into the ultraviolet; 
green-to-blue light emitters (light-emitting diodes and lasers) for com- 
munications; solar-blind detectors for UV imaging and space astron- 
omy applications; and visible and UV lasers for reading and writing 
high-density recording media. 

Candidate material systems include Sic,  the Group 11-VI semicon- 
ductors ZnS and ZnSe, and the Group IIIA nitrides. The hexagonal poly- 
types of Sic ,  although considered excellent candidates for blue 
light-emitting diodes and for high-temperature and high-power elec- 
tronic devices, are not suitable for laser and UV applications because of 
their indirect and comparatively small bandgaps (Ex I 3.2 eV). Recent 
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progress in developing blue-green LEDs and lasers in the ZnS,Se,, 
alloy system has been restricted to high-selenium alloys with bandgaps < 
2.8 eV. Higher-bandgap alloys continue to be plagued by autocompen- 
sation effects that preclude well-behaved conductivity control. Almost 
by default, then, the Group IIIA nitrides have become the preferred can- 
didates for wavelength-selectable devices operating beyond the yellow- 
green region of the spectrum, and their preparation as thin films the 
focus of a truly worldwide research effort. Thin films of GaN and A1N 
have direct bandgaps of 3.4 and 6.2 eV, respectively, with corresponding 
cutoff wavelengths of 365 and 200 nm. Since these compounds are mis- 
cible with each other and form a complete series of aluminum gallium 
nitride (Al,Ga,,N) alloys, it should, in principle, be possible to develop 
optoelectronic devices tailored to operate anywhere in the indicated 
spectral range. 

BASICS 

The isostructural nitrides of aluminum, gallium, and indium share two 
common crystalline motifs: the wurtzite and zinc blende structures. 
Under ambient conditions, the thermodynamically stable phase for GaN 
and its alloys with AlN is the wurtzite structure (space group P63mc, 
point group 6mm) depicted in Fig. 1. In that crystalline phase, each of the 
constituent ions is four coordinate, approximately tetrahedral, and two 
layers of tetrahedra define the unique c-axis repeat length. Moreover, as 
all tetrahedra are aligned head-to-tail along the c-axis, this unique sym- 
metry direction is polar, and nonlinear optical signal generation is possi- 
ble and potentially an important area of endeavor for optical device 
applications. 

Moreover, in the absence of a thermodynamically stable crystalline 
phase to serve as a substrate for homoepitaxial growth, thin films of the 
Group IIIA nitrides are deposited onto foreign substrates (heteroepi- 
taxy). In all of the studies that follow, the GaN or AI-Ga-N thin films 
have been grown on basal plane [denoted (OO.l)] sapphire substrates. 
Although the chemical and crystalline structures of sapphire [Al2O3; 
corundum; space group R3c; point group 3m] are quite distinct from that 
of the Group IIIA nitrides, the influence of symmetry and thermody- 
namics is such that the (00.1) plane of the nitride film parallels the (00.1) 
plane of the sapphire substrate. To fully characterize the heteroepitaxial 
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k- 0-4 
FIGURE I An illustration of the wurzite phase of AlN, GaN and InN. 

relationship between the nitride film and the sapphire substrate, it is nec- 
essary to define the relative in-plane orientation of the a*b* nets [(hh.O) 
plane] of the nitride film and that of the sapphire substrate. We have typ- 
ically employed the X-ray precession method' to ascertain the in-plane 
heteroepitaxial relationship for our films and find that the a*b* net for 
the nitride film is rotated by 30' relative to that of the sapphire substrate: 
[ {  10.O)GaN//{ 11 .O)sapphire]. The rotation of the two lattices reduces the 
lattice mismatch (ha = 0.3189 nm, asapphlre = 0.4758 nm) between film 
and substrate; however, a sizable mismatch in lattice dimension and ther- 
mal expansion coefficient remains, and the associated strain along with 
deviations from stoichiometry are serious impediments to the realization 
of optimal thin films. 

GROWTH 

Metalorganic chemical vapor deposition (MOCVD)2 has emerged as one 
of the leading synthetic methods for thin films of GaN and its alloys. The 
MOCVD technique is a controlled pyrolytic process, whereby a low 
boiling metal organic compound [trimethylgallium, (CH&Ga, for exam- 
ple] is taken into the vapor phase by a stream of carrier gas (commonly 
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nitrogen or hydrogen) and combined at a heated susceptor with a reactive 
gas [for example, ammonia (NH3)]. The hot substrate causes the precur- 
sor gases to combine at the surface following the overall reaction: 

(CH&Ga + NH3 GaN + 3CH4. 

