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ABSTRACT

The epitaxial growth of high-quality AlN on sapphire substrates is challenging due to high lattice and thermal mismatch and low Al-
adatom mobility, which cause high dislocation density and rough surface morphology. High-temperature AlN (deposited at 1130 �C) was
grown on low-temperature AlN nucleation layers (880 �C) with different V/III ratios and reactor pressures by metal-organic chemical vapor
deposition. Surface and crystal quality was optimized using high V/III ratios. Thereby, slow layer-by-layer growth at high V/III laterally over-
grows the 3D nucleation layer reducing the dislocation density, twist, and tilt in the crystal. This was as effective as multistep growth with
increasing V/III. At high pressure of 95 mbar, step-bunching occurred. This indicates low surface supersaturation due to parasitic reactions
in the gas phase. This was suppressed by low growth pressure of 50 mbar, while the crystal quality worsened.

© 2022 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license (http://
creativecommons.org/licenses/by/4.0/). https://doi.org/10.1116/6.0001794

I. INTRODUCTION

Epitaxial growth of high-quality AlN- and AlGaN-based hetero-
structures by metal-organic chemical vapor deposition (MOCVD) is
significant for the commercialization of optoelectronic devices,
which operate in the deep ultraviolet (DUV) region. Native AlN sub-
strates are not ready for industry-scale production due to high cost
and small substrate size.1 AlN/sapphire-templates are a cost-efficient
and commercially available alternative. Very high layer quality is
achieved by the annealing of sputtered AlN films at up to 1600–
1700 �C (Ref. 2) or epitaxial layer overgrowth of nanopatterned tem-
plate layers or substrates.3 A drawback of these techniques is the
longer production time needed. MOCVD allows us to grow full
device structures directly on the sapphire substrate without growth
interruption. However, large lattice and thermal mismatch between
AlN and sapphire induces a high dislocation density and can lead to
cracking of thick epilayers. Furthermore, low Al-adatom mobility
leads to poor surface morphology. Cracks and high surface rough-
ness make the layers unsuitable for device processing, while
dislocation-related nonradiative recombination centers have a
degrading effect on AlGaN-based DUV light-emitting diodes3–5 and
UV-photodetectors.6

One of the major issues of AlN growth by MOCVD is the for-
mation of nanoparticles consisting of TMAl-NH3 adducts due to
parasitic reactions in the gas phase, especially in planetary reactors.
These are prevalent when the total flow rate is low and the resi-
dence time of the reactants in the boundary layer is high. High
reactor pressure and high partial pressure of ammonia (NH3),
caused by high NH3 flow and thus high V/III, promote the forma-
tion of nanoparticles further. Other than degrading the layer
quality, consumption of the reactants in gas phase reactions leads
to an overall decrease of the growth rate (GR). Parasitic reactions
can be suppressed by very high temperatures,7,8 total flow
increase,9,10 low ammonia flow,11,12 or low pressures.12,13 Growth
mode modifications from 3D island to 2D layer-by-layer growth
are used to reduce the propagation of dislocations by dislocation
bending and annihilation.11,14,15 Thereby, pretreatment of the sub-
strate surface and growth conditions during AlN nucleation have
a strong effect on the quality of the overlying AlN layers.16,17 The
growth mode is commonly modified by simultaneous temperature
and V/III ratio modulation. A growth pressure of 100 mbar, low
temperatures, and high V/III ratios are associated with the 3D
growth mode and used for the nucleation layers (NL), while high
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temperatures and low V/III ratios are associated with 2D
layer-by-layer growth used to deposit thick AlN layers. For very
low V/III of 1.5–4 (Ref. 18) and very high V/III ratios of 15 000,14

the described relation of growth condition and growth mode is
inverted. Simple stacking of a 3D-NL and one 2D layer improves
crystal structure but results in stepped morphology.19,20 Gradual or
alternating multigrowth mode transitions obtained by changing
growth parameters such as V/III ratio and temperature are used to
smoothen the surface morphology and decrease dislocation
density.11,15,19–23 Currently, the growth of very thick AlN buffer
layers of up to 2 μm is reported,24 as well as the growth of graded
AlGaN buffer layers.5

The relation of growth pressure, V/III ratio, and the growth
mode during the growth of AlN on sapphire has not yet been
investigated, especially in the low pressure (below 100 mbar)
growth regime in a MOCVD system with horizontal gas injection,
such as planetary reactors. We show that, by modifying growth
pressure and V/III ratio at constant temperature, crack-free AlN
layers that are below 1 μm thick and have a smooth morphology
and high structural quality can be grown on up to 4 in. diameter
sapphire substrates. On these layers, full device structures can be
grown in a single epitaxial growth process.

