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It is well accepted that point and extended defects play an important role on the properties of III-V nitride semiconductors.
It is also essential to understand the defect formation mechanisms to obtain the necessary material control to reach the full
realization of the technological potential of the wide bandgap material system. Due to the nature of the centers involved a
detailed and extensive investigation must be performed in controlled samples. In this work, results obtained using a
combination of defect-sensitive techniques employed to detect, identify, and verify the role of defects and impurities in the
structural, optical, and electronic properties of thick freestanding GaN, bulk AIN, and homoepitaxial layers are reviewed. The
sharpness and line-shapes of XRD and Raman scattering lines of AIN and GaN were employed as figures of merit to evaluate
the crystalline quality and homogeneity of the bulk and epitaxial layers. Detailed luminescence studies of AIN and GaN, grown
by different techniques, and homoepitaxial films show evidence of the pervasive nature of some defects.
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Introduction Typically, unintentional doped (UID) heteroepitaxial
GaN films, deposited commonly on sapphire or SiC,
The III-V nitride semiconductor system combines have relatively low level of compensation and have
extreme values of fundamental physical and chemical room temperature net free-electron concentrations around
properties, which promotes as one of the most promi- 1 x 10" electrons/cm®. These films can be doped with
sing material system for the fabrication of a variety of Mg to reproducibly achieve p-type conductivity with
optical devices operating in the visible and UV spectral concentration in the lower 10'7 holes/cm® range [1].
range, and electronic devices capable of performing at The control of the conductivity type led to the fabri-
extreme conditions of power, frequency, temperature, cation and commercialization of a number of optical
and in harsh environments. The remarkable improve- devices, despite the high concentration of dislocations
ment in the quality of thin heteroepitaxial GaN and (typically between 10° and 10'°/cm?), the limitation on
AIN films achieved in the last decade, resulting from the hole concentration, and the lack of identification
deposition of optimized nucleation (buffer) layers and and further reduction of the background donor concent-
better understanding of growth processes, has allowed ration. A variety of models were suggested to explain
the fabrication and commercialization of a number of the large background concentration of free-electrons
optical devices. However, the properties of these hetero- observed in UID heteroepitaxial GaN films. Previous
epitaxial films are still seriously limiting the perform- calculations have indicated that the nitrogen vacancy
ance of devices demanding higher material yields, e.g., (Ny) could behave as the active shallow donor in GaN
laser diodes and high-frequency/power devices. The [2]. However, more recent first-principles calculation
high growth temperature usually required to produce results have shown that the formation energy of Ny is
these wide bandgap materials exacerbates fundamental too high to allow the incorporation of such a high
material problems such as residual stress, difference in concentration of donors during the growth [3]. Detailed
thermal expansion coefficient, low energy defect electronic transport studies of electron irradiated
formation, and impurity incorporation. In addition, samples showed conclusively that the binding energy
doping activation and self-compensation are difficult to of Ny donor is considerably higher than that observed
control at the typically high deposition temperatures. for shallow donors in UID films [4]. Although impuri-
Overcoming these limitations will require the use of ties such as oxygen and silicon have been considered
native substrates to grow electronic grade homoepitaxial as the potential pervasive shallow donors in GaN, only
layers. recently detailed experimental work had identified the
chemical nature of the these donors [5].
*Corresponding author: Despite the considerable progress recently accom-
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increasing interest on optical devices operating at deep-
UV wavelength range has motivated material scientists
to grow high-quality AIN heteroepitaxial layers [6-8].
AIN has been deposited by both MOCVD and MBE
techniques, and more recently by hydride vapor phase
epitaxy (HVPE) [9-12]. Similarly to GaN, plan view
and cross-sectional TEM studies verified that the
dislocation density of AIN heteroepitaxial layers are
typically between ~1x10® and 2x 10" cm™ [13].
Typically, UID AIN films are insulators. Considering
that AIN has the same crystallographic structure as
GaN, it may be an adequate substrate option to replace
sapphire and/or SiC for heteroepitaxial growth. The
properties of bulk and thick freestanding (FS) III-V
nitride substrates and their structural, optical, and
electronic properties, and their potential application as
substrates for epitaxial growth will be reviewed.

