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Abstract

The ammonothermal method is one of the most promising candidates for large-scale bulk GaN growth due to its scala-
bility and high crystalline quality. However, emphasis needs to be put on understanding the incorporation and effects
of impurities during growth. This article discusses how impurities are incorporated in different growth zones in basic
ammonothermal GaN, and how they affect the structural, electrical and optical properties of the grown crystal. The
influence of growth time on the impurity incorporation is also studied. We measure the oxygen, silicon, and carbon
impurity concentrations using secondary ion mass spectrometry, and measure their effect on the lattice constant by
high resolution x-ray diffraction (HR-XRD). We determine the resulting free carrier concentration by spatially resolved
Fourier transform infrared spectroscopy and study the optical properties by spatially resolved low-temperature photolu-
minescence. We find that oxygen is incorporated preferentially in different growth regions and its incorporation efficiency
depends on the growth direction. The oxygen concentration varies from 6.3×1020 cm−3 for growth on the {112̄2} planes
to 2.2× 1019 cm−3 for growth on the (0001) planes, while silicon and carbon concentration variation is negligible. This
results in a large variation in impurity concentration over a small length scale, which causes significant differences in
the strain within the boule, as determined by HR-XRD on selected areas. The impurity concentration variation induces
large differences in the free carrier concentration, and directly affects the photoluminescence intensity.

Keywords: A1. Impurities, A2. Ammonothermal crystal growth, A2. Single crystal growth, B1. Bulk GaN, B1.
Nitrides
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1. Introduction

Solid-state lighting based on III-Nitride (III-N) semi-
conductors is currently transforming the industry of gen-
eral lighting with its high efficiency and rapidly reducing
cost [1, 2]. The very promising initial developments in us-
ing native GaN substrates open up a wide range of new
possibilities to engineer efficient and functional GaN de-
vices. As one example, Hurni et al. have recently demon-
strated groundbreaking LED performance with LED het-
erostructures grown directly on GaN substrates [3]. On
the electronics front, access to cheap high-quality bulk
GaN substrates is expected to make GaN a serious al-
ternative for power electronics [4]. The ability to grow
devices directly on GaN would also most likely provide
enormous possibilities to engineer next-generation opto-
electronics and photonics based on novel nanostructure
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active regions [5, 6, 7, 8]. To fully realize the potential
benefits of epitaxial growth on bulk GaN, the GaN sub-
strate fabrication still needs considerable developments in
order to provide large and cost-effective bulk crystals with
high structural quality, controlled electrical properties and
high transparency for optical devices.

Today’s commercially available native GaN substrates
are mostly based on hydride vapor-phase epitaxy (HVPE),
which allows higher bulk growth rates than the very similar
metalorganic chemical vapor deposition (MOCVD) method
typically used in epitaxial III-N device fabrication. Never-
theless, fundamentally different methods such as Na flux
and the ammonothermal method have also gained large
interest in the recent years [9]. In particular, the am-
monothermal method allows scalable production of high-
quality material due to the possibility of scaling the auto-
claves to accommodate multiple and larger seed crystals.
Being one of the most promising emerging techniques to
grow bulk GaN crystals, the ammonothermal method has
been studied and developed substantially in the last few
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years [10, 11, 12, 13, 14].
Although high structural quality has already been achieved

[15, 16], several issues limit the maximum crystal size ob-
tainable with the ammonothermal method. In particular,
ammonothermal growth typically incorporates high con-
centrations of impurities in the crystal. The impurities
induce lattice strain, which can be detrimental to device
epitaxy, lower the substrate transparency and limit the
control of electrical properties. Sudden and large enough
changes in impurity concentration may ultimately induce
enough strain to cause cracking of the substrate. The spa-
tial distribution and effects of different impurities are not
yet well known, and to improve the growth and impurity
control, studies are needed that map the density and elec-
trical activity of the most important impurities at different
stages and different zones of the growing boule.

