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Abstract: GaN and its alloys with InN and AIN are of technological importance for a variety of
optical, electronic, and optoelectronic devices due to its high thermal conductivity, wide band gap,
high breakdown voltage and high saturation velocity. GaN-based devices now provide superior
performance for a variety of high power, high frequency, high temperature, and optical applications.
The major roadblock for the full realization of Nitride semiconductor potential is still the availability
of affordable large-area and high-quality native substrates with controlled electrical properties.
Despite the impressive accomplishments recently achieved by techniques such as hydride vapor
phase epitaxy and ammonothermal for GaN growth, much more must be attained before establishing
a fully satisfactory bulk growth method for this material. Recent results suggest that ammonothermal
GaN wafers can be successfully used as seeds to grow thick freestanding GaN wafers by hydride
vapor phase epitaxy. A brief review of defect-sensitive optical and paramagnetic spectroscopy
techniques employed to evaluate structural, optical, and electronic properties of the state-of-the-art
bulk and thick-film (quasi-bulk) Nitride substrates and homoepitaxial films is presented. Defects
control the performance of devices and feeding back knowledge of defects to growth efforts is key to
advancing technology.

Keywords: GaN; HVPE; ammonothermal; epitaxial, Raman scattering; photoluminescence;
magnetic resonance

1. Introduction

Gallium nitride (GaN) is a semiconductor that has an unusual combination of extreme
values of fundamental physical and chemical properties. Its unique characteristics have
made possible the fabrication of a variety of optoelectronic and electronic devices capable
of performing at extreme operation conditions of current, voltage, temperature, and in
harsh environments. The direct and wide bandgap (3.4 eV at room temperature) of GaN
results in a low intrinsic carrier density that leads to low leakage and dark currents, crucial
requirements for photo-detectors and high-temperature electronic applications. Despite
the relatively large carrier effective masses, which lead to lower carrier mobilities, the high
electron saturation velocity and high breakdown field make possible the fabrication of high
frequency electronic devices. In addition, its relatively high thermal conductivity opens the
possibility to realize a number of high-power device applications.

Presently, the major hurdle for full realization of the potential of GaN devices is the
lack of commercial availability of large area, high-crystalline quality native substrates
with full control of electrical properties. Low pressure Li- and Na-based solution growth
methods only produced platelets and needle shaped crystals [1,2]. The high nitrogen
pressure solution technique only yielded hexagonal platelets or needles from the gallium
melt with 1 at% nitrogen at temperatures up to 1700 °C and nitrogen pressure of 20 kbar [3].
Also, GaN decomposes before melting and, thus, requires extremely high pressure to
prevent premature decomposition [4]. In addition, GaN does not sublime, precluding the
use of vapor transport techniques for bulk GaN growth.
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For many decades the lack of native substrates for homoepitaxial growth compelled
material scientists to develop a deeper understanding of the nucleation process and to
optimize the properties of nucleation/buffer layers, which mitigate problems related
to heteroepitaxial growth [5,6]. As a result, the deposition of device-quality films on
foreign substrates (e.g., sapphire, Si, SiC, etc.) was accomplished. The resulting optimized
heteroepitaxial films have relatively smooth surfaces and improved crystalline quality [7],
and have lower intrinsic n-type background carrier concentration, which allows carrier type
control. Such templates have been successfully used to fabricate a number of commercial
optoelectronic and electronic devices [8]. Despite these remarkable achievements, the
properties of thin heteroepitaxial nitride films still seriously limit the performance of
devices demanding higher material yields, such as solid state lighting (which requires high
quantum efficiency light emitting diodes), laser diodes, and high-frequency/high-power
electronic devices, such as field effect and high electron mobility transistors. The high
growth temperatures usually required to produce wide bandgap materials exacerbates
fundamental material problems such as residual stress, differences in thermal expansion
coefficients, low energy defect formation, and impurity incorporation. In addition, doping
activation and self-compensation are difficult to control at the typically high deposition
temperatures. Furthermore, the high concentration of dislocations, resulting mostly from
lattice constant mismatch, typically on the order of 10 to 10'°/cm?, must be reduced to
improve device performance. Overcoming these limitations will require the use of native
substrates to grow electronic grade homoepitaxial layers.

Presently, Hydride Vapor Phase Epitaxy (HVPE) and Ammonothermal bulk growth
are the only two methods that have successfully demonstrated the manufacturing of
GaN boules. The first, a non-equilibrium process, only reproduces the starting substrate
dimensions, while the latter, an equilibrium process, allows increasing boule dimensions
under controlled growth conditions. In this work, we illustrate how several defect-sensitive
optical and paramagnetic spectroscopy techniques can be used to assist the optimization
procedures at various stages of growth.

2. Experimental Methods

Raman scattering (RS) is the most commonly used technique to study vibrational
phenomena in solids. This well-established non-invasive /non-destructive technique used
to identify crystal structure and verify crystalline quality is based on the observation of
vibrational modes and their polarization selection rules. The magnitudes of the incident
and scattered radiation wavevectors are much smaller than that of a general vector in the
Brillouin Zone (BZ). Hence, in order to conserve the wavevector the created (Stokes) or
annihilated (anti-Stokes) phonon must have a wavevector of magnitude near zero, i.e., near
the center of the BZ; or I'-point. Thus, the first order RS can investigate only phonons near
the center of the BZ. Phonons with larger wavevectors may be observed in second order
(two phonon) Raman spectra. Micro-Raman (u-RS), which uses a probing laser spot size
<1 pm, allows the evaluation of sample morphology, grain boundary orientation, strain,
and impurity distribution. For the case of wurtzite GaN group theory predicts eight
Brillouin zone-center optical vibrational modes, namely 1A;(TO), 1A;(LO), 2By, 1E{(TO),
1E1(LO), and 2E;. The two 2B; modes are optically inactive, but all the allowed optical
modes have been observed by RS [9]. It is useful to note that the energy position of the
E; mode is very sensitive to strain and the energy positions of the A1(LO) and E;(LO)
modes are very sensitive to free-carrier concentration.