This reaction leaves behind a thin film of GaN and the volatile methane 
is carried off in the carrier gas stream. To make materials other than 
GaN, it is only necessary to change the reactive gases. For example, to 
make a Al,Ga,,N thin film, a proportional amount of trimethylalu- 
minum is mixed with the trimethylgallium. 

GaN Thin Films 

As noted earlier, the absence of an accessible, thermodynamically stable 
single-crystal phase to serve as a substrate for homoepitaxial deposition 
requires heteroepitaxial growth. Moreover, it is well known that as the 
lattice mismatch for heteroepitaxial systems increases, the film nucle- 
ation mechanism changes from the Frank-van der Merwe (layer-by- 
layer) to either the Stranski-Krastnov or Volmer-Weber (3D island) 
growth mode.3 It is also becoming more widely appreciated that the use 
of nucleation layers can mediate the choice of growth mechanism and 
significantly alter dependent physical properties (as we will see shortly). 

Most studies on the thin film growth of GaN have concentrated on its 
heteroepitaxial deposition on (00.1) sapphire substrates. The large in- 
plane lattice mismatch between GaN and sapphire results in three- 
dimensional island growth with pronounced hexagonal features. This 
makes it difficult to prepare device quality samples, particularly when 
incorporating layers containing alloys with the other Group IIIA nitrides. 
It has been demonstrated that the use of thin AlN buffer layers4 signifi- 
cantly increases the nucleation site density for the subsequent growth of 
the GaN and converts the growth mechanism to pseudo-two-dimen- 
sional layer growth, resulting in the deposition of smooth, crack-free lay- 
ers. Over the past several years, we and others have shown that GaN 
buffer layers (i.e., self-nucleation) predeposited at low growth tempera- 
tures, particularly on (00.1) oriented sapphire, greatly improve the crys- 
tallographic, electrical, and optical properties of GaN overlayers.5.6 We 
have previously determined from extensive optical and X-ray measure- 
ments that GaN nucleation layers have a significant crystalline compo- 
nent, although the X-ray data and the lack of absorbance features near 
the direct bandgap of GaN suggest that the crystallites are very small and 
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are most probably embedded in an amorphous-like matrix. Upon anneal- 
ing to higher temperatures, the crystallite size increases and the crystal 
pcrfection improves markedly, until at temperatures near those empiri- 
cally determined to be optimum for growth of a heteroepitaxial over- 
layer, the perfection approaches that of good quality heteroepitaxial 
material.' These GaN buffer layers serve, once again, to provide a high 
density of sites for the nucleation of the overlayers, and such a high den- 
sity of nucleation sites means that the overlayer needs to grow only a few 
nanometers before it coalesces and further growth proceeds by a pseudo- 
two-dimensional layer-by-layer mechanism. 

Atomic Force Microscopy: Surface Imaging 

As expected for three-dimensional island growth,' deposition of GaN 
onto unnucleated (00.1) sapphire yields large hcxagonal prisms (Fig. 2), 
employing either hydrogen or nitrogen as the carrier gas. In the films 
grown in hydrogen, Fig. 2 (A), atomic force microscopy (AFM) shows8 
that these prisms range from 50 to 100 p i  in diameter, with a mean 
value clustered about 60-70 pm. Moreover, these prism are typically 1 .5 
to > 4 pm in height, but many are outside the maximum vertical and hor- 
izontal scan limits (4.5 pm x 120 pm) of the atomic force microscope. 
Snialler subunits on prismatic faces appear to be layered (like stacked 
sand dollars), with an average height of tens of nm and on average about 
400 nm across. 

Unnucleated films grown in nitrogen as the carrier gas also exhibit 
[Fig. 2 (B)] large hexagonal prisms, but in this case the prisms have base 

FIGURE 2 Atomic force microscopy images (100 pm x 100 ym) for unnucleated growth 
of GaN thin films in: (A)  hydrogen as the carrier gas and (B) nitrogen as the camer gas. 
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dimensions of only 10 to 20 pm and are 200 to 400 nm high. Even the 
crystallites that appear flat have a shallow pyramidal top. Here, the 
smaller subunits are 120 to 145 nm across and are more crystalline in 
appearance than those for unnucleated growth in hydrogen, and the 
prisms also appear to be less closely packed. 

