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a b s t r a c t

Thick freestanding films or bulk GaN substrates with very low background impurity levels (r1�1015/cm3)

and high crystalline quality are required for a number of electronic device applications. Low pressure

chemical vapor and molecular beam epitaxy techniques can systematically deposit films with low residual

impurity concentrations. However, their typical slow growth rate prevents their utilization for substrate

growth. The hydride vapor phase epitaxy deposition technique can achieve hundreds of microns per hour

growth rate, but these films have typically high free carrier concentration (Z3�1017/cm3). It is crucial to

verify if this method can reproducibly deliver thick freestanding GaN films of high crystalline quality with

exceptionally low free carrier concentration. Low temperature photoluminescence and room temperature

Raman scattering experiments carried out on a number of samples indicate that they have high crystalline

quality and uncommonly low donor background levels. Reduced concentration of uncompensated shallow

donors verified by low temperature electron paramagnetic resonance was confirmed by detailed high

sensitive SIMS analyses. In addition, it was verified by X-ray diffraction analysis that relatively low

dislocation densities can be achieved.

Published by Elsevier B.V.

1. Introduction

The high free-electron concentration in unintentionally doped
GaN substrates is desirable for optoelectronic device fabrication,
but is deleterious to the high-frequency response of high-electron
mobility transistors and high voltage Schottky diodes. Impurities
such as iron have been added during growth to introduce deep
compensation levels, which reduces the room temperature free-
electron concentration [1]. However, such an approach introduces
structural defects and reduces the thermal conductivity of GaN,
which is a limitation to the thermal management of electronic
devices. Therefore, the realization of high-performance GaN-
based devices depends on the commercial availability of large-
area high-quality substrates with controlled carrier type and
concentration.

It has been demonstrated that the metal organic chemical vapor
deposition (MOCVD) process can deposit thick stress-free homoepi-
taxial film with room temperature net free electron concentration on
the order of 2�1015/cm3, as verified by capacitance–voltage mea-
surements performed at 30 1C [2]. Impurity trace analysis of this

14 mm thick film indicates that low background impurity levels were
achieved, which is a basic requirement for high breakdown blocking
layers in fast switches. This preliminary result is quite encouraging,
but numerical calculation indicates that to achieve a 10 kV break-
down voltage, films with 1�1015/cm3 free carrier concentration
must have thickness exceeding 50 mm [3]. These relatively large
required film thicknesses make difficult the use of deposition
techniques such as MOCVD, which has growth rates typically on
the order of 2 mm/h. Therefore, a technique with higher growth rate
such as hydride vapor phase epitaxy (HVPE), which can reach growth
rates well above 100 mm/h, becomes a better option. A problem to
address is the higher free carrier concentration of samples grown by
HVPE, which are typically in the order of Z3�1017/cm3.

In the present work, we use a combination of spectroscopic
techniques to investigate the structural, optical, and electrical
properties of thick (41 mm) unintentionally doped freestanding
GaN films grown by HVPE, to verify if this method can reprodu-
cibly yield high crystalline quality substrates with a low concen-
tration of free carriers.

2. Growth and experimental techniques

Unintentionally doped GaN films with thicknesses ranging
from r2 mm to Z3 mm have been successfully deposited on
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sapphire substrates using the HVPE technique. A 2 in. c-plane
sapphire substrate, previously cleaned to remove organic and
inorganic contaminants, was placed on a vertical susceptor in a
hot-wall reactor. The substrate temperature is raised under clean
ammonia environment for surface nitridation. The Ga metal and
the HCl gas are pre-reacted to form GaCl gas in the Source Zone,
and transported by nitrogen carrier gas to the hot Growth Zone
where reaction occurs with NH3 and deposits GaN on the (0001)
sapphire substrate at 1030 1C. For a V/III ratio from 15 to 50,
a growth rate between 80 and 150 mm/h can be reproducibly
achieved.

Secondary Ion Mass Spectrometry (SIMS) depth profiles were
employed to trace the H, C, Si, and O impurity concentrations in
the top 5 mm region of the samples. The hydrogen concentration
is at the detection limit (DL) for all samples, while a uniform
concentration of carbon around 1�1016 cm�3 is detected in most
samples, except for samples #2 and #3, which have C level at the
DL. Fig. 1a shows the SIMS profile of sample #1, which has
3.0�1016 cm�3 oxygen and 1.0�1015 cm�3 Si. Fig. 1b depicts
the SIMS analysis of sample #2, which has a uniform concentra-
tion of 5–6�1016 cm�3 and 2–3�1016 cm�3 of oxygen and Si,
respectively. As indicated in Table 1, sample #1 has the lowest

Fig. 1. (a) SIMS profile of S#1 and (b) SIMS profile of S#2.
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total concentration of donor background, while sample #2 has the
highest. Note that the concentration of oxygen is more than one
order of magnitude higher than that of Si. Despite that, this SIMS
study shows that the impurity levels are considerably lower than
values commonly reported for HPVE growth.