Photoluminescence (PL) is one of the most widely used spectroscopic techniques
to characterize semiconductor materials because it is suitable, sensitive, non-destructive,
and relatively inexpensive to implement. There are very few constraints on material
preparation and a broad scope of phenomena, such as excitation processes, recombination
mechanisms, point- and extended-defects, can be investigated. Semiconductor materials
characterization by PL spectroscopy requires the measurement and interpretation of the
spectral distribution of recombination radiation emitted by the sample. Electrons and holes
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that are optically excited across the forbidden energy gap usually become localized or
bound at an impurity or defect prior to recombining. The identity of these localization
centers can often be determined from the PL spectrum. Relatively sharp lines are observed
in the near-band edge spectral region, which arise from the recombination of electron-hole
pairs that form bound excitons (BE) at impurity sites, or free-to-bound (FB) transitions due
to recombination of free electrons (holes) with holes (electrons) bound at neutral acceptors
(donors). Much broader emission bands, at lower energies, arise from the recombination
of carriers localized at deep centers. Qualitative information about crystal quality can be
inferred from the quantum efficiency and line widths of the near band-edge PL spectra,
and impurities can sometimes be identified on the basis of the binding energies inferred
from the spectral positions (energies) of the BE or FB transitions. One of the facts that make
PL spectroscopy extremely useful is its application during all phases of the development of
a new material system or growth technique. Typically, broad PL spectra that convey only
the most qualitative information are obtained from poor quality semiconductor materials
while sharper spectral features, which provide more specific information, will evolve as
material quality improves. This has certainly been true of the PL characterization of the
GaN films and bulk substrates that will be briefly reviewed in this manuscript.

Magnetic resonance techniques have been widely used to characterize defects in GaN
over the last 30 years. In particular, the interaction of the electronic spin and an applied dc
magnetic field splits the ground and excited states associated with point (such as dopants
and transition metals) and lattice defects (such as vacancies, interstitials, and anti-sites)
into one or more levels. Absorption of fixed energy microwaves at resonance conditions
(described below) can induce transitions between these levels and can be detected, in
principle, by spin resonance techniques such as electron paramagnetic resonance (EPR) and
optically-detected magnetic resonance (ODMR). EPR gives important information on the
ground state defect properties like their unique Zeeman splitting ‘g-factors” and possible
chemical identification thru resolved electron-nuclear hyperfine (HF) structure. In addition,
with an appropriate standard, the EPR technique provides a quantitative measure of the
defect densities in various GaN materials. ODMR, a complementary magnetic resonance
technique, combines the attributes of EPR with the sensitivity and selectivity of PL. Though
not quantitative like EPR, the ODMR technique provides information on the magnetic
properties of the optically excited donor and acceptor states that participate directly (or
sometimes indirectly) in radiative recombination processes.

2.1. Technical Approach

1-RS measurements were performed using a single-mode 488 nm solid state laser,
which was made coaxial with the detection axis using the beam-splitter part of a Volume-
Bragg-Grating filter set from Optigrate. These filters allow Stokes and anti-Stokes Raman
measurements closer than 10 cm ! to the laser. A 50x microscope objective (NA = 0.65) was
used to both focus the incident light into a small spot (~0.4 um) and collect the scattered
light, which then was dispersed in a half-meter Acton SP-2500 single-spectrometer and
detected using a Princeton Instruments CCD array (Spec-10:400BR back-thinned, deep-
depleted). All p-RS measurements shown here were acquired in a back-scattering geometry
z(yy)z. The axis of the incident 488 nm light was normal to the sample surfaces and light
back-scattered parallel to the incident beam was collected and measured.

The low temperature PL spectra described here were obtained with the samples
contained in a liquid helium cryostat, which provides temperatures ranging from 1.5 to
330 K. Most of the spectra were obtained in CW mode with excitation provided by a
HeCd laser (325 nm) or argon ion laser (351 nm). These excitation photon energies are
above the 3.54 eV low temperature direct band gap of hexagonal wurtzite GaN. Calibrated
neutral density filters were used to maintain the incident power within desired limits to
prevent sample heating, and to allow the observation of recombination processes with
different lifetimes. The emitted light was dispersed by an 1800 grooves/mm 0.85-m double-
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grating spectrometer and detected by a UV-sensitive GaAs photomultiplier coupled to a
computer-controlled photon counter system.

The EPR spectra were acquired using a commercial (E-300) Bruker spectrometer
operating at a frequency of 9.51 GHz. The spectrometer was equipped with a liquid helium
flow system that allowed for temperature control from 4.2-300 K. Typical microwave
powers of 2-6 mW with 1-2 G modulation amplitude and 100 kHz field modulation
were employed for these experiments. The g-values were calibrated with use of a DPPH
(2,2-diphenyl-1-picrylhydrazyl) standard while a P-doped Si sample was used as a standard
to obtain the density of spins associated with the EPR signals. The ODMR experiments
at 1.6 K were carried out in a 24 GHz spectrometer with the GaN samples placed in the
tail section of an optical cryostat. The PL was excited with the 351 nm line from an Ar
ion laser with typical power density of ~2 W/cm?. The ODMR signal corresponds to the
change in the PL intensity detected by a Si photodiode that was coherent with the on-off
amplitude modulation (~700 Hz-3 kHz) of 50 mW of microwave power while sweeping
a dc magnetic field up to 1.1 T. We note that only radiative recombination processes with
lifetimes longer than 50-100 ns could yield ODMR signals due to the maximum microwave
powers available in these experiments. As required, the PL bands discussed below were
separately analyzed with the ODMR technique by placing a combination of visible long-
wavelength cutoff and/or bandpass filters in front of the Si photodiode. Finally, for both
the EPR and ODMR studies, the GaN samples were rotated in the (1120) planes to obtain
defect symmetry information.

For most of the EPR and ODMR reviewed below, the magnetic resonance condition
was met for the case of a spin S = 1/2 defect with hv (9.5 GHz) = gugBres, where hv
corresponds to the (fixed) microwave energy, g is the Zeeman energy splitting factor, ug
is the Bohr magneton, and By is either the magnetic field position at the zero amplitude
crossing of the derivative-like EPR signal or the peak field position of the ODMR absorption-
like signal. In addition, the following expression for g-tensors in the case of axial symmetry
for a single spin S = 1/2 defect best describes the results of the angular rotation studies:
g(0) = (g 12cos? 0 + gJ_ZSiH2 0)!/2, where g and g, are the g-values with B parallel and
perpendicular to the c-axis, respectively, and 0 is the angle between B and the c-axis.