Growth of bulk and thick III-nitride substrates

Growth of crack free UID GaN films with thick-
nesses ranging from 100 pum to 300 um on two-inch
(~50 mm) c-plane sapphire substrates using the HVPE
technique have been reported by a number of research
groups [14-16]. The substrates are placed on a 1030 °C
horizontal susceptor in a hot-wall HVPE reactor. Ga
metal and HCI are pre-reacted to form GaCl gas, which
is transported by nitrogen carrier gas to the hot growth-
zone where it reacts with NH; and deposits GaN on the
(0001) sapphire substrate. For a V/III ratio from 20 to
35, a growth rate between 30 and 100 wm/h can be
reproducibly achieved. These thick layers can be
removed from the sapphire substrates by laser-assisted
lift-off (248 nm line of KrF laser, with 20 ns pulse
width and 50 Hz pulse rate). A laser beam energy
density of 0.2 to 0.3 J/cm? was enough to release the
nitrogen from the film forming a thin layer of liquid Ga
at the film/substrate interface. To prevent fractures
induced by the wafer bowing during the laser lift-off
process, the GaN/sapphire templates were kept hot at a
temperature below the decomposition temperature [14].
The growth surfaces of the freestanding (FS) GaN
templates are extremely rough with large number of
hillocks, and so they are inadequate for homoepitaxial
growth. Flat, smooth surfaces are obtained after
mechanical polishing, which introduces subsurface
damage extending up to 4000 A below the surface. The
polished growth surfaces (Ga-face) are reactive ion
etched (RIE) to remove the damage [15]. Efficient
chemical-mechanical polishing processes of the growth
surface are still under development.

GaN (0002) XRD reflections obtained from the FS-
UID HVPE-GaN wafers were measured at both surfaces
(growth and interface) and with different wafer orient-
ations for beam widths of 500 um and 100 wm in order
to establish the source of the rocking curve broadening.
The reflection intensities versus angle of the sample
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Fig. 1. X-ray rocking curves measured with 500 (a) and 100 um
(b) beam width. The spectrum in (a) is easily fitted with five
Gaussian, as represented by the continuous line. Note the large
difference on the FWHM between the spectrum acquired in the
growth surface and the interface side of the FS-HVPE GaN
substrate. After Ref. 17.

scanned with the 500 um beam at the growth surface
resulted in asymmetric lines with FWHM values bet-
ween 633 and 721 arcsec, clearly showing multi-com-
ponents contribution, as represented in Fig. la [17].
Note that these values are nearly identical, indicating
that they are independent of the surface and orientation
of the wafer. Measurements performed with 100 um
beam width results in sharp symmetric lines with 56
arcsec and 162 arcsec for the front and back surfaces,
respectively, as shown in Fig. 1b [17]. From the
difference in the horizontal scales used in the plots, we
conclude that the irregular broadening observed with
the larger beam is due mostly to the larger number of
imperfections seen by the beam. The range of angular
variations and mosaicity is effectively limited to within
the region of a single grain, such that the observed
broadening in this case characterizes the mosaicity
within the grain. The dislocation density of these
substrates is typically <10” cm™ [15].

AIN has been successfully grown by sublimation, but
the high reactivity of aluminum gas at high sublimation
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temperatures (typically around 2000 °C) cause problems
with regards to AIN purity and crucible stability [18-
20]. The largest crystal dimensions previously reported
was of 470 mm® [20, 21]. In this technique, the AIN
precursor, prepared by direct reaction of aluminum
powder and nitrogen at 1850 °C, was sealed in a tung-
sten crucible and an unseeded multi-grain crystal grew
at the rate of 0.3 mm/h at 2250 °C in a nitrogen atmo-
sphere. Samples produced by sublimation-reconden-
sation technique are continuously improving. Boules of
15 mm diameter, grown at a 0.99 mm/h rate, are easily
reproduced. These boules contain grains exceeding 1
cm, which typically show X-ray rocking curves with
FWHM of around 100 arcsec or less and dislocation
density less than 10%cm? [22-24]. Recently, crystals
with X-ray rocking curve of FWHM less than 10
arcsec and dislocation densities of 800-1000/cm? have
been fabricated [25].