In this article, we study the distribution of impurities
in different growth zones in ammonothermal GaN and de-
termine their effects on the structural, electrical and opti-
cal properties. The oxygen, silicon, and carbon impurity
concentrations in different growth regions are measured by
secondary ion mass spectrometry (SIMS), and their effect
on the lattice constants is determined by high resolution
x-ray diffraction (HR-XRD). To study the electrical effects
of the impurities, we perform position-dependent Fourier
transform infrared (FTIR) reflection measurements to ob-
tain the free carrier concentration. Position-dependent
low-temperature photoluminescence (PL) measurements
are utilized to investigate the band edge and defect lu-
minescence. To determine whether the impurity concen-
tration changes during growth, we perform an artificial in-
terrupted growth study by slicing one ammonothermally
grown GaN boule into pieces and removing material by
polishing to reveal surfaces of interest. This enables char-
acterizing the different growth zones at several growth
times using conventional surface preparation and charac-
terization methods.

2. Theory & experiments

2.1. Crystal growth & sample preparation

The studied GaN boule was grown on a 346 µm thick
c-plane HVPE GaN seed crystal sourced from Mitsubishi
Chemical Corporation, using the basic ammonothermal
method with Na as the mineralizer. An etchback step of
six hours was performed in the beginning with tempera-
tures of 575 ◦C and 545 ◦C in the top and the bottom of
the autoclave. The following growth step lasted 28 days
with temperatures of 600 ◦C and 560 ◦C in the bottom
and top of the autoclave, yielding a total thickness of ap-
proximately 1360 µm. The peak pressure was roughly 260
MPa. Specifically for the ammonothermal growth of the
samples studied in this paper, a high-purity silver capsule
with non-hermetic seals on both ends was used to improve
the purity of the growth environment. The non-hermetic
seals enables pressure balancing inside and outside the cap-
sule while also ensuring minimal mass transfer into and

out from the capsule, yielding an ultra-high-purity growth
environment [13]. Further details on the autoclaves, fill-
ing stations, and other important aspects of the growth
procedure are also given in Ref. 13.

In order to obtain surfaces representative of different
growth regions and growth times, the as-grown boule was
cut along the m-planeinto two pieces and each piece was
thinned by diamond polishing plates using descending grit
sizes. After each change of grit size, at least three times
as much material was polished away as the previous grit
size in order to remove the subsurface damage caused by
the previous grit (e.g., at least 18 µm was removed after
a grit size of 6 µm). The surfaces of both samples were
finished with 0.5-6 µm diamond particle sizes. Figure 1
shows (a) top-view and (b) cross-sectional reflected light
images of one of the studied samples. The crystal is com-
posed of a seed region and several wing regions, which are
regions of lateral expansion in a- and m-directions. The
seed region and one a-plane wing region are annotated in
figure 1. The seed region consists of GaN grown in the Ga-
polar (+c) and N-polar (-c) directions, while the a-plane
wing region contains two faces grown in the m-directions
and one face grown in the a-direction. Although lateral
expansion occurs in both the a- and the m-directions, the
sizes of the m-plane wing regions are negligible due to the
extremely slow growth rate of the m-planes [17]. We will
therefore limit all following discussion of wing regions to
a-plane wing regions only. The unstable a-plane growth is
sometimes converted to a faceted growth, and the stable
m-plane growth is sometimes partially converted to growth
on inclined {101̄1} planes. The m-planes of the studied
sample remained perpendicular to the c-planes, but the
a-planes converted to inclined planes at an unknown time
during growth of the boule. As seen in the cross-section
in figure 1 (b), the facet inclination was determined to be
≈ 58.2◦ with respect to the -c-plane. This value is very
close to 58.4◦, the inclination angle of the {112̄2} planes,
indicating growth proceeded in the [112̄2]-direction.

[Figure 1 about here.]