2.2. Samples

The HVPE deposition process of GaN, a fast quasi-bulk growth technique, has been
under development for about 4 decades [10]. Presently, GaN wafers between 2 and 6 inches
diameter, with thicknesses between 200 to 500 um, are commercially available. These thick
and crack-free GaN films are deposited on various substrates, including sapphire, the
sacrificial substrate of choice [11,12]. The substrates are placed on a 1030 °C horizontal
susceptor of a hot-wall HVPE reactor. Ga metal and HCl are pre-reacted to form GaCl
gas, which is transported by nitrogen carrier gas to the hot growth-zone where it reacts
with NH3 and deposits GaN on (0001) sapphire substrates. For a V/III ratio from 20 to
35, a growth rate between 30 and 100 um/hr can be reproducibly achieved. These films
can be removed from the sapphire substrates by laser-assisted lift-off or by void-assisted
self-separation [13,14]. The growth surfaces of such freestanding (FS) GaN templates are
extremely rough with large numbers of hillocks, and are inadequate for homoepitaxial
growth. Flat, smooth surfaces are obtained after lapping followed by chemical mechanical
polishing [15]. These substrates have dislocation densities typically between 10° and
107 /cm~2, which is orders of magnitude smaller than that of films deposited by MOCVD
(metal organic chemical vapor deposition) and MBE (molecular beam epitaxy) methods. In
addition, thick films having orders of magnitude lower concentrations of free carriers and
semi-insulating (SI) properties can be reproducibly deposited [16].

At present, ammonothermal is the only method to grow large area bulk single crystal
GaN boules from a small seed crystal. This method is a modification of the hydrothermal
growth technique developed to grow high quality crystalline quartz; whereas water is
used as an oxygen source for growing quartz, supercritical ammonia is used as a nitrogen



Crystals 2022, 12, 1294

50f23

source for growing GaN [17]. Large ammonothermal GaN (Am-GaN) bulk crystals have
been grown with both acidic (e.g., NH4Cl) and basic (e.g., NaNH; or KNHj) mineralizer
processes [18,19]. Despite its small crystal growth rate [20] the scalability of the autoclaves,
the large number of seeds that can be placed simultaneously, and the ability to sustain
growth for many hundreds of hours can overcome the small growth rate disadvantage.
Presently, ammonothermal c-plane GaN wafers of up to 50 mm in diameter, and smaller
dimension a-plane and m-plane GaN substrates, are commercially available. These wafers
are characterized by low dislocation densities (typically <10°/cm~2), very narrow XRD
(0002) rocking curves (typically <20 arcsec), and small curvature radii (between 100 m to
1000 m) [21]. Unfortunately, Am-GaN wafers commonly have a very high concentration of
free electrons (typically >5 x 10'8 /cm?3), which is detrimental to the fabrication of devices
that require low free carrier concentration or SI substrates.

Considering the distinct intrinsic properties of GaN crystals grown by these two
methods, it seems that a combination of the HVPE technique (higher growth rate and higher
purity) and the ammonothermal method (higher structural quality) could introduce a new
approach to grow low defect density GaN with controllable electronic properties. Sochacki
et al. recently demonstrated that crack-free, high crystalline quality GaN with reduced free
carrier concentrations can be deposited homoepitaxially on Ammothermal-GaN (Am-GaN)
substrates using the HVPE technique [22]. Also, it has been demonstrated that HVPE-
GaN/Am-GaN substrates can be used as seeds for crystal growth or as substrates for
epitaxial growth [23]. The present manuscript reviews in detail the intrinsic crystalline,
optical and defect properties of heteroepitaxial films, thick free standing HVPE films, and
HVPE-GaN films deposited on Am-GaN substrates.

3. Experimental Results and Discussion
3.1. Raman Spectroscopy

Heteroepitaxial growth of GaN on sapphire necessarily results in defects and strain
due to the lattice mismatch and sapphire’s larger coefficient of thermal expansion [24].
Because the thermal expansion coefficient of GaN is smaller than that of sapphire, the
GaN layer becomes compressed and the wafer bends to be convex. Figure 1 shows z(yy)z
Raman back-scattering measurements made on an HVPE-GaN /sapphire sample’s m- and
a- plane faces polished for cross-section measurements [25]. The spectra in Figure 1 show
that as growth progressed the frequency and FWHM of the E;(LO) phonon line decreased,
consistent with a decrease in free-carrier concentration (the energy position of E; (LO) mode
is very sensitive to excess of free carriers present in the crystal). When comparing c-plane
backscattering z(yy)z measurements on a later-growth surface to an earlier growth surface,
a small downward shift of the E;? phonon was also observed (the energy position of
E; mode is very sensitive to stress present in the crystal), consistent with a slight relaxation
in biaxial stress with increasing growth. The price paid for the low strain is an increased
presence of structural defects.

The lattice mismatch with the sapphire substrate gives rise to the occasional large
extended defect such as that seen in Figure 2. Figure 2a shows an 80 pm x 80 pm spatial
Raman map of the strain-sensitive E,?> phonon measured on the N-face of an HVPE-GaN
growth on sapphire; a clear dipole strain pattern is observed within a 12-sided structure.
Figure 2b is a Raman map over the same region of the free-carrier sensitive A;(LO) phonon;
it shows a lower free-carrier concentration within the 12-sided structure. This general
behavior was observed for many such defects.
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Figure 1. Raman spectra showing reduction of free-carrier concentration with continuing HVPE
growth in c direction. Raman spectra measured for both m-plane and a-plane cross-sections of the c-
plane growth using photons polarized parallel to the c axis. Measurements on early and later growth
ends of both faces are consistent with free-carrier concentration decreasing as growth progresses.

734.57 cm™! :
k=734.16 + 0.31¢cm *

733.2cm™?

(a) (b)

Figure 2. Raman spatial map (80 um x 80 um) of (a) the phonon energies of the strain-sensitive E?
and (b) the free-carrier-sensitive A;(LO) phonons. Note the strain-dipole pattern in the 12-sided
central region, that region having lower free-carrier concentration.