Spontaneously nucleated AIN crystals can be also
grown from the single precursor AICI;-NH;. This
process requires several successive steps, namely, the
synthesis of AICI;-NHj;, the evaporation and transport
to a reaction chamber and the decomposition and
growth of single crystal AIN. The dry AICI;-NH; is
obtained by a sequence of few processing steps.
Initially, dry AICl; is produced after heating pure Al
powder in dry HCI flow. The AICI; is saturated with
ammonia at 150°C to form a polyammoniate poly-
crystalline powder with composition AICI;-(1.5-2.5NHj3).
The polyammoniate is slowly heated in He flux at 417-
420°C to distill the white monoammoniate powder.
The distilled AICl;"NH; precursor powder is placed in
the cold zone of a two-zone quartz tube reactor. The
temperature of the evaporator is increased up to 300-
320°C to produce AICI;-NH; vapor subsequently trans-
ported by hydrogen or helium carrier gas to the hotter
zone to decompose the AICI;'NH; and grow the AIN
crystals. AIN platelets with hexagonal cross-section (up
to ~4 mm? and 150 um thick) are spontaneously nucleated
on graphite or quartz substrates in the temperature
range between 1300°C to 1400°C. A detailed discus-
sion of the growth technique has been reported else-
where [26]. The AIN (0002) XRD reflections obtained
from various samples fabricated from monoammoniate,
using a beam width of 500 um, show symmetric lines
with full width at half maximum (FWHM) between 36
and 54 arcsec. Figure 2 shows a XRD line with
FWHM of 36 arcsec measured on one hexagonal
platelet with area of about 3 mm? [27]. The small
FWHM value and the high intensity of the single-line
indicate the high single-crystalline quality of this
sample.

Large area, ranging from 0.5 to 1.75” ( 12 mm to 44
mm) diameter, thick (0001) AIN films have been
deposited on Si and/or SiC substrates by HVPE techni-
que, and chemically removed from the substrates [28].
These FS films were used as seeds to grow AIN boules
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Fig. 2. XRD reflection of the c-plane AIN fabricated from
monoammoniate precursor (sample#2) measured with beam width
of 500 um. After Ref. 17.

of few millimeters of thickness. Wafers of 200 wm to
500 um of thickness were sliced from the boules. After
lapping and polishing, selected wafers were used again
as seeds for the growth cycle to improve the boules’
crystalline quality. The typical value of the X-ray
rocking curve FWHM of the (0002) reflection is of 700
arcsec, using a wide (10 mm X 1 mm) X-ray beam [29].

Structural properties of III-nitrides substrates

The hexagonal (2H) phase of GaN and AIN, a
wurtzite structure belonging to the space group Cg,* or
P6;mc, has two molecules per unit cell. Group theory
predicts eight zone-center optical modes, namely 1A,
(TO), 1A, (LO), 2By, 1E; (TO), 1E; (LO), and 2E,.
The two B; modes are optically inactive, but all of the
six allowed modes have been observed by Raman
spectroscopy [30, 31].

The first order Raman scattering (RS) spectra of a
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Fig. 3. Room temperature First-order polarized Raman scattering
spectra of a ~167 um thick FS-HVPE GaN substrate. After Ref.
27.
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Fig. 4. Room temperature polarized Raman spectra of bulk AIN
grown by thermodecomposion of AICI;-NH. The letters inside the
brackets represent the incident and the scattered light polarization,
while the letters outside of the brackets represent the direction of
the incident and scattered light. After Ref. 33.

FS-HVPE GaN sample measured at room temperature
for different sample orientations and light polarizations
are represented in Fig. 3. Using sample orientation and
polarization selection rules for the incident and scatter-
ed light we measured the first order Raman spectra
with the Z(X,XY)Z, Y(Z,XZ)Y, and Y(X,XZ)Y sym-
metries, as represented in Fig. 3 by Porto’s notation
[32]. The Raman shift for the allowed modes A1 (TO),
E1(TO), E%, A1(LO) and E1(LO) are 534 cm™, 559
em™, 569 em™, 734 em™!, and 740 cm™, respectively.
Analyses of the peak positions and linewidths of the
observed first order phonons confirm the good crystal-
line quality and lower biaxial stress of the wurzite FS-
HVPE GaN substrates [17].