An illustration of the cross section of the grown crystal
is shown in figure 2 (a), and a diagram of the two cut and
thinned samples, Sample 1 and Sample 2, is shown in fig-
ure 2 (b). The crystal dimensions were determined from
optical images and the Ga-polar to N-polar thickness ratio
of tGa : tN ≈ 1 : 5 was measured from a cross-sectional dif-
ferential interference contrast microscope (DICM) image.
Figure 2 is otherwise drawn to scale, but the dimensions of
the seed crystal are understated to emphasize the lateral
growth.

[Figure 2 about here.]

As seen in figure 2 (a), due to different growth rates,
the thicknesses of the Ga-polar and N-polar regions dimin-
ish toward the wing edges, while the wing regions grow
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thicker. The position of the vertical/lateral growth in-
terface of a given surface is therefore determined by its
distance to the seed crystal. The seed region is often de-
scribed as the region directly above or below the seed crys-
tal, and the wing region as the rest, i.e. the expansion area.
This is a slightly misleading convention, because the ex-
pansion area does not necessarily correspond to exclusive
lateral growth. In this study, the term seed area is used
to denote Ga-polar and N-polar growth, while the lateral
growth regions will be referred to as the wing regions as
shown in figure 2 (a).

The studied surfaces shown in figure 2 (b) were ob-
tained by thinning the as-grown crystal. The surfaces were
chosen to provide a reference point on Ga-polar growth
and its associated wing region, and two reference points
on N-polar growth and their corresponding wing regions.
In order to account for a potentially time dependent am-
bient impurity concentration, comparisons between differ-
ent growth regions should be made under identical growth
conditions. Since the growth rates of ammonothermal Ga-
, N- , m-, and a-plane growths are markedly different [17],
regions grown at equal times should be compared, rather
than regions equidistant from the seed crystal. For this
purpose, the distances of the surfaces in figure 2 (b) were
converted to growth times, and dotted lines were drawn in
figure 2 to represent growth evolution at 7 day intervals,
thereby assuming a constant average growth rate through-
out growth.

The top surface of Sample 1 consists of a maximum of
100 µm of GaN grown above the seed crystal in the Ga-
direction. This distance corresponds to a growth time of
15 days and the surface will hereafter be called Ga15Days.
The seed area on the backside of Sample 1 is composed of
750 µm GaN grown in the -c direction, corresponding to 27
days of growth. Sample 2 was cut similarly, but with both
surfaces grown in the N-direction. The top surface of Sam-
ple 2 corresponds to 14 days of growth, while the backside
of Sample 2 was cut identically to Sample 2 in order to use
it as a control surface. The surfaces will throughout the
rest of this article be referred to with growth directions and
growth times. Furthermore, the control surface N27Days
of Sample 2, located 750 µm away from the N-side of the
seed crystal was in all measurements found to be practi-
cally identical to the corresponding surface of Sample 1,
and it will therefore not be included in the following dis-
cussion. The wing region lengths are determined by the
distance from the wing region edge to the crossing of the
polished (000± 1) surfaces with (000± 1)/ {112̄2} growth
interfaces, denoted with solid lines in figure 2 (b). As an
example, the wing region of surface N14Days is indicated
with a horizontal arrow in figure 2 (b), the other wing re-
gions are left unmarked for better intelligibility. The wing
region lengths estimated from the sample geometry were
approximately 830 µm, 1060 µm and 90 µm for surfaces
Ga15Days, N14Days and N27Days, respectively.

2.2. Characterization

The sample surfaces were characterized by SIMS, HR-
XRD, FTIR reflectivity, and low-temperature PL. SIMS
was used to measure the oxygen, silicon and carbon im-
purity concentrations from the wing and seed regions of
all surfaces. The measurements were taken from a square
spot with dimensions of 150 µm × 150 µm.