High crystalline quality GaN substrates are needed for the growth of epitaxial GaN
films having lower dislocation densities. Figure 3 shows room temperature measurements
of the first order RS spectra of m- and c-plane of SI and unintentionally doped Am-GaN
samples. Peak positions and reduced line widths of the observed first order phonons
indicate good crystalline quality and lower biaxial stress of the Am-GaN wafers. These
observations are consistent with results published by Gogova et al. Ref. [26] for m-plane
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non-intentionally doped substrates. A high background concentration of free-electrons,
caused by a high concentration of uncompensated shallow donors, results in the formation
of a free-carrier collective mode (plasmon) with low and high dispersion curves, w™
and w*, seen in Figure 3b. The plasmon modes couple with the polar phonons [A;(LO)
and E;(LO)] introducing the new vibrational mode LPP (LO-phonon-plasmon coupled
mode); whose peak positions increase with increasing free-electron concentration. Spectral
analysis of the LPP can be conveniently used to estimate the residual doping level of the
samples [27,28].

2 T T T T T T T T T T T T T T T T
E,(high) | A-GaN E,2

m-plane Sl
| 297K L n-type 1
297K
6 488 nm T

c-plane

- 488 nm 4
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. A,(LO

o
T
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Raman shift (cm-1) Raman shift (cm~?)
(a) (b)
Figure 3. (a) First order Raman spectra of c- and m-plane SI ammonothermal GaN. (b) First-order

Raman spectra of SI and n+ c-plane Am-GaN samples. The latter highlights the w™ and w* plasmon
modes, LPP~ and LPP*, respectively [29].

E,(LO)

The spectra of SI wafers highlighted in Figure 3a, which do not have the LPP modes,
indicate that wafers with low effective free-carrier concentration may be obtained by
doping with compensating acceptor impurities during the growth. A high background
concentration of shallow donors requires a higher concentration of compensating acceptors;
this affects the crystalline quality and other intrinsic properties of the substrates and limits
potential applications. The ammonothermal growth processes must be improved to reduce
the pervasive high residual concentration of oxygen. Recently this high concentration of
oxygen was reduced by the use of getter in ammonothermal growth [30].

Raman mapping measurements of HVPE GaN grown on high crystalline quality
Am-GaN reveal that the strain-sensitive E? phonon’s frequency shows negligible strain
across the growth surface, and that the strain remains negligible as growth proceeds [31].
Measurements of the free-carrier sensitive A;(LO) phonon revealed a free carrier concen-
tration low compared to that of the Am-GaN substrate. The free-carrier concentration was
observed to increase as HVPE growth proceeded, thus motivating SIMS measurements.
SIMS measurements revealed increasing levels of Si with growth, likely due to Si being
etched from the quartz elements of the growth reactor.

While Am-GaN generally has a higher crystalline quality, some large-scale defects
are observed in HVPE-GaN grown on it. The nature of such defects can be probed using
Raman scattering measurements. Figure 4 shows 128 um x112 pm spatial maps of the
Raman shift of the free-carrier sensitive A;(LO) line and the strain sensitive E,? line. While
the strain (Figure 4b) is localized around the visible defects (Figure 4a), the free-carrier
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concentration (Figure 4c) is affected over a wider region and hints at the presence of a
defect not clearly seen in the optical image.

(a)

566.68 cm™! 739.63 cm!

k=737.15+1.48cm™

A,(LO)

566.4 cmt 734.74 cm!
(b) ()
3.02cm! 14.42 cm™!

FWHM = 2.77 + 0.06 cm™! FWHM =10.75+1.90 cm™?
A,(LO)

2.72cm! 7.61cm™?

(d) (e)

Figure 4. (a) Optical image of extended defects in a 128 um x 112 pm region on the Ga-face of an
HVPE-GaN film grown on Am-GaN. Raman map of the frequency of the (b) strain-sensitive E;?
phonon and the (c) free-carrier sensitive Aj(LO) phonon over the region shown in (a). (d,e) are maps
of the FWHM of these Raman lines.
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3.2. PL

The low temperature PL spectra, covering a wide spectral range (1.75-3.55 eV), of un-
intentionally doped (UID) GaN heteroepitaxial films usually are dominated by a relatively
sharp emission band around 3.47 eV (near band edge [NBE] emission), with full-width-half-
maximum (FWHM) typically <3.0 meV and a broad featureless band peaking near 2.25 eV,
the so called yellow band (YB) [32]. The former is assigned to recombination processes in-
volving the annihilation of excitons bound to neutral donors (BE) and a weaker free-excitons
(FE) emission band, and the latter to a complex defect involving impurities and native de-
fects [32,33]. Low-resolution/wide-energy range spectra of a UID freestanding HVPE GaN
wafer, also characterized by an intense NBE emission band, are highlighted in Figure 5 [34].
A broad YB emission band is also observed but overlapped with a weaker green emis-
sion band. Also observed is a relatively weaker emission band associated with processes
involving the recombination of electrons bound to shallow donors with holes bound to
shallow acceptors. This emission band, commonly called donor-acceptor pair (DAP) band,
is characterized by the presence of a non-phonon line at 3.27 eV (non-phonon/zero phonon
line, ZPL), which does not involve a longitudinal optical (LO) phonon in the recombination
process, and its phonon replicas, displaced by 92 meV, the LO phonon energy [34,35]. The
shallow acceptor associated with this DAP emission band is magnesium ions, an impu-
rity trace present in the precursors, the acceptor of choice for p-type doping [35]. The
observation of a sharper BE emission band (FWHM = ~1.0 eV) and its phonon replicas,
and relatively intense and sharper light- and heavy-holes related FE emission lines, in
the higher resolution spectra, is a clear indication of improved crystalline and electronic
properties [34] of the HVPE sample.

107 EI T T T T T T T T
106 - T=5K :! ]
) Eg P=1.6 mW i E:
(] s [ 3
kel | I
= E /h 3
4 |
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o 102 N
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E shutter .
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Energy (eV)

Figure 5. Low resolution 5 K PL spectra, acquired between Near-UV-to-Near-IR spectral region, of a
FS HVPE GaN sample. Note the spectral variations between the spectrum acquired at the growth
face (Ga-polar face) and the substrate- interface surface (N-polar face) [34].