High quality AIN crystals fabricated by thermo-
decomposition of aluminum chloride monoammoniate,
was used to study the first order RS spectra of AIN.
Figure 4. shows the Raman spectra measured at two
different sample orientations and light polarizations.
The Raman lines for the allowed modes A1(TO), E1(TO),
E%, A1(LO) and E1(LO) are observed at 608.5 cm™,
667.2 cm™, 655.1 cm™, 888.9 cm™!, and 909.6 cm™,
respectively. The peak positions and relatively small
linewidths of the phonon lines indicate that this low
temperature growth process can fabricate low defect
and stress free crystals. A complete discussion of the
RS study will be presented elsewhere [33].
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Optical and Electronic properties
of Ill-nitride substrates

Unintentionally doped thick FS-HVPE GaN films are
also typically n-type, but with much lower background
free-electron concentration than HPS bulk GaN. Detailed
electrical transport experiments yield a room temperature
carrier mobility of 1245 ¢cm?/V s and a carrier concent-
ration of 6.7 x 10'%/cm’ for an acceptor concentration
of 1.7 x 10"/cm? [34]. Assuming an idealistic reduction
of two orders of magnitude of the background donors
and acceptors, to keep the same compensation level,
the maximum mobility at room temperature is expected
to reach 1350 cm?/Vs [34].

Low temperature PL spectra of similar UID FS-
HVPE GaN films typically show intense recombination
emission lines associated with annihilation of excitons
bound to neutral donors (X-D°) and their phonon
replicas (nLO-XD®). Also commonly observed are weak
zero-phonon lines from shallow-donot/shallow-acceptor
pairs (DAP) recombination and their phonon replicas
(nLO-DAP). Broad luminescence bands observed below
3.0 eV are discussed elsewhere [35]. Figure 5 shows
the PL spectra of a ~12 um thick heteroepitaxial film
(sample#1) from reactor 1 and a ~150 pum thick FS
film (sample#2) from reactor 2. The spectrum of
sample#2 shows, in the 3.52 eV to 3.46 eV region,
emission lines related to the excited state of the free-
exciton A (FX,?), the ground state of the free-exciton
B (FXg'), the ground state of the free-exciton A
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Fig. 5. 6K PL spectra of a ~12 um heteroepitaxial film (sample#1)
and of a ~150 um thick freestanding film (sample#2). The
presence of a variety of sharp excitonic lines in this spectral region
indicates the high crystalline quality of both samples. After Ref.
36.
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Fig. 6. High-resolution and low temperature PL spectra of the
sample#2 in Fig. 3 measured with different laser power densities.
The line assignments are discussed in the text. After Ref. 37.

(FX,'), and the dominant exciton bound to a neutral
donor (XD°). Around 3.45 eV we detect the so-called
two-electron satellite (2ES) spectrum resulting from the
recombination processes in which the neutral donors
are left in an excited state after the exciton annihilation.
Note that for energies below 3.42 eV we observe the
one-phonon replicas of all features listed above. The
PL spectrum of sample#1, dotted line, shows most of
the features observed in the spectrum of sample#2.
However, these features are broader and smeared, and
shifted to higher energy due to inhomogeneous broad-
ening and compressive strain, respectively, caused
mostly by the substrate [36]. Figure 6 shows four PL
spectra of sample#2 measured with higher resolution
(bandpass <100 peV) at 5K under several laser excit-
ation intensities, as indicated in the figure. The
dominant features in all spectra are emissions associ-
ated with the recombination of ground-state excitons
bound to neutral donors (often designated I,°, or X-D°)
centered around 3.4714(2) eV (all energy values are
corrected for index refraction of air). The dominant
peak is composed of three peaks at 3.4714(4) eV,
3.4718(9) eV, and 3.4722(8) eV (average values obtain-
ed from a number of measurements), assigned to A
excitons bound to different neutral donors [37]. To
identify the chemical nature of these three background
donors, high-resolution IR absorption and high
sensitivity SIMS measurements were carried out on the
same set of samples characterized by high resolution
PL spectroscopy [38]. The low temperature IR absorp-
tion spectra of sample#1 and sample#2 shows two
dominant donors. The shallowest and not fully com-
pensated donor, N1, is dominant in sample#1, while the