To study the electrical effects of impurities, FTIR re-
flectivity line scans were measured from the wing region
edge to sample middle edge, perpendicular to the wing/seed
interface, as shown in figure 1. The spectra were recorded
with a Bruker IFS66V spectrometer equipped with a GlobarTM

light source and a liquid nitrogen-cooled mercury cadmium
telluride detector, between spectral wavenumbers 600 and
4000 1/cm, using both a spot diameter and a step size
of 100 µm. The FTIR reflection curves were used to es-
timate the free-carrier concentration based on the well-
known Drude model [18, 19]. In the Drude model, the
free-carrier density and drift mobility determine the shape
of the FTIR reflection curve. In this work we used a Monte
Carlo scheme to find the best fit to measurement data,
providing unbiased estimates of the free carrier density.

Position dependent low temperature PL spectra were
measured along the same lines as the FTIR spectra with
a Horiba HR800 UV bench top system equipped with a
monochromator with a 600 lines/mm grating and a CCD-
detector. The individual spectra were recorded with both
spot diameter and step size of 150 µm, and a temperature
of approximately 4 K, using a HeCd pump laser with a
wavelength of 325 nm.

The lattice constants a and c were measured with HR-
XRD, using an x-ray mirror, a 4× Ge220 monochromator,
an analyzer crystal and Cu-Kα1 radiation produced with
40 kV acceleration voltage and 40 mA tube current. The
wing and seed regions from both the Ga- and the N-faces
were measured separately by restricting the beam size on
the sample surface to 2× 1 mm2. This was accomplished
by placing a copper foil with a routed hole on the sample
surface. The method for determining the lattice constants
was similar to the method described in Ref. [20]. The
average lattice constant value c was determined from four
symmetric (0004) and four symmetric (0006) scans. The
sample was offset 90◦ in-plane between each scan and re-
fraction correction was applied to obtain the corrected av-
erage value of c. This value was used in conjunction with
two asymmetric (101̄5) and two asymmetric (101̄6) scans
to determine the average value of a. The sample was offset
120◦ in-plane between the asymmetric scans, and refrac-
tion corrections were applied. The errors in a and c were
estimated by using the total differential with the standard
deviations.

3. Results & discussion

3.1. SIMS

The SIMS results for oxygen, silicon and carbon con-
centrations in the seed and wing regions of all studied
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surfaces are shown in table 1. The oxygen concentration
varies between low 1019 cm−3 and mid 1020 cm−3, while
the Si and C concentrations are essentially constant at low
1018 cm−3 and high 1017 cm−3, respectively. Since oxygen
is a donor impurity and clearly the most abundant mea-
sured impurity, the sample is expected to be strongly n-
doped. This would be consistent with Hall measurements
performed on crystals grown in the same system and under
comparable conditions [14].

[Table 1 about here.]

The largest difference in impurity concentrations are
found between the seed and the wing regions. The wing
region of surface N14Days has roughly an order of magni-
tude higher concentration of oxygen than its seed region.
The surface Ga15Days behaves similarly, the oxygen con-
centration in the wing region is twice that of its seed re-
gion. The wing area of surface N27Days is too small for
reliable SIMS measurement, it was earlier estimated to be
only 90 µm in length. The SIMS results indicate that not
only is oxygen incorporated in the wing regions more effi-
ciently, but its incorporation efficiency differs also between
both the wing and seed regions on the Ga- and N-sides of
the crystal. The seed region of surface Ga15Days has a
lower oxygen concentration than the seed regions of both
N-polar surfaces N14Days and N27Days. This indicates,
that regardless of a possibly decreasing oxygen concentra-
tion during growth, N-polar growth incorporates oxygen
more efficiently than Ga-polar. The differences observed
in wing regions will be discussed later in more detail.

The oxygen concentration of surface N14Days is only
slightly higher than that of surface N27Days, suggesting
that if the ambient impurity concentration reduces over
time, its impact during the growth of 750 µm GaN is
rather small. The time-invariance of carbon, silicon, and
to a large degree also oxygen, suggests the vast majority of
the measured impurities originate from the source material
and is released at a constant rate into the growth solution.
Thus the differences in impurity concentration shown in
table 1 originate mainly from differences in impurity in-
corporation efficiency of the wing and seed growth zones,
not from variations during growth of the boule.