The high spectral resolution (band pass < 100 peV) PL measurements carried out at
5 Kunder several laser excitation densities, in the excitonic spectral region, of a freestanding
HVPE-GaN sample with carrier concentration ~2 x 10! e/cm® and dislocation density
< 107 cm™2, are depicted in Figure 6. The dominant spectral feature in all spectra is
the emission band associated with the recombination process that leaves the donor in
the ground state after the exciton annihilation, often designated I9;, with center around
3.4714 eV. This emission band is composed of three peaks at 3.4714, 3.4718, and 3.4722 eV,
which have been assigned to excitons bound to neutral oxygen donors (O°\X4) on the
nitrogen sites, neutral unidentified donors (D%X,), and neutral Si donors on the G, sites
(Si%GaXa), respectively [36]. These assignments were determined by comparing the present
results with detailed high-spectral resolution FTIR and high-sensitivity SIMS studies [37]
of this sample. Weaker, but observable, are emission bands assigned to recombination
involving the FE associated with holes from valence band A around 3.4784 eV, the free
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exciton involving holes from valence band B at 3.4843 eV, the exciton B bound to the O
donors on N site at 3.4753 eV, the exciton B bound to Si donors on the Ga site at 3.4758 eV,
and the A-valence band exciton bound to neutral Mg acceptors at 3.466 eV [38]. Figure 7.
shows luminescence spectra of the commonly called “Two-electron satellite” (2ES) region,
acquired with temperatures between 5 and 25 K, associated with recombination processes
that leave the O and Si donors at the excited states after exciton annihilation. All major
emission features observed in this spectrum have been assigned, and they are consistent
with the donor excitation spectra obtained from infrared transmission [39], which confirm
the ground state binding energies for Sig, and Oy are 30.18 and 33.20 meV, respectively. The
observation of a NBE spectra with many sharp emission lines verify improved crystalline
quality of these GaN wafers deposited by the HVPE method.
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Figure 6. High-resolution and low temperature PL spectra of a FS HVPE sample, with low carrier
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concentration (~2 x 10'¢ e/cm?), acquired at the exciton ground state spectral region with different

laser power densities. The line assignments are discussed in the text [36].
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Figure 7. High-resolution PL spectra of the FS HVPE sample depicted in Figure 6, acquired at
4 temperatures, at the spectral region commonly called “Two-electron satellite” (2ES). The line
assignments are discussed in the text [36].
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Because of the excess of shallow oxygen donors in Am-GalN, achieving semi-insulating
material requires doping with acceptors (e.g., zinc and magnesium). Low temperature
photoluminescence spectra of unintentionally doped (UID) a- and m-plane Am-GaN wafers,
and an Mg-doped c-plane Am-GaN wafer are depicted in Figure 8. The spectrum of the m-
plane sample (purple line) shows a dominant sharp NBE emission band; a clear fingerprint
showing the presence of shallow Mg-acceptors is the weaker DAP band at 3.27 eV (with
phonon replica 92 meV lower). This spectrum also shows a more intense broad emission
band with peak near 2.9 eV previously assigned to Zn-acceptors [40]. It is believed that
the observation of weaker DAP bands is related to reactor memory from previous Mg
doping growth runs. The spectrum of the a-plane sample (red line) exhibits much weaker
PL than that observed for the m-plane sample, a broader and high energy shifted NBE, a
Zn-related DAP band and a negligible contribution from the Mg-related DAP emission
band. SIMS analysis of bulk Am-GaN indicates that H and O are the main unintentional
impurities. Mg, Zn, and Mn (2.6 eV) acceptors are also incorporated at much lower
levels, consistent with the observation of these DAP related emission bands [41]. The
spectra of the c- (Ga-face) and -c-plane (N-face) are represented by the blue and green lines,
respectively. Dominant Mg related DAP emission bands are observed from both faces,
however that measured at the N-face is 6 times more intense than that measured at the
Ga-face, while the NBE intensity is substantially reduced. Similar observation was verified
from GaN platelets grown by Na-based solution growth, also a thermo-equilibrium growth
method, suggesting that higher incorporation of Mg occurs at the N-face [42]. Note that
the intensity of the DAP emission band is much larger than the NBE emission intensity in
the c-plane sample spectra, while the opposite ratio is observed in the spectra for the m-
and a-plane samples. This suggests that the high concentration of unintentional acceptor
impurities doping may result from reactor memory effects after the growth of Zn- and
Mg-doped samples.
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Figure 8. Low temperature photoluminescence spectra of Mg doped c-plane GaN, and UID a- and
m-plane Am-GaN. Low intensity DAP emission bands observed in the spectra of the a- and m-plane
wafers are consistent with reactor doping memory [29].
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Figure 9 shows the low temperature photoluminescence spectra of nominally semi-
insulating a-, c¢-, and m-plane Am-GaN wafers. These samples were grown by intro-
ducing an oxygen getter, to reduce the concentration of oxygen from 2 x 10" cm~3 to
1-2 x 10 cm~3, and compensating the remnant by adding 1-2 x 10'® cm 3 Mg acceptors.
Note the absence of any NBE emission in all three spectra, indicating that the shallow
donors have been fully compensated by the incorporation of Mg acceptors.

2 1 I 1 T 1 1 1 I T T

PL Intensity (108counts/s)

0

1.8 20 22 24 26 28 3.0 32 34 36

Energy (eV)

Figure 9. Low temperature photoluminescence spectra of SI a-, c-, and m-plane wafers. Note the
absence of any NBE emission bands [29].