X-ray diffraction (XRD) and Raman scattering (RS) techniques
were systematically employed to evaluate the structural proper-
ties of the samples. A Panalytical X-Ray diffraction (XRD) system
with a Cu Ka source was used to measure the symmetric and
skew-symmetric rocking curves. The micro-Raman spectra were
acquired at room temperature with a 0.5 m single grating spec-
trometer equipped with a 1800 groves/mm grating and a liquid
nitrogen cooled back-thinned/deep-depleted CCD, sensitive in the
visible to near IR spectral range. The samples were illuminated
with the 532 nm line of a solid-state laser, and typically a spot
size of 1 mm and laser intensity of about 5 mW were employed for
this experiment. Polarizers were used to control the laser polar-
ization and select the scattering geometry.

The 5 K low- and high-resolution photoluminescence (PL)
measurements were carried out to verify the dominant recombi-
nation processes to obtain insights on the optical and electronic
properties of the samples. The luminescence was excited with the
325 nm line of a HeCd laser, and the laser excitation intensity was
kept at r2 mW, using calibrated neutral density filters. The
collected sample light emissions were dispersed by a double
grating spectrometer fitted with 1800 groves/mm gratings. The
spectra were acquired with a UV-sensitive GaAs photomultiplier
tube coupled to a computer controlled photon counter.

The bulk GaN samples were also characterized by electron
paramagnetic resonance (EPR) at 9.5 GHz. This technique has
shown to be quite useful during the last several years as a way to
chemically identify point defects such as transition metal impu-
rities (e.g., Fe, Mn, Ni) [4,5] and irradiation-induced lattice defects
[6,7] in epitaxial and bulk GaN. In addition, ESR has revealed
Zeeman splitting g-value signatures of both shallow donor [8] and
acceptor [9] centers in GaN. For our measurements, a conven-
tional EPR spectrometer (Bruker EMX) was employed equipped
with a liquid helium flow system for temperature control from
4.2 to 300 K [8]. Estimates of the spin concentrations for the
various samples were made from single integration fits to the EPR
line shapes and use of a well-calibrated P-doped Si standard.

3. Experimental results and discussions

X-ray diffraction measurements were carried out on the
growth surface as well as the cleaved surface perpendicular to
the c-plane surface. Analysis of the growth surface via a series of
skew symmetric measurements extracted an edge dislocation
density of 4.13�107 cm�2 and screw dislocation component
density of 8.9�106 cm�2. Screw dislocations in c-axis GaN create
a tilt of the lattice planes parallel to the surface and can be easily
examined with symmetric (001) XRD rocking curves. Edge dis-
locations create a twist that can only be directly isolated in XRD
with a grazing incidence beam, which is an experimentally

challenging technique. Skew-symmetric XRD reflections taken at
interplanar angles approaching grazing incidence can approxi-
mate this technique; however these rocking curves, e.g., the (302)
reflection at 70.451 interplanar angle, also have contributions
from the screw dislocations. Additionally, the peak broadening of
the skew-symmetric XRD reflections is further complicated by
interactions between the screw and edge dislocations as well as
the limited correlation lengths common for GaN films grown on
sapphire substrates. Recently, several models have been devel-
oped to extrapolate the contribution of tilt, twist, and correlation
length in GaN films for a series of XRD symmetric and skew-
symmetric o-scans [10]. Lee et al. employs a peak fitting para-
meter, n, to assess the contribution of Lorentzian (n¼1) to
Gaussian (n¼2) curve shape in the rocking curves [11]. A fit to
the rocking curves as well as an extrapolation to 901 can be made
with bhkl

n
¼(btilt cos X)n

þ(btwist sin X)n
þ(1/L)n/9Khkl9

n, where X is
the interplanar angle, 9Khkl9

n is the magnitude of the reciprocal
scattering vector. Similar to the analysis of Lee et al., we found
that the GaN bulk substrate had negligible correlation length and
could be optimally fitted with a Gaussian curve shape. Overall the
diffraction peaks were sharp indicating a low dislocation density.
This low dislocation density combined with the apparent lack of
distinct grains justified the use of the Dunn and Koch model for
random distribution in a crystal, DB¼b2/4.35b2, where b is the
length of the Burgers vector.