deepest observed donor, N2, is present at higher
concentration in sample#2. A third shallow donor, N3,
is observed only in sample#2. Assigning the dominant
spectral lines to 1s-2p transitions, the values 30.19 £ 0.1
meV, 33.21 £ 0.1 meV, and 31.23 £ 0.1 meV are obtained
for the ground state binding energies of donors N1, N2,
and N3, respectively [34]. The 0.3 meV shift of the
peak positions of N1 and N2 in sample#1 to higher
energy as compared with sample#2 results from the
biaxial strain in the heteroepitaxial sample#1. High
sensitivity SIMS measurements were performed to
identify the atomic nature of these donors. Special
concern was dedicated to the SIMS impurity back-
ground and references for each tested impurity. C, Cl,
H, O, Si, and S impurity levels were measured. The
detected concentrations of O and Si are ~2.4 x 10'® cm™
and ~1.2x 10" cm™ for sample#1 (heteroepitaxial
layer), and ~2.1 x 10'® ecm™ and ~3.7 x 10'> cm™ for
sample#2, respectively. The concentration of O in both
samples is about the same, while sample#1 has about
34 times more Si than sample#2. The integrated
absorption coefficients (IAC) for donors N1 and N2
are, respectively, 10177 and 1918 for sample#1 and
302 and 1931 for sample#2. It is important to point out
that the IAC for N2 is about the same for both samples,
while the N1 TAC is approximately 34 times larger for
sample#1 than sample#2. These results, since none of
the other investigated impurities tested by SIMS are
consistent with the IR results, indicate that the shallow
donors N1 and N2 observed in our HVPE samples are
Si and O, respectively [38]. Assuming a similar IAC
for N3 (D), a concentration of 2.1x 10" cm™ is
obtained. This extremely small value confirms the high
sensitivity of FTIR spectroscopy to detect background
impurities.

The three PL lines at 3.4714(4) eV, 3.4718(9) eV, and
3.4722(8) eV, represented in Fig. 6, based on the FTIR
and SIMS results, are assigned to A excitons bound to
O, D,, and Si neutral donors, respectively. This identi-
fication is consistent with the linear dependence bet-
ween exciton binding energies and impurities binding
energies, which follows the empirical Haynes rule with
linear coefficient of 0.214 [26, 39]. In addition, the Si
and oxygen impurities binding energies measured from
the 2ES spectra are in excellent agreement with the IR
binding energy values [40].

Although n-type bulk substrates are convenient for
optical devices fabrication, semi-insulating (SI) sub-
strates are most desirable for high-frequency devices
fabrication. Material scientists have employed different
approaches, adequate for each growth techniques, to
reduce the background carrier concentration by control-
ling the growth conditions and/or doping with impurities
to provide the necessary concentration of compensating
centers.

Nominally undoped FS-HVPE GaN, which also are
typically n-type with background carrier concentration
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<1 x 10"/cm’®, can be grown SI by using intentionally
introduced transition metal impurities during the growth
to compensate the residual donors. Iron concentrations
lower than 1x 10'/cm® are sufficient to compensate
unintentionally incorporated impurity and native defects.
The resistivity of such samples measured at 250 °C was
3 x 10°Q c¢cm and at room temperature was estimated as
2 x 10°Q cm [41]. Zn doping, with concentration rang-
ing between 10'® to 10*° cm™, was also successfully
employed to grow ST GaN films with resistivity 10'2Q
cm at 300 K and 10°Q cm at 500 K [42].

Despite the large concentration of residual oxygen in
AIN grown by sublimation-recondensation, typically
between 3 x 10"%cm® to 1 x 10*'/cm?, it is still SI at
room temperature. This is due to the fact that most of
the oxygen is not incorporated as a substitutional
shallow donor, but as impurity-forming complexes with
point and extended defects, which are located deep in
the gap and behaving as compensating centers [43, 44].
AIN wafers grown by HVPE show a typical resistivity
exceeding 10°Q cm at room temperature and 10°Q cm
at 500 K [29].