As previously mentioned, the knowledge of the intrinsic properties of GaN, and the
identification of the pervasive impurities and intrinsic point defects can be conveniently
used to detect and identify their incorporation and activation during bulk growth and film
deposition. In fact, we have recently used this knowledge to investigate the incorporation of
Si and O in thick FS GaN films deposited by HVPE on HVPE-GaN/ammonothermal-GaN
templates. These thick freestanding films have close to perfect crystallinity, with more
than two orders of magnitude reduced free carrier concentration relative to the Am-GaN
substrate [24]. These thick films show uniform optical and electronic properties across the
interface and growth surface regions, as measured by Raman scattering, PL, and SIMS,
but show a 10 fold increase of Si impurity concentration as the growth proceeds [31].
Despite that, the room temperature mobility is over 800 cm?/Vsec, and the FWHM
linewidths of the bound exciton lines at 3.4716 eV (O°Xx') and 3.4724 eV (Si’X,!) are
only 146.4 eV and 185.0 peV, respectively (see Figure 10). These smaller FWHM linewidths
were acquired for the N-polar face of the sample, which has 2.0 x 10'® Si/cm 2 (10 times
less than the Ga-polar face), indicating that increasing shallow impurity concentration
introduces spectral line broadenings of both the donor FTIR excitation spectra and the
exciton PL spectra [43]. These considerably smaller FWHM linewidths observed in the
N-polar face of a homoepitaxial HVPE GaN sample (more than 50%) in comparison to that
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observed in the Ga-polar face of a freestanding /heteroepitaxial HVPE GaN sample having
similar concentrations of O and Si, indicates a considerable reduction of the inhomogeneous
broadening, typical for heteroepitaxial FS HVPE GaN film spectra [44]. This observation
confirms improved crystallinity quality of homoepitaxial samples. Recently, Fujikura and
co-workers proposed a new approach to reduce the undesirable incorporation of pervasive
shallow donors in HVPE GaN films, which will allow the realization of new kinds of
electronic devices [45].
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Figure 10. Low temperature, high-resolution PL spectra of the N-polar face of a FS HVPE GaN
sample deposited on HVPE-GaN/Am-GaN template. The insert attests the sharpness of the bound
exciton emission lines, and confirms the high crystalline quality of this sample [43].

The excess of free carries in unintentionally doped (UID) HVPE GaN results mostly
from the undesirable incorporation of shallow Si and O donor impurities during the films
deposition. These films are inadequate for high-power/high-frequency and high-voltage
vertical devices, which require semi-insulating (SI) substrates and thick blocking layers
with <1 x 10'° electrons/cm?, respectively [46]. SI GaN substrates have been produced by
adding C or Fe precursors during growth, which introduce deep compensating levels in the
GaN bandgap [47,48]. High concentrations of shallow donors require higher concentrations
of compensating impurities, which may degrade the intrinsic material properties [49,50]. C
impurities have been associated with two gap levels in GaN; namely the well know yellow
emission band at 2.25 eV and the so-called “blue-band” ~3.0 eV. Fe seems to be the most ad-
equate impurity because the Fe>*/2* acceptor level is about 0.34 eV below the bottom of the
conduction band [47]. Therefore, it is expected that this deep acceptor level will efficiently
compensate the GaN free carrier at the typical devices operating temperatures. However,
organic-metallic Fe precursors such as cyclopentadienyl iron results on unintentional C co-
doped films [51]. To avoid C incorporation, a new iron precursor was developed [52]. Low
temperature PL measurements verified that the intensity of the NBE emission, associated
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with recombination processes involving shallow Si and O donors, reduces by several orders
of magnitude with increasing concentration of Fe impurity, consistent with increasing
compensation of these shallow donors. Fe incorporation and activativation was confirmed
by the near-IR low temperature PL measurements, as depicted in Figure 11. In this figure,
we clearly observed the peak assigned to the #T1(G)-°A(S) crystal-field transition (the
zero phonon line (ZPL) at 1.299 eV). All emission lines present in this spectrum have been
previously detected and identified [53].

1 1 1 T T T T

Ge det. Fe3+

18K 2P 47,(G) —6A,(S)
- 351 nm .

[Fe] =3 x 10 ¢cm3

Photolumin. (arb. units)

| 1 1 1 1 1 |

1.05 1140 115 120 125 130 135
Energy (eV)

Figure 11. Infrared PL spectrum of a Fe-doped HVPE GaN sample excited with the 351 nm laser line
of Ar-ion laser, acquired at 1.6 K [52].

3.3. Magnetic Resonance
3.3.1. EPR

EPR is valuable measurement technique for obtaining information on the concentration
and (n- or p-) conductivity type of free carriers in GaN thin films and bulk substrates. A
representative classic example is provided in Figure 12 for three GaN bulk samples (1 mm
thick) grown by HVPE with the applied magnetic field, B, oriented parallel to the c-axis [54].
The samples were unintentionally doped but detailed SIMS analyses revealed oxygen and
silicon shallow donor impurities and, in some cases, compensating carbon impurities above
their respective detection limits. We note that O is the residual impurity with the highest
concentration in these three samples. Though other compensating acceptor-like centers
may be present, we label each of the spectra by the net concentration of shallow donor
centers (i.e., [O] + [Si] — [C]) as provided by the SIMS measurements. A single EPR line
at 15 K with axial symmetry was observed for each sample with g||~g, ~1.95 and with
varying FWHM linewidths (6-18 G). Most notably, this resonance was firmly established
by several groups [55-57] as a “fingerprint” of shallow donors/conduction electrons in
GaN and its observation gives definitive proof of the n-type character of these samples.
Unfortunately, due to the absence of resolved electron-nuclear hyperfine structure it is not
possible to assign this EPR feature with Si or O impurities that are well-known sources of
n-type conductivity in GaN. A clear trend found for these spectra is the decreasing FWHM
linewidth for samples with increasing (uncompensated) shallow donor concentration. This
‘motional narrowing’ behavior can be understood as the averaging out of the electron-
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nuclear hyperfine interaction between the donor electron spin and the nuclei of the host
lattice atoms as discussed in previous EPR studies of n-type GaN [55].

([O#[SIF[C]) (cm™)
1.6 x 101
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Figure 12. EPR spectra obtained at 15 K with B | | c-axis for three HVPE-grown (unintentionally
doped) n-type GaN bulk samples. Byes corresponds to the zero-amplitude crossing of these derivative-
like EPR signals.