An omega–2theta scan, depicted in Fig. 2a, confirmed that the
major cleavage plane was m-plane. The small full-width at half-
maximum (FWHM) of 0.0871 observed near the top growth
surface confirms the high crystalline quality at the near growth
surface region.

The hexagonal phase of GaN, wurtzite structure belonging to
the space group C6v

4 , has two molecules per unit cell. Group theory
predicts eight zone-center optical modes, namely 1A1(TO),
1A1(LO), 2B1, 1E1(TO), 1E1(LO), and 2E2. The two B1 modes are
optically inactive, but all of the six allowed modes have been
observed by Raman scattering spectroscopy. Raman scattering
measurements performed along the direction perpendicular to
the GaN (0001) plane or zðxy,xyÞz, only the E2

1 (or E2 low), E2
2 (or E2

high), and A1(LO) should be observed. In particular, in the zðx,xÞz
and zðy,yÞz geometries all three modes should be observed, while
in the zðx,yÞz or zðy,xÞz, only the E2 modes should be detected [12].
These observations are highlighted in Fig. 3a and b for orienta-
tions zðy,yÞz, xðz,zÞx, and xðy,yÞx. The observed allowed phonons
frequencies are 143.2 cm�1 (E2

1), 568.1 cm�1 (E2
2), 532.1 cm�1

(1A1/TO), 735.2 cm�1 (1A1/LO), 559.4 (E1/TO), and 741.9 cm�1

(E1/TO). The observation of small intensities of the non-allowed
modes, which are forbidden in some of these geometries, could be
attributed to internal reflections, small tilting of the samples, and/or
surface irregularities (The pictures of sample S#4 included in Fig. 3a
and b, show that the sample surfaces were not lapped or polished.)
The small FWHM of the A1(LO) phonon is consistent with low room-
temperature free-carrier concentration [13,14]. A more detailed
Raman scattering study is in progress.

The low-resolution PL spectra of five thick GaN samples at 5 K,
covering the spectral range between 1.95 and 3.72 eV, are
depicted in Fig. 4a. All spectra are dominated by an intense sharp
line around 3.47 eV, represented by NBE (near band edge) emis-
sion, associated with the recombination processes involving the
annihilation of free excitons and excitons bound to neutral
shallow donors [15]. Also observed are three relatively weak
bands at 2.25 eV, �2.45 eV, and at 3.1 eV. The former is the well-
known yellow band and the latter has been observed in carbon
doped GaN films [16]. Similar spectra have been often observed in
unintentionally doped (UID) GaN films characterized by high
resistivity and large breakdown voltage [17]. Therefore, it is
expected that these defects partially compensate the free carriers

Table 1
Summary of SIMS analyses for five bulk GaN samples investigated in this work.

Sample O (cm�3) Si (cm�3) C (cm�3) H (cm�3)

#1 3.0�1016 1.0�1015 1–2�1016 DL

#2 5–6�1016 2–3�1016 DL DL

#3 4.0�1016 1–2�1015 DL DL

#4 3.0�1016 2–3�1015 1–2�1016 DL

#5 4.0�1016 1–2�1015 1–2�1016 DL

Detection limit 2.0�1016 5�1014 9�1015 7�1016
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associated with the unintentional oxygen and silicon shallow
donors in GaN. Also observed in the spectra of all samples, with
exception of the spectra of sample S#5, is a non-identified
emission band with peak around 3.4 eV. Emission bands with
similar peak position have been observed in a-plane GaN layers
and attributed to stacking faults [18,19]. However, a similar value
of emission band peak position is not sufficient to provide defect
identification and a detailed study will be necessary to achieve
correct defect identification. Note that the emission band
assigned to the recombination processes involving shallow-
acceptors and shallow-donors with no-phonon line at 3.27 eV is
not present in these spectra. Higher resolution spectra covering
the spectral range between 3.32 and 3.54 eV are represented in
Fig. 4b. The spectra of samples S#1, S#4, and S#5 show emission
lines related to recombination processes involving the ground
state of the free-exciton B (FXB), the ground state and the first
excited state of the free-exciton A (FXA and FXA