Figure 7. shows the low temperature cathodolumine-
scence (CL) spectrum from 2.0 eV to approximately
6.2 eV of the a-face AIN sample 00G of Ref. 39, which
has a considerable low oxygen content. In addition to
an intense sharp near-band-edge (NBE) emission around
6.0 eV, two broad and featureless bands with peaks
near 3.5 eV (VB) and 4.4 eV (UVB) are also observed.
These bands have been previously associated with
oxygen impurities [43, 44]. The high-resolution CL
spectrum of the sample represented in Fig. 7 is
highlighted in Fig. 8. The continuous line represents
the best fit to the experimental data, represented by the
open circles, using Lorentzian line shapes. The inten-
sity and the sharpness of the lines attest to the high
crystalline quality of the sample. Thermoionization
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Fig. 7. 5K CL spectrum of an a-plane AIN sample fabricated by
sublimation-recondensation technique. The nature of NBE and the
two broad emission bands are discussed in the text. After Ref. 45.
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Fig. 9. Low temperature CL of a c-plane AIN (sample#2)
measured at three different electron beam currents. The spectra
between 2.0 eV and 4.1 eV were corrected with a calibrated light
source to removed instrumental response. After Ref. 27.

studies of the recombination processes in the spectral
range represented in Fig. 8 strongly suggests that the
most intense line at 6.010 eV is associated with the
annihilation of FX, bound to a shallow neutral
impurity with an exciton binding energy of about 15
meV [45]. The lines at 6.026 eV and 6.041 eV are
observed up to 150 K, which may be related to the
annihilation of free excitons [45].

Figure 9 shows the low temperature CL spectra of
sample#2, grown by thermodecomposition of aluminum
chloride monoammoniate, in the spectral range between
2.0 eV and 6.2 eV. The spectrum measured with a 0.5
WA e-beam current shows two broad overlapping bands
with peaks at 3.6 eV and 4.3 eV. Note the similarity of
all these spectral features with that observed in the CL
spectrum of the sublimation sample. The spectra
measured with 1.0 pA and 5.0 @A currents show an
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Fig. 10. High-resolution CL spectra of sample#2 measured at
different temperatures. The assignments of the NBE lines are
presented in the text. After Ref. 27.

additional band at 5.3 eV, whose origin is not under-
stood [27]. Figure 10 shows the high resolution CL
spectrum in the NBE spectral region measured at
various temperatures of the thermodecomposition sample.
The spectra show the expected systematic reduction of
the CL intensity upon increasing temperature from 5K
to 90K. Note that the intensity of the line at 6.0089 eV
reduces at a faster rate than that of the lines at 6.0250
eV and 6.0363 eV. This behavior is commonly observed
in recombination processes involving complexes, such
as excitons bound to neutral impurities, where one of
the components (i.e., the exciton) has lower binding
energy. Based on this observation and the similarity of
these spectra with that of GaN, the line at 6.0089 eV is
assigned to a recombination process associated with the
annihilation of exciton bound to a shallow neutral
impurity (probably a donor, XD° due to the small
energy value), while the lines at 6.0250 eV and 6.0363
eV are assigned to recombination processes associated
with the annihilation of FX. The value of the FX
binding energy to the shallow donor is given by the
slope, Ex/kT, of the exponential quenching curve at the
highest temperatures (i.e., 17.76 meV), and it is
consistent with the 16.10 meV separation between the
XD° and FX, lines [27]. This assignment must be
verified by other techniques such as absorption or
optical reflectance. The asymmetry at the lower energy
side of the XD’ line may indicate the presence of an
additional line at 6.0058 meV, resolved assuming
Lorentzian line shapes in the spectral fitting, which
may be associated to a second shallow donor. The
major difference of the lowest temperature spectrum of
Fig. 10 as compared with the spectrum in Fig. 8 is the
relative intensity of the three dominent bands. This
observation suggests a pervasive character of the
shallow donors associated with the NBE emission
bands in bulk AIN. Therefore, a more systematic study
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Fig. 11. High-resolution PL spectra of two MOCVD films, an UID
and a Si-doped GaN, deposited on FS-HVPE substrates. The
assignments of the lines associated with excitonic recombination
processes are discussed in the text. After Ref. 47.

is required to access the intrinsic material properties.