In light of the discussion in the previous paragraph,
oxygen appears to incorporate in descending preferential
order in the N-side wing, N-polar seed, Ga-side wing and
Ga-polar seed regions. It is well known, that N-polar
growth incorporates oxygen more efficiently than Ga-polar
growth [21, 22, 23], but fewer reports exist on oxygen in-
corporation in other orientations. Especially interesting is
that the wing regions of surfaces Ga15Days and N14Days
have so dissimilar oxygen concentrations. A possible ex-
planation is that growth occurred in several orientations,
of which {112̄0}, {101̄0}, {101̄1} and {112̄2} are the most
likely alternatives. Cruz et al. published a study on how
impurities are incorporated in different orientations dur-
ing metal organic chemical vapour deposition (MOCVD)

[24]. They argued that the oxygen incorporation efficiency
strongly depends on the surface density of nitrogen, re-
sulting in high incorporation efficiency on N-rich planes,
such as {112̄2}, {101̄1} and {0001̄}, and low incorporation
efficiency on N-poor planes, e.g., {0001} and {112̄0}. De-
spite their different growth method and much lower oxy-
gen concentrations, the incorporation mechanism should
not depend significantly on the growth method, and their
results regarding oxygen incorporation should be qualita-
tively similar. This hypothesis is based on the similarity
of the growth environments, that is the presence of NH3,
N2 and H2 in both ammonothermal growth and MOCVD.
Figure 3 shows a plot of the oxygen concentrations ob-
served in this study and oxygen concentrations adapted
from the publication of Cruz et al.. The filled symbols
represent values measured in this study, the empty sym-
bols represent results from the MOCVD growth in Ref [24].
For clarity, the names of surfaces Ga15Days and N14Days
are shortened to Ga and N in figure 3. The two datasets in
figure 3 have been laterally aligned using the known orien-
tations, that is Ga seed = (0001) and N seed = (0001̄). The
two trends show a remarkable similarity, suggesting that
the N14Days wing area was grown in the [112̄2]-direction,
consistent with the earlier observation of the (112̄2) face in
the wing region in figure 1. The similar relative concentra-
tions of the Ga15Days wing region and the MOCVD grown
(101̄0) GaN raises the question if a part of the Ga15Days
wing region was grown in the [101̄0]-direction. This is a
possible explanation, since a-planes have been observed to
facet into m-planes in previous growths [12], but a defini-
tive conclusion cannot be drawn from the SIMS-data. It is
clear from this result that the wing regions contain areas
of contrasting impurity levels and that the wing regions
can therefore not be assumed to be homogeneous. Since
the SIMS measurement area is only 150 µm×150 µm, it is
still unclear how large the inhomogeneous areas are, and
whether there are general differences between the Ga- and
N-sides. It should additionally be noted, that an increase
in growth rate often results in an enhanced impurity trap-
ping, and consequently in more efficient impurity incorpo-
ration in the growing crystal. However, as the differences
in [O] follow the observed growth sectors, impurity trap-
ping due to variations in growth rate does not seem to be
the dominating impurity incorporation mechanism.

[Figure 3 about here.]

3.2. XRD

The observed oxygen concentration differences between
different growth regions are enough to cause significant
variation in the lattice constants and are thus expected to
induce stress in the crystal. The lattice constants mea-
sured by HR-XRD from the wing and seed regions of dif-
ferent surfaces are shown in figure 4. The filled symbols
represent the seed regions, while the empty symbols repre-
sent the corresponding wing regions. The strikingly large
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error bars in figure 4 are a result of significant inhomo-
geneity, seen as multiple diffraction peaks in several of the
XRD-scans.

[Figure 4 about here.]