As discussed above, the intentional introduction of Fe impurities during growth is
often employed to produce semi-insulating bulk GaN. Especially for thick GaN substrates
grown by HVPE, such deep level acceptor centers with concentrations of ~1016-10'® cm 3
are very effective in compensating residual Si and/or O shallow donors and, thus, make
such Fe-doped GaN substrates very useful as templates for high power /high temperature
device applications. Similar to the example given above for shallow donors, EPR provides
a characteristic signature for the incorporation and activation of Fe centers on the host
Ga lattice sites in GaN. As an example, EPR spectra at 300 K for nominal undoped and
intentional Fe-doped HVPE-grown GaN substrates (1 mm thick) are shown in Figure 13 [52].
These samples were also well characterized by SIMS to obtain the background C, O, and
Si impurity concentrations and the Fe doping levels. The sample “3C” with an Fe doping
concentration of 3 x 10'® cm~3 exhibited a 5-line EPR pattern (green vertical arrows)
with the magnetic field applied parallel to the c-axis that has been firmly associated with
spinS=5/2 Fe3* ions substitutional on the Ga lattice sites (25 = 5 EPR lines) [58,59]. In
contrast to the case for shallow donors in GaN, we note that the long spin-lattice relaxation
times associated with the Fe3* ions make it possible to observe strong EPR signals at room
temperature. This situation is shown in Figure 13, where no EPR signals above the noise
level were found at room temperature for the reference GaN substrate sample. SIMS on
this GaN substrate revealed a residual Fe concentration of 3 x 10*® cm—3, due to so-called
‘memory’ doping, that was lower than the residual Si impurity concentration. As a result,
all of the Fe in this sample was compensated by the Si impurities such that the Fe ions were
in the 2+ non-paramagnetic charge state.
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Figure 13. EPR spectra found at 300 K for unintentional and Fe-doped HVPE-grown GaN bulk
samples with B oriented along the c-axes. The five-line spectrum (vertical green arrows) is associated
with substitutional Fe3* ions on the Ga lattice sites.

3.3.2. ODMR

Due to its technological importance for p-type doping in GaN, Mg impurities have
been the subject of numerous optical and magnetic resonance investigations. The power
of the ODMR technique has been very well demonstrated from a variety of studies on
Mg-doped GaN hetero- and homoepitaxial layers and bulk substrates. A clear example of
this is shown by the strong ODMR signals obtained on the 3.27 eV shallow donor—shallow
acceptor (SD-SA) emission band observed from an HVPE-grown GaN bulk substrate
(1.1 mm thick) with a Mg doping level of 4 x 10 cm~3 [60]. The PL found at 2 K
between 1.8 and 3.5 eV from this sample is shown in Figure 14 and is very similar to that
reported in Ref. [61] for a “sister” GaN substrate sample with Mg doping concentration of
3 x 10'8 cm~3. The PL is dominated by an intense emission band at 3.467 eV due to the
annihilation of excitons bound to the shallow neutral Mg acceptor impurities. In addition,
this sample exhibits an emission band at 3.27 eV and a series of LO phonon replicas at
lower energies. The shift of the 3.27 eV band (and phonon replicas) by 5 meV to lower
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energies with a 1000-fold reduction of the excitation power density supports an assignment
of this emission to recombination between residual shallow donors (either Si and/or O
impurities as revealed in SIMS measurements) and shallow Mg acceptors.
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Figure 14. PL at 2 K between 1.8 and 3.5 eV from an HVPE-grown GaN bulk substrate doped with
4 x 107 cm~3 Mg impurities.

Figure 15 shows ODMR at 24 GHz obtained using the 3.27 eV SD-SA PL band of a bulk
GaN sample having [Mg] = 4 x 107 cm~3 for several orientations of the applied magnetic
field with respect to the c-axis. Two luminescence-increasing signals are found that further
support the assignment of this emission to SD-SA recombination. The first (labeled SD) is
sharp (FWHM ~ 7-8 mT) and is slightly anisotropic (as indicated by the dashed vertical line)
with g | =1.952 and g, =1.949. These g-values are the same as found from EPR studies of
n-type GaN as described above and, thus, assigned to shallow donors (either residual O
and/or Si impurities as revealed in the SIMS measurements). The second feature (labeled
Mg) is broader (FWHM ~16-20 mT for angles <25°), exhibits weaker intensity for B within
10° of the c-axis, and shifts rapidly to higher field (as denoted by the purple vertical arrows)
with B rotated away from the c-axis. We note the same resonance was reported from EPR of
this sample [61]. Figure 16 shows a plot of the g-values (green crosses) of this ODMR signal
and those (green circles) from EPR measurements of this same sample as a function of the
angle (0) between B and the c-axis. An excellent fit to this data using the usual expression
for g-tensors in the case of axial symmetry (given in the Technical Approach section) is
obtained with g | = 2.19 £ 0.01 and g, ~0. Most notably, such a highly anisotropic g-
tensor is predicted from effective mass theory [62] for shallow acceptors in wz-GaN where
the ground state (from symmetry arguments) reflects the character of the (heavy hole)
J =3/2, my = £3/2 valence band edge. Thus, the resonance is ascribed to the Mg shallow
acceptor centers. We note this same ODMR feature (blue triangles in Figure 16) was also
observed on the 3.27 eV SD-SA PL from a 1.5 um-thick, MBE-grown GaN homoepitaxial
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layer doped with [Mg] =1 x 10'7 em~3 [63]. This behavior contrasted significantly with all
previous EPR and ODMR investigations of Mg-doped GaN heteroepitaxial layers where
a signal with a much smaller g-value anisotropy was found. This is shown explicitly, for
example, by the g-values (red squares) observed by ODMR on the 3.27 eV SD-SA emission
band from a 1.5 pm-thick, MOCVD-grown GaN heteroepitaxial layer with Mg doping
level of 2 x 10'® cm 3 [64]. The main reason proposed [63] for the observation of the highly
anisotropic Mg shallow acceptor magnetic resonance signal is the much reduced dislocation
densities (<107 cm~2) present in the Mg-doped GaN homoepitaxial and thick free-standing
bulk substrates relative to those typically found (10%-10'° cm~2) in GaN:Mg heteroepitaxial
layers grown by MOCVD and MBE. The random strain fields associated with such high
dislocation densities likely produce a symmetry-lowering local distortion of the Mg shallow
acceptors [62]. As a result, their ground state wave function is not solely derived from
the heavy-hole valence band edge but is a mixture of light (mj = +1/2) and heavy hole
(my = £3/2) valence band character that accounts for the nearly isotropic g-tensors observed
for such Mg-doped GaN heteroepitaxial layers in both EPR and ODMR experiments.