In a first set of experiments, the V/III ratio of thick layers was
changed. Subsequently, the growth pressure was varied for a
two-step process of V/III variation. Based on these experiments,
multistep processes at low growth pressure of 50 mbar were investi-
gated. We describe the effect of such modifications on the surface
morphology and crystal quality.

II. EXPERIMENTAL DETAILS

AlN was grown on 2, 3, and 4 in. c-plane vicinal on-axis sap-
phire substrates in a multiwafer, planetary MOCVD reactor using
trimethylaluminum (TMAl) and ammonia (NH3) as Al and N pre-
cursors, respectively. The carrier gas was hydrogen (H2). After a
high-temperature desorption step, the sapphire substrate surface
was preconditioned with a 10 s preflow of TMAl. No preflow, 60 s
ammonia, or 60 s TMAl preflows caused 3D growth and incom-
plete coalescence of the whole structure, which was also observed
previously.17 A 40-nm-thick low-temperature nucleation layer,
so-called LT-AlN, was grown for all samples at a wafer surface tem-
perature of 880 �C with a V/III ratio of 90. On this LT-AlN, differ-
ent AlN layers were grown at a high surface temperature of 1130 �C
and various growth conditions, so-called HT-AlNs. The variations
of the growth conditions of the different HT-AlN layers are
grouped into four sets of experiments. The layer structures of the
four different sets of HT-AlNs are shown in Fig. 1 and listed in
Table I. The first set of experiments, set 1, was carried out at fixed
growth pressure of 50 mbar. 450 nm-thick HT-AlN samples were
grown using different V/III ratios (140, 1280, 2560, and 3840) to
investigate the relation of V/III ratio and growth mode. V/III was
changed by varying NH3 flow at a fixed TMAl flow of 0.2 mmol/
min. The total gas flow was kept constant. In the second set of
experiments, set 2, growth pressure was varied from 50 to 95 mbar
for a two-step HT-AlN process consisting of a 100-nm-thick lower
layer grown with a high V/III ratio of 2560 and a 170-nm-thick
upper layer grown with a low V/III ratio of 140, as shown in Fig. 1,

set 2. In the third set of experiments, set 3, the two-step HT-AlN
process used for the pressure series was investigated in detail by
changing the thicknesses of the lower, high VIII layer and the
upper, low V/III layer at constant total thickness, as shown in
Fig. 1, set 3. The growth pressure was 50 mbar. One multistep
structure, set 4, with a grading of 100 nm-thick HT-AlN layers with
an increasing V/III ratio (from 140 to 3840) was grown to investi-
gate the effect of inversion of the previously examined V/III stack-
ing, see Fig. 1, set 4.

The surface morphology of the grown layers was investigated
using an optical microscope equipped with Nomarski differential
interference contrast (NDIC) and an atomic force microscope
(AFM) in tapping mode. Surface roughness was determined as the
root mean square (RMS) average. The layers’ structural quality was
assessed by high-resolution x-ray diffractometry (HRXRD) ω-scans
of the 00.2 and 10.2 reflections carried out with a Cu radiation
source providing Cu Kα1 radiation and a two-bounce Ge 220
monochromator. High values of the full-width half maximum
(FWHM) of the 00.2 reflections indicates an increase in the screw
or mixed dislocation density; high FWHM of the 10.2 reflections
hints at an increase in tilt and twist caused by screw, edge, and
mixed dislocations. C and O background doping of the pressure
series was analyzed by secondary-ion mass spectrometry (SIMS),
but we did not observe any change as the measured concentrations
were already at the detection limit of our SIMS tool.

In more than one growth run, we have compared the effect of
different wafer sizes on the morphological and structural properties
of the epilayers. RMS values vary up to 0.05 nm for 10 μm2 scans,
and the relative standard deviation of the FWHM 00.2 (10.2) is 8%

FIG. 1. Layer structures of the four sets of HT-AlN experiments. Set 1: variation
of the V/III ratio of 450-nm-thick HT-AlN, set 2: variation of the growth pressure
of a 370-nm-thick two-step HT-AlN stack with decreasing V/III ratio, set 3: thick-
ness variations of the two-step HT-AlN from set 2 at constant total thickness of
450 nm, and set 4: 450-nm-thick multigrowth mode structure with increasing V/
III ratio.
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(16%). The variation from one wafer size to another is strongly
related to the quality of the substrates, which were coming from
different suppliers and generations. The homogeneity of the epi-
layers across the different sized wafers was assessed evaluating the
growth rate determined by in situ reflectometry during the epitaxial
process. The growth rate varied not more than 0.02 μm/h from the
center to the edge of the 2-, 3-, and 4-in. wafers. We concluded
that the wafer size did not have a significant effect on the homoge-
neity and the morphological and structural quality of the layers.