The pseudo-two-dimensional growth surfaces of the self-nucleated 
GaN films [Figs. 3 (A) and (B)] are expectedly smooth compared to those 
for the island growth mode of the unnucleated films. These self-nucleated 
films are, however, still composed of islands 8 to 10 pm across. A few of 
the islands give the appearance of being as large as 30 pm across, but 
these are more likely made up of clusters of smaller islands. The individ- 
ual islands have steps as small as 0.3 to 0.4 nm and terraces of up to 150 
to 300 nm across, depending on the region of the film scanned. In many 
cases the tops of the grains appear to end in a spiral; and in other cases 
some shallow holes are seen to be present, probably indicative of open- 
core screw dislocations. Even though the islands are not well faceted, the 
terraces do have straight edges, and the overall appearance of some of the 
islands is suggestive of the same 6-fold symmetry more obviously dis- 
played by the large grains of the unnucleated films. 

X-Ray Scattering: Structural Coherence and Mosaic Dispersion 

The out-of-plane structural coherence has been investigated by X-ray 
rocking curves for the (00.2)GaN reflection as illustrated in Fig. 4(A).* 

FIGURE 3 Atomic force microscopy images (4 pm x 4 pm) for: (A) self-nucleated growth 
of Gah' thin films in hydrogen as the carrier gas and (B) self-nucleated growth of GaN thin 
films in nitrogen as the carrier gas. 
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FIGURE 4 Comparison of X-ray rocking curves for: (A) the (00.2)GaN reflations from 
nucleated and unnucleated GaN films grown in hydrogen or nitrogen as the carrier gas and 
(B) the (00.6) reflections from the companion sapphire substrates. 
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Interestingly, these curves very clearly differentiate between films 
grown in nitrogen and hydrogen as the carrier gas. For both unnucleated 
and self-nucleated growth in hydrogen, the full-widths at half-maximum 
for the (00.2)GaN reflection are essentially identical at 0.10" (360 arc- 
sec). In contrast, for growth in nitrogen, FWHM values near 0.2" are 
found for unnucleated films and even larger values, 0.25' to 0.45', for 
self-nucleated films. 

Finally, X-ray rocking curves for the (00.6) reflection from the sap- 
phire substrate were also measured, and typical scans are shown in Fig. 
4 (B). The rocking curve for the native (00.1) sapphire substrate shows 
an expectedly small FWHM of -11 arcseconds, typical of a largely 
unstrained single-crystal substrate. As is indicated in Fig. 4, the inhomo- 
geneous strain and resulting mosaic spread in the (00.1) sapphire sub- 
strate has measurably increased along the film growth direction when 
either nitrogen (-18 arcsec) or hydrogen (-50 arcsec) is employed as the 
carrier gas, the larger increases occurring for either nucleated or unnu- 
cleated growth in hydrogen. 

Variations in the in-plane structural coherence were probed by mea- 
suring the X-ray scattering from [hh.O} reciprocal lattice vectors for 
both the thin films and the sapphire substrate by the X-ray precession 
method.'.g Zero-level precession photographs (Fig. 5) of the combined 
scattering from the (hh.0) reciprocal lattice planes of the (00.1) sapphire 
substrate and the (00.1) heteroepitaxial GaN film reveal the expected in- 
plane epitaxial relationship: [[ 10.O)G&/[ 1 l.O)sapp,,iE]. There is, more- 
over, a notable improvement in signal-to-noise ratio for growth in 
hydrogen, largely achieved by a reduction in noise. Several potential 
processes contribute to the background level, including: fluorescence; 
extrinsic instrumental scattering; and bremsstrahlung and diffuse scatter- 
ing. While it might be expected that fluorescence and the extrinsic inco- 
herent (Compton modified) fraction of the diffuse scattering are largely 
sample independent, the coherent scattering from various kinds of 
imperfections (point and line defects, stacking faults, surface roughness, 
and homogeneous and inhomogeneous stress) is expected to be sample 
dependent. Thus, the reduced background for growth in hydrogen as 
compared to nitrogen is likely due to a decrease in the density of such 
imperfections. 

In that context, transmission electron microscopy studies have begun 
to appear for growth on a number of substrates using hydrogen as the 
carrier gas. In parallel, these studies have shown abrupt interfaces, a pre- 
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N2 Carrier Gas H2 Carrier Gas 

FIGURE 5 X-Ray preceasion photographs of the (hh.0) reciprocal lattice planes of 
(00.1 jGaN on (0O.l)sapphire for: (left) self-nucleated growth in a nitrogen and (right) self- 
nucleated growth in a hydrogen as the carrier gas 

dominance of (00.1 ) stacking faults, interfacial misfit dislocations (with 
densities of order 10'0 cm-2) and loops, and defect microstructure arising 
from island nucleation and coalescence. The implication from the X-ray 
precession study is that the defect densities could be even greater for 
growth in nitrogen as the carrier gas. 