Change in Lumin. (arb. units)

650 750 850 950 1050
Magnetic Field (mT)

Figure 15. ODMR spectra obtained at 24 GHz on the SD-SA PL from a GaN bulk substrate sample

07 cm~3 for several orientations of B with respect to the c-axis. The dashed

with Mg doping of 4 x 1
vertical line indicates the small shift found for the shallow donor (SD) signal. Vertical arrows track the
strong angular dependence observed for the feature “Mg” ascribed to shallow Mg acceptor centers as

described in the text.
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Figure 16. The angular variation of the g-values for ODMR feature “Mg” found on the 3.27 eV PL
band from the Mg-doped GaN bulk sample (green crosses) highlighted in this review and those
published previously on similar emission from Mg-doped GaN heteroepitaxial (red squares) [64] and
GaN:Mg homoepitaxial (blue triangles) [63] layers. The g-values for the strong EPR signal reported
for the same Mg-doped GaN bulk substrate sample (green circles) [61] are also shown in this plot.
Dashed curves are fits to the data as described in the text.

The electrical and optical properties of carbon dopants in GaN have also been topics of
many experimental and theoretical studies over the last 30 years. In particular, carbon has
been widely proposed as one of the sources responsible for the so-called broad “yellow”
emission band with peak energy near 2.2 eV observed from unintentionally-doped n-type
GaN grown by a variety of techniques (including MBE, MOCVD, and HVPE). For this
review, it serves again as another demonstration of the power of the ODMR technique
to shed light on the nature of these C impurities in GaN. For example, the ODMR at
24 GHz that was separately obtained on the 2.23 eV “yellow” (top spectrum) and 2.95 eV
“blue” (bottom) PL bands from a 600 um-thick, HVPE-grown GaN bulk substrate with
carbon doping level of 1 x 10'® cm ™2 is shown in Figure 17 [65]. These emission bands are
displayed in the inset of Figure 17; note that the bandedge excitonic emission was quenched
for this level of carbon doping. Two luminescence-increasing resonances are found on each
of these PL bands with B L to the c-axis. The first (labeled SD) is common to each spectrum
and is assigned to residual shallow donors (either O and/or Si impurities as revealed in the
SIMS measurements) based on its characteristic g-value of 1.95 as discussed above. The
second ODMR signal observed on the 2.23 eV PL band has a g | -value of 1.995 and a FWHM
linewidth of ~16 mT. These parameters are very similar to those reported previously by
several groups [66—-69] for a deep acceptor center typically revealed by ODMR on similar
emission from unintentionally doped (n-type) and highly-resistive GaN epitaxial layers.
Based on the strong correlation of this emission with C doping and theoretical modeling
[r], this feature is ascribed to the (0/-) deep acceptor transition level (located ~0.9 eV above
the valence band edge) of the Cy defect center. The second ODMR signal found on the
2.95 eV PL band exhibits slightly different magnetic resonance parameters (as indicated
by the dashed vertical lines in Figure 17) with a g | -value of 2.010 and a FWHM linewidth
of ~20 mT. This resonance is tentatively ascribed to the (+/0) deep donor transition level
(located ~0.3-0.4 eV above the valence band edge) associated with the Cy defect centers
as modeled in Refs. [70,71]. We note that EPR studies at 9.5 GHz of these same highly
C-doped GaN bulk substrate samples revealed an isotropic broad signal with a slightly
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smaller g-value of 1.987 [72]. This difference with the g-values for the ODMR signals
assigned to the two different charge states of Cy is puzzling and will be explored further.

I I I I I I I I
GaN:C ; :(g=1995) “sp”
" ' f nc 0/-”

- B L c-axis i N (g=1.950)
2 /|
g -“2.23 eV PL” b -
L pwdnyl R i
8 P F2K  A\(SD - )
= |l AR A il
(= B IR
S bl /A
= B | B A A
c (g=2.010) { : i [ | /|
o k “c +/0 ni E /“ \/ ‘l“\ i
(o)) N : |4 \l
(= e
g | ’ Energy (eV) i
O ”2-95 ev PL” IISDII

| | 1 | | | | | |
800 810 840 860 880 900

Magnetic Field (mT)

Figure 17. ODMR found at 24 GHz on the 2.23 eV (top spectrum) and 2.95 eV (bottom spectrum)
broad PL bands from a GaN bulk sample with carbon doping level of 1 x 108 cm~3. A common
feature labeled “SD” (shallow donor) and two unique resonances (as indicated by the dashed vertical
lines) are revealed. Inset: PL observed at 2 K with 351 nm excitation.

4. Summary

For more than three decades, the need for semiconductor material systems able to
operate at extreme conditions of voltage, current, and temperature have sent the material
researchers on an intensive search for wide bandgap semiconductors that have the desired
intrinsic physical and chemical properties. The wide bandgap semiconductor gallium
nitride may be the best candidate to meet these needs. In spite of the lack of higher
electronic grade native substrates, improved efficiency light emitters, solar-blind detectors,
high-power solid-state switches and rectifiers, and high power, high frequency microwave
transistors based on this material system have been commercialized. These devices exceed
the performance of devices based on smaller band-gap semiconductors, and make possible
new device designs. Despite this unprecedented and not fully developed semiconductor
materials success, the realization of high-performance and high-yield devices will require
native GaN substrates with well-controlled physical properties. Presently, Hydride Vapor
Phase Epitaxy and Ammonothermal bulk growth are the only two methods that have
successfully synthesized GaN bulk substrates. The acidic and basic ammonothermal
methods are the only two growth approaches able to produce large area bulk single crystal
GaN substrates from a small seed crystal. Wafers of both acidic and basic ammonothermal
crystals have reduced dislocation densities and uniform lattice constants, consistent with
very small X-ray full width diffraction peaks and bowing. Both types of crystals have
high concentrations of oxygen, hydrogen, point defects, and complexes. These defects
degrade the optical and electronic properties of ammonothermal GaN, seriously limiting
the utilization of these wafers for the above mentioned devices. Ammonothermal GaN
wafers have been successfully used as seeds to grow hydride vapor phase crystals with low
dislocation density, and orders of magnitude lower concentration of unintended impurities,
thus improving doping efficiency. Because epitaxial growth only reproduces the dimensions
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of the substrate, larger ammonothermal substrates are required to produce larger HVPE
GaN wafers. In this work, we illustrated the application of optical and paramagnetic
techniques during various phases of GaN material growth using these two successful
growth methods. The combination of these techniques has also allowed the identification
of the chemical nature of pervasive impurities and the incorporation and activation of
dopants, and the detrimental effect of extended defects on the distribution of free carriers.
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