A comparison of figure 4 and table 1 indicates the lat-
tice constants are heavily influenced by the changes in
the oxygen concentration. The smallest lattice constant c,
marked with a filled square in figure 4, was measured from
the seed region of surface Ga15Days, and corresponds to
the lowest oxygen concentration measured by SIMS. The
other, N-polar grown seed regions have slightly larger and
within measurement accuracy equal lattice constants, as
was expected from the SIMS results. In agreement with
the growth model presented in figure 2, according to which
the wing area on the N-side of the crystal is negligibly
small, the lattice constants of the surface N27Days showed
no spatial variation, and therefore only the results of the
seed region are shown in figure 4. A more dramatic change
in the lattice constants is observed for the wing regions of
surfaces Ga15Days and N14Days. The lattice constant c
of Ga15Days changes from its seed region value of 5.1852
Å to 5.1858 Å in the wing region. The change in the lat-
tice constant of surface N14Days is even larger and changes
from 5.1854 Å to 5.1861 Å between the seed and wing
regions, respectively. However, due to the large degree of
inhomogeneity, too much weight should not be put on the
exact values of the lattice constants. They are however in
good agreement with previously reported lattice constants
of ammonothermal GaN with similar oxygen concentra-
tions [16, 25].

Despite the uncertainties in the exact values of the lat-
tice constants, it can be concluded from figure 4 that the
Ga15Days wing region has a larger lattice than the seed
regions. This contrasts the SIMS measurements, accord-
ing to which the Ga15Days wing region has a lower oxygen
concentration than the N-polar seed regions. This result,
and the large error bars, further supports the previously
presented hypothesis that the wing region is inhomoge-
neous on a relatively small scale. The inhomogeneity of
the wing regions will be discussed more in the following
section.

The changes in the lattice constant values correlate
qualitatively with the variation in the oxygen concentra-
tion measured by SIMS, but the effect of high oxygen con-
centrations on the lattice parameters may be quantified
based on calculations by Van de Walle [26]. According to
Van de Walle, the lattice expansion or contraction may be
estimated with the help of the deformation potential and
the size-effect of the impurity atom. Based on the mea-
sured lattice parameters and Ref [26], an oxygen concen-
tration of 6.3× 1019 cm−3 was calculated for the N-polar
seed regions, which is in excellent agreement with the mea-
sured oxygen concentrations 5.2− 7.5× 1019 cm−3. In the
calculation, the N-polar seed regions were assumed to be
fully relaxed, and therefore the lattice expansion could be

assumed hydrostatic. The actual calculation was carried
out for the lattice parameter c, since a could not be de-
termined directly, and the error in c therefore adds to the
error in a. Similar calculations yield oxygen concentrations
of 4.7×1019 cm−3 for the Ga15Days seed region, 9.3×1019

cm−3 for the Ga15Days wing region and 1.2× 1020 cm−3

for the N14Days wing region. These values are in sat-
isfactory agreement with the SIMS results in table 1, in
particular considering the large error bars associated with
the lattice constants.

3.3. Free-carrier concentration

Figure 5 shows the free carrier concentrations n ob-
tained by fitting the Drude model to the FTIR measure-
ments. The free carrier concentrations are shown as a
function of distance from the wing/seed interface. The
positions of the steps in the free carrier concentration pro-
files were taken as the positions of the wing/seed interfaces.
The net donor impurity concentration, excluding contribu-
tions from native defects, e.g. Ga-vacancies, ND − NA =
[O] + [Si]− [C] obtained from SIMS is also shown in figure
5 for each surface and growth region. The free carrier con-
centration profiles in figure 5 have generally similar shapes
to their corresponding net donor concentration profiles;
the free carrier concentrations are markedly higher in the
wing regions than in the seed regions. This is in agreement
with the darkening of the wing regions seen in figure 1,
most likely related to the increased free carrier concentra-
tion and not an increased impurity uptake [14]. Surfaces
Ga15Days and N14Days have well defined wing regions,
whereas the surface N27Days displays a small wing region
consisting of only two measurement points. The spectrum
of the first point (not shown here) is a mixture of low and
high free carrier concentration contribution, whereas the
second spectrum is caused solely by a higher free carrier
concentration. This indicates the length of the wing re-
gion of surface N27Days is approximately 100 µm, and
that the lengths of the wing regions in figure 5 are in good
agreement with the values estimated in Section 2. Because
the length of the wing region depends on the growth time,
and the free carrier concentrations in the wing regions are
roughly constant, the oxygen concentration is essentially
time-invariant. This result further supports our earlier
conclusion that the majority of the measured impurities
have their origins in the source material and not in the
ambient.