AI,Ga,-,N Thin Films 

Solid solutions in the A1-Ga-N system were first reported in 1973,9 and 
single-crystal quality layers of A1,Gal ,N were grown by vapor phase 
epitaxy on sapphire in 1978.10 However, few comprehensive studies 
have been undertaken, and there remains some controversy as to funda- 
mental properties, particularly the determination of the sign and magni- 
tude of the bowing parameter b-a measure of the intrinsic (change in 
lattice parameter) and extrinsic (substitutional disorder) inhomogeneities 
in the crystal potential. The early observations were collected on samples 
deposited directly onto the substrate. As noted earlier, thin buffer layers 
of either AlN or GaN greatly improve the crystallographic, electrical, 
and optical properties of GaN and AI,Ga,,N alloy films. 
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X-Ray and Optical Spectroscopy 

Alloy compositions (x)  as determined by energy-dispersive X-ray spec- 
troscopy and by X-ray diffraction measurement of the lattice constants 
agreed to within k0.02, confirming that Vegard's law is obeyed for these 
self-nucleated AI,Ga,-xN films. The high crystalline quality of these 
Al,Gal_xN alloy films is evidenced by 8/28 X-ray diffractometer scans.]' 
As for GaN, the (00.1) plane of the A1,Ga,_xN layer parallels that of the 
sapphire substrate, and the clear separation in the KallKa2 doublets for 
the low-angle (00.2) reflection show that the structural coherence paral- 
lel to the growth direction is excellent. The full-width at half-maximum 
from a Lorentzian fit to the K a ,  component as a function of alloy com- 
position 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 het- 
eroepitaxy [as now expected ( 10.O}A1xGal,N// { 1 l.O}sapphlre] has also 
been assessed as a function of alloy composition. In line with the trend in 
the c-axis length, the a-axis length vanes linearly with composition, with 
a gradient correlating with the different c/a ratios of GaN and AIN. 
Furthermore, the azimuthal coherence (mosaic spread) deteriorates 
slightly across the series, presumably in parallel with the softly degraded 
structural coherence seen in the film growth direction. 

In order to assess the misorientation of the mosaic of Al,Ga,,N 
islands relative to the growth direction (polar dispersion), X-ray rocking 
curves through this same (00.2) reciprocal lattice vector have been 
recorded,l2 and Fig. 6 displays roclung curves for films with composi- 
tions ranging from x = 0 (GaN) to x = 0.38. Three features of the scatter- 
ing profiles are immediately evident: (1) there is a shift to higher 8 with 
increasing x that reflects the decreasing (linearly) c cell constant: (2) the 
peak widths are on the order of tenths of a degree and are much larger 
than that for the comparable (00.6) reflection from the sapphire sub- 
strate; and, (3) there is a systematic broadening of the full-width at half- 
maximum for the X-ray rocking curve with increasing A1 content, 
signaling a decrease in orientational coherence. Specifically, the varia- 
tion in the FWHM as a function of film composition is shown in Fig. 7(a) 
and displays a clear linear dependence, with the F'WHM nearly doubling 
on going from x = 0 to x = 0.38.12 

We next turn to the optical characteristics of these alloy films, and 
Fig. 8 shows a plot of the square of the absorption coefficient a as a 
function of photon energy for a selection of AIxGal-xN alloys in the 
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0 (deg.) 

FIGURE 6 X-Ray rocking cnrves through the (00.2) reflection for several Al,Ga,_xN thin 
films. The shift to larger €I along the abscissa reflects the decrease in the c cell constant 
with increasing A1 concentration. 
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FIGURE 7 Variation as a function of film composition for: (a) the FWHM for the X-ray 
rocking curve of the (00.2)A1,GaI~,N reflection; (b) island width. 
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Energy (eV) 

FIGURE 8 Absorption coefficient squared (a2) as functions of photon energy for 
AI,Ga,_xN alloys with x < 0.4. 

range 0 I x 50.4." The solid lines are drawn from the point of maxi- 
mum gradient in the absorption curves, and their extrapolated intercepts 
were used to calculate the optical bandgap energies Eg of these 
AIxGa,-xN alloys. The absorption curves do not exhibit the large low 
energy tails observed in some other studies, indicating once again that 
there are minimal macroscopic non-uniformities in the samples. In fact, 
probing the films with a 1 mm diameter beam aperture showed a varia- 
tion of less than f0.02 eV in the derived Eg, corresponding to a variation 
in x of less than 0.01. 