1, respectively), and
the dominant line related to excitons bound to neutral donors
(D1X, or O1X, and Si1X) [15]. Around 3.45 eV we detect the so-
called two-electron satellite (2ES) spectrum resulting from the
recombination processes that leave neutral donors in an excited
state after the exciton annihilation. Spectral separations between

D1X and 2ES lines yield the intra-center transition energies of the
impurities. Fig. 4c depicts the highest resolution spectrum of
sample S#1, which illustrates the spectral separation of the
recombination processes involving the annihilation of excitons

Fig. 3. (a) Raman scattering spectra measured at the basal plane of sample S#4

with the zðy,yÞz geometry. Sample picture and scale in mm/division are included

(b) Raman scattering spectra measured at the flat cross-section face of sample S#4

with the xðz,zÞx and xðy,yÞx geometries. Sample picture and scale in mm/division

are included.

Fig. 2. (a) An omega–2theta XRD scan of the major cleavage plane displays the

m-plane (10–10) and (20–20) reflections (sample S#4) and (b) XRD (20–20)

omega rocking curve.
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bound to shallow neutral Si and O donors. The line assigned to the
exciton bound to Si donors (Si1X at 3.4751 eV, FWHME310 meV)
is less intense than that assigned to the exciton bound to the
shallow O donors (O1X at 3.4743, FWHME340 meV), which is
consistent with a lower background Si concentration, in agree-
ment with the SIMS analysis [20]. Increase in the concentration of
Si and O donors results in a rapid broadening of the FWHM of the
Si1X and O1X, resulting in an unresolved, relatively broad D1X line
(e.g., spectrum of S#2, in Fig. 4b.). Note that the line shape
broadening highlighted in Fig. 4b is consistent with the SIMS
results represented in Table 1.

To obtain additional information of the concentration and type
of free carries in the thick GaN substrates EPR spectra were
obtained at 15 K. Measurements acquired in the dark for three
samples with the applied magnetic field parallel to the c-axis are
shown in Fig. 5. In all cases a single Lorentzian line with g-value of
�1.95 is found and has been firmly established as a ‘‘fingerprint’’
of shallow donors/conduction electrons in GaN from previous
studies [8]. Due to the absence of resolved electron-nuclear
hyperfine structure it is not possible to associate this EPR feature
with Si or O impurities that are well-known sources of n-type
conductivity in GaN, and verified by high resolution PL

Fig. 4. (a) 5 K PL spectra, measured at low resolution, of thick freestanding GaN samples. (b) 5 K PL spectra, measured at higher resolution of the five samples represented

in (a) and (c). 5 K PL spectrum of sample S#1 highlighting the spectral separation between Si and O donor-bound exciton lines.
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spectroscopy (Fig. 4c). However, as seen in Table 1, the SIMS
measurements clearly indicate that oxygen is roughly one order
of magnitude higher in concentration relative to Si in all but one
of the samples investigated in this work and, thus, is likely
responsible for the largest fraction of the shallow donor EPR
signals. Finally, a clear trend observed from the EPR characteriza-
tion is the decreasing FWHM value of the line width for samples
with larger (uncompensated) shallow donor concentration. For
example, as shown in Fig. 5, the EPR line width reduction is a
factor of three between HVPE GaN samples S#1 and S#2. This so-
called ‘‘motional narrowing’’ behavior reflects the averaging out
of the electron–nuclear hyperfine interaction between the donor
electron spin and the nuclei of the host lattice atoms as reported
from previous EPR studies of epitaxial and bulk GaN [8,9]. We
note that the observation of the smallest EPR shallow donor line
width for sample S#2 is consistent with the SIMS measurements
that revealed the highest total concentration of residual OþSi
impurities among these five samples.

4. Conclusion

X-ray diffraction studies of several thick, freestanding bulk
GaN substrates grown by HVPE are consistent with low densities
of edge and screw dislocations and suggest that the natural
cleavage plane for this material is the m-plane. The sharpness
and energy position of the first order Raman scattering spectra of
these samples indicate that high quality crystals with relatively
low free-carrier concentrations have been accomplished. The

small intensity and line width of the lines associated with
recombination processes involving the annihilation of excitons
bound to neutral shallow donors and the small intensity of the
deep emission bands related to compensation centers is consis-
tent with low free-carrier concentration and relatively low
compensation levels. These observations were verified by EPR
experiments and are consistent with the relatively low level of
impurities detected by SIMS. These results clearly indicate that if
the oxygen background impurity concentration can be reduced to
the level achieved for Si, GaN substrates growth by HVPE
techniques could be conveniently used for high-frequency, high-
power switches.
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