[Figure 5 about here.]

The net donor concentrations in the seed regions of
all surfaces are to a varying degree higher than the free
carrier concentrations, indicating the donor impurities are
compensated by something other than C. The Ga vacancy,
and/or its complexes is the most viable option, since it
has frequently been observed in ammonothermal GaN [14,
27, 28], and other acceptor impurity atoms have typically
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far lower concentrations. As seen in figure 5, the differ-
ence between the net donor concentration and the free
carrier concentration varies with growth direction and re-
gion. Since the VGa concentration has been reported to
follow the oxygen concentration [29], the difference be-
tween the net donor concentrations and free carrier con-
centrations should increase with increasing oxygen con-
centration, if Ga-vacancies and/or its complexes were to
form the dominant compensation mechanism. As indi-
cated in figure 5, this is indeed the case for all regions, but
the wing region of surface Ga15Days. An acceptor type
VGa–Hx defect complex concentration of ≈ 3× 1018 cm−3

was recently observed in ammonothermal GaN, and sug-
gested to largely explain the difference between net donor
and free carrier concentrations of ≈ 1 × 1019 cm−3 and
≈ 2 × 1018 cm−3, respectively [30]. Although the oxygen
concentrations in this study are higher, the same major
compensation mechanism seems viable. Interestingly, the
wing region of surface Ga15Days shows no sign of com-
pensation. As discussed earlier though, the wing region
seems to be very inhomogeneous even on a small scale,
and the equal free carrier and net donor concentrations
are therefore likely to correspond to two different regions.
To check the homogeneity of the wing region, several FTIR
linescans were measured within the wing region, perpen-
dicular to the linescan shown in figure 1. Quite a few
of the spectra (not shown here) appear to be hybrids of
FTIR spectra from high free carrier concentration mate-
rial and FTIR spectra from low free carrier concentration
material, indicating the result in figure 5 is caused by in-
homogeneity. Additional work on identifying the growth
surfaces and evolution of Ga-wing during growth of the
boule would provide greater clarity on the origin of the in-
homogeneity, in particular if they originate from a highly
faceted growth of mixed planes (m-plane, a-plane, {112̄2}-
planes). It is not unlikely that this could occur due to the
unpolished nature of the non-polar side walls of the seed
from which the Ga-face wing originated.

3.4. Photoluminescence

Figure 6 presents examples of PL spectra from the seed
and the wing regions of surfaces Ga15Days and N14Days.
The spectra were extracted from the line scans. The sur-
face N27Days will be omitted from the following discus-
sion, because its wing region is too small for reliable mea-
surements. The optics of the PL-setup introduces oscil-
latory artefacts from around 440 nm onwards, and these
were successfully filtered prior to further analysis, except
for the remaining bump centred around 460 nm. An ex-
ample of an unfiltered scan is also presented in figure
6. Despite the oscillations and remaining artefacts, rel-
ative comparisons can be made within individual sam-
ples. The spectra are characterized by the near band
edge (NBE) luminescence peak at 357 nm, the donor-
acceptor pair (DAP) at 376 nm and broad blue lumines-
cence (BL) and yellow luminescence (YL) bands at 420 nm