CL measurements performed in samples fabricated
by RF assisted vapor phase technique and HVPE show
the same spectral features observed in the CL spectra
of samples grown by sublimation and thermodecom-
position. This observation strongly supports the idea of
pervasive impurities incorporation in AIN independent
of the growth technique [29, 46].

Optical and Electronic properties
of homoepitaxial III-nitride films

UID and Si doped (<1 x 10" electron/cm®) homo-
epitaxial layers were deposited on FS-HVPE GaN
substrates with a nominal surface roughness of about 5
nm by low pressure OMCVD. Films with thickness of
about 5 um are characterized by growth surface rough-
ness of about 0.2 nm RMS and reduced thread
dislocation density, as compared with the substrate
[47]. The full-gray line spectrum of Fig. 11 marked as
HOMO-UID, measured on the UID homoepitaxial
film, shows a reduction of the total intensity of the
neutral donor-bound exciton related emissions and a
relative decrease of the intensity of the free-exciton
line. The lower energy side of the neutral donor-bound
exciton emission band is also reduced, suggesting that
the dominant donor is that at the highest energy side of
this band. This is consistent with the reduction in the
concentration of the neutral donor background in the
UID homoepitaxial layer. The PL spectrum of this Si-
doped layer is characterized by a larger increase on the
high-energy side of the neutral donor-bound excitons
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Fig. 12. High-resolution CL spectra of a MOCVD AIN film
deposited on a sublimation AIN substrate. The details of the line
assignments are presented in the text. After Ref. 48.

indicating that Si is in fact the shallower donor in GaN
[47]. These results further strengthen the identifications
of O and Si proposed in Refs. 5 and 34.

UID homoepitaxial films deposited by MOCVD on
high quality AIN substrates misaligned 10° from the c-
axis, with a nominal thickness of 0.5 um, have been
investigated by variable-temperature high-resolution
CL spectroscopy. The NBE CL spectrum measured at
5K, represented in Fig. 12, show six individual lines
assigned to recombination processes involving the
annihilation of free-excitons and excitons-bound to
neutral donor and acceptor impurities. These assign-
ments relay on detailed thermal quenching studies [48].
These lines are considerably narrower than those
previously observed in the substrate, which indicates
the higher structural and optical properties of the
homoepitaxial layer. UID homoepitaxial HVPE films
of about 2 um thickness have also been successfully
deposited on wafers grown by HVPE. The increased
ratio of the intensity of NBE emission lines to the
intensity of the deep emission bands of the
homoepitaxial layer in comparison with the ratio of
these bands in the HVPE substrates strongly suggests
the improved quality of the homoepitaxial layers.

Closing remarks

Optical techniques in combination with XRD have
been used to evaluate the morphological, structural,
and electronic properties of bulk and homoepitaxial
layers of AIN and GaN. XRD and RS results indicate
that the both materials have the wurtzite crystalline
structure and no detectable residual biaxial stress. Low
temperature PL studies of FS HVPE-GaN and UID and
Si-doped homoepitaxial layers indicates that the GaN
substrates and the UID homoepitaxial films, based on
the sharpness of the near bandedge emission and the
number of phonon replicas, have low background level

Jaime A. Freitas, Jr.

of donors and compensating acceptors. In addition, Si
and O are the dominant pervasive donors. Variable
temperature CL experiment performed in bulk AIN
crystals grown from aluminum monoammoniate precursor
and by sublimation-recondensation processes have high
crystalline quality and a residual level of pervasive
impurity, which is associated with the dominant recom-
bination processes. Similar CL studies carried out on
thick freestanding AIN and homoepitaxial layer grown
by HVPE show the same spectral features observed on
the bulk AIN samples. These observations confirm the
pervasive character of the deep defects as well as
shallow impurities incorporated in AIN. A detailed
study must be pursued to identify the nature of these
defects.
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