Finally, a plot of the optical bandgap energy Eg as a function of the 
alloy composition is given in Fig. 9 and shows a nominally linear depen- 
dence of Eg on x with the bowing parameter b = 0 eV. This is in dis- 
agreement with samples deposited both directly onto sapphire and onto 
A1N-buffered sapphire substrates. The magnitude of this discrepancy is 
illustrated in Fig. 9 by the dashed lines representing the reported range of 
b values. It is difficult to fully resolve these differences, although it is 
noted that both the lattice constant and energy gap of a particular 
AlxGal-a film are functions of any residual strain present. It has been 
shown that GaN nucleation layers deposited on (00.1) sapphire sub- 
strates become fully relaxed by the time that they have been ramped 
from their deposition temperature to the growth temperature of the GaN 
overlayer, a result that is independent of film thickness.7 It has been 
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speculated12 that the differing results for the trends in optical bandgaps 
are attributed to an equal variance in the residual strain. 

Scanning Tunneling Microscopy: Surlace Imaging 

Representative scanning tunneling microscopy (STM) scans for four 
Al,Cia,-,N thin films are displayed in Fig. 10. It is immediately dis- 
cernible that on a fine scale these films are also comprised 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 hundred nanometers. It is further apparent that there is a signif- 
icant decrease in island size with increasing Al concentration. In fact, the 
decrease in island width from STM or AFM scans is also linearly corre- 
lated with film composition as depicted in Fig. 7(b). Furthermore, over 
the compositional range spanned by these films, the relative rate of 
decrease (about a factor of 2) in in-plane island width is nearly the same 
as the relative rate of increase in the out-of-plane misorientation 
(inversely proportional to the FWHM) [Fig. 7(a)]. It seems clear, then, 
that these two structural properties are highly correlated. 

The decrease in grain size in these self-nucleated Al,Ga,-,N alloy 
films implies a parallel reduction in a growth factor influenced by 
increasing A1 content. This has also been observed across a series of 
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FIGURE 10 Scanning tunneling microscopy images (4p x 4p) for AI,Gal ,N thin films 
with: (a) x = 0; (b) x = 0.18; (c) x = 0.31; and (d) x = 0.38. 

A1N-nucleated films,” where there is a common nucleation layer whose 
lattice mismatch with the overlayer decreases with increasing A1 con- 
tent. It might have been anticipated in this latter case that the grain size 
could in fact increase with increasing x (in contrast to experiment). In 
the self-nucleated films, the nucleation layer composition matches that 
of the overlayer and could lead to the naive speculation that the grain 
size might remain essentially constant (again in contrast to experiment). 
The accumulated results suggest, then, that lattice matching the nucle- 
ation layer and overlayer is not a predominant factor in modifying the 
growth mode, although the reduction in grain size with increasing A1 
content is considerably less pronounced for the self-nucleated films. 
What the comparison of the results of these two studies does is to 
demonstrate that a reduction in surface mobility or nucleation site den- 
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sity with increasing A1 content dominates the growth process for the 
AIXGal,N overlayers. 

CONCLUSIONS AND PROSPECTIVE APPLICATIONS 

The improvements in growth and characteristics of GaN and 
Al,Ga,,N thin films have resulted in significant inroads in device 
technology.l4J5 For example, high-efficiency blue-emitting metal- 
insulator-semiconductor light-emitting diodes (LEDs) have been fabri- 
cated 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 addi- 
tion, high-quality, low-aluminum-content GaN/A1,Gal,N heterostruc- 
tures have been produced that exhibit quantum confinement effects by 
photoluminescence, stimulated emission under photon pumping, and 
electron mobility enhancement. In addition, violet-emitting indium 
gallium nitride (ln,,Ga,N)/GaN LEDs with external quantum efficien- 
cies of 0.22% have been developed and double-heterostructure blue- 
and green-emitting lnl,Ga,N/A1,Gal..~,N LEDs with external quantum 
efficiencies of over 6% have been reported.16 For ourselves, we have 
concentrated on the development of solar-blind UV detectors based on 
the AlxGal-xN system. 17 Finally, the long-sought nitride-based blue- 
laser diode has recently been achieved.’* 

These results demonstrate that GaN and its alloys can no longer be 
regarded as “semiconductors of the future,” particularly since 
In,,Ga,N/Al,Ga,-~ thin-film devices are currently under full-scale 
production. However, it is apparent that the crystal quality and defect 
density of even the best heteroepitaxial GaN material is far from ideal 
and that much work still remains to be undertaken before the system can 
be considered fully under technological control. 
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