and 560 nm, respectively. The position of the NBE emis-
sion matches well with reported positions of donor-bound
excitonic emission with similar free carrier concentrations
[31], but individual O- and Si-bound exciton peaks are
spectrally too close to be resolved [32]. The NBE may
be attributed to mainly O-bound excitons, based on the
high oxygen concentration. The BL and YL bands have
previously been assigned to Zn, C, Mg and Ga-vacancies
and its complexes [33, 34, 35, 36]. The Ga-vacancy and its
complexes are a plausible impurity luminescence source,
since the C-concentration was measured to be fairly low,
previous studies have showed the Mg-concentration to be
also quite low [13] and Zn is not a common impurity in
ammonothermal GaN. Although the BL band dominates
each spectrum, it is clear that the optical properties differ
between different surfaces and growth regions.The spatial
variation of the integrated intensities and peak positions
will therefore be discussed in the following paragraphs.

[Figure 6 about here.]

As seen in figure 6, the NBE peak blueshifts and broad-
ens and the DAP peak disappears in the wing regions. The
positions of the NBE emission peaks shifted from 358.0
nm to 352.6 nm for surface Ga15Days and from 357.3
nm to 352.0 nm for surface N14Days. Such observations
are typically caused by the Burstein-Moss effect, in which
a very high doping level shifts the Fermi level up inside
the conduction band, resulting in an increased band gap
[37]. These results are in line with the previously discussed
higher free carrier concentration in the wing regions.

The integrated intensities of the NBE, BL and YL
bands, and the free carrier concentrations are shown in
figure 7 as functions of distance. To better visualize the
change between the seed and wing regions, the intensi-
ties were normalized to equal medians in the seed regions.
Both surfaces show a reduction in the BL and YL intensi-
ties in the wing regions, despite an increase in oxygen and
free carrier concentrations and a near constant carbon con-
centration. The NBE luminescence of surface Ga15Days
increases significantly in the wing region, while that of
surface N14Days decreases slightly. Figure 7 suggests that
a large increase in free carrier concentration causes also
a large increase in the NBE luminescence. In contrast,
a small increase in free carrier concentration on surface
N14Days is accompanied with a slightly decreased NBE
luminescence.

[Figure 7 about here.]

4. Conclusions

In this article we reported on the distribution of impuri-
ties in different growth zones and at different growth times
within a single ammonothermally grown GaN boule. The
impurity concentrations were measured using SIMS, and
their effects on the lattice size were measured by HR-XRD.
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The electrical properties were studied by measuring the
spatially resolved free carrier concentration and the optical
properties were determined by low-temperature PL. The
results reveal that oxygen is the most abundant impurity
species, and its incorporation efficiency varies dramatically
between seed and wing growth zones. We further observe
large differences in oxygen incorporation efficiency within
wing regions, and we attribute the varying oxygen incor-
poration predominantly to growth in different directions.
The stark difference in impurity uptake between wing and
seed regions causes a significant expansion of the lattice,
resulting in non-negligible strain within the boule. The
impurity concentrations were not found to vary greatly
with growth time, suggesting they are sourced from the
polycrystalline GaN source material. The impurity con-
centration profiles result in similarly, albeit compensated,
free carrier concentration profiles. The varying impurity
incorporation was found to clearly affect the PL intensity.
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Figure 1: Reflected light images of Sample 1 Ga-surface (a) and m-plane cross-section (b) on millimeter paper after growth, thinning, and
polishing. The dashed arrows show the paths along which the FTIR reflection and PL measurements are taken.
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Surface Seed [1019 cm−3] Wing [1019 cm−3]
[O] [Si] [C] [O] [Si] [C]

Ga15Days 2.2 0.4 0.2 4.3 0.1 0.1
N14Days 7.5 0.1 0.1 63.2 0.5 0.1
N27Days 5.2 0.1 0.1 - - -

Table 1: SIMS measurement results of oxygen, silicon and carbon concentrations in different growth regions.
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