III. RESULTS AND DISCUSSION

A. V/III ratio—Set 1

The first set of experiments shows that dislocation density, tilt,
and twist of the crystal can be reduced by increasing the V/III ratio
of 450-nm-thick, single-step HT-AlN layers. The epilayer structure
grown at 50 mbar is shown in set 1 in Fig. 1 and the characteriza-
tion results are summarized in Table I. Layers grown with a low
V/III of 140 cracked at the wafer edge, while the surface of layers
grown with V/III of 1280 or more have a smooth surface. Two
types of layer-by-layer growth mode were observed by AFM: Layers
grown at a low V/III ratio of 140 are smooth but interrupted by
numerous pits, as shown in Fig. 2(a). RMS is 1.98 nm. Uehara
et al.13 reported the same kind of pits in a sample grown at a low
V/III of 120 at 40 mbar and 1200 �C. High V/III ratios lead to
more uniform layer by layer growth and RMS values as low as
0.15 nm for V/III = 2560, as shown in Fig. 2(b). The FWHM of the
00.2 reflection of HRXRD ω-scans show a declining trend with
increasing V/III ratio in Fig. 2(c), with a minimum value of 570 arcsec
at a V/III ratio of 1280. The FWHM of the 10.2 reflections gradually
decreases from 1679 to 1201 arcsec with increasing V/III ratio from
140 to 3840. The FWHM of both reflections were decreased further to
422 (00.2) and 1170 arcsec (10.2) by increasing the total thickness of

TABLE I. List of the sample sets 1–4 with results of morphological (NDIC, RMS determined by AFM) and structural characterization (FWHM determined by HRXRD ω-scans).

Set No.
HT-AlN p V/III NDIC RMS 2 μm2 FWHM 00.2 FWHM 10.2
(nm) (mbar) (−) (nm) (arcsec) (arcsec)

1 and 3 A 450 50 140 Cracked 1.98 804 1679
1 B 450 50 1280 Smooth 0.31 569 1341
1 and 3 C 450 50 2560 Smooth 0.15 580 1247
1 D 1000 50 2560 Smooth 0.24 422 1170
1 E 450 50 3840 Smooth 0.30 604 1201
2 F …a 50 …a Smooth 0.20 821 1724
2 G …a 60 …a Smooth 0.24 788 1472
2 H …a 80 …a Smooth 0.21 716 1236
2 I …a 95 …a Smooth 0.65 596 1091
3 J …b 50 …b Cracked 0.20 662 1645
3 K b 50 …b Cracked 1.82 811 1645
3 L …b 50 …b Smooth 0.38 724 1494
4 M …c 50 …c Smooth 0.44 566 1258

aSee Fig. 1, set 2.
bSee Fig. 1, set 3.
cSee Fig. 1, set 4.

FIG. 2. V/III ratio was varied from 140 to 3840: AFM images (2 μm2) show that
layers grown at (a) low V/III ratio of 140 do not coalesce completely, resulting in
a high number of pits, while (b) high V/III ratio of 2560 results in a smooth
surface. (c) FWHM of the 00.2 and 10.2 reflections decrease with rising V/III.
The solid lines serve as guides to the eye.

ARTICLE avs.scitation.org/journal/jva

J. Vac. Sci. Technol. A 40(3) May/Jun 2022; doi: 10.1116/6.0001794 40, 032702-3

© Author(s) 2022

https://avs.scitation.org/journal/jva


the HT-AlN layers to 1 μm, as indicated for sample D grown at a
V/III of 2560. The growth rate decreased from 0.72 to 0.19 μm/s when
the V/III ratio was increased from 140 to 3840.

A low V/III ratio may reduce Al-adatom diffusion length and
increase local supersaturation moderately, leading to fast
layer-by-layer growth with incomplete island coalescence and the
formation of pits. At a high V/III ratio, reactions in the gas phase
hamper the growth and allow for a slow form of layer-by-layer
growth: atomic step flow growth. Bai et al.14 and Imura et al.15

showed that growth mode change by V/III ratio modification

allows to laterally overgrow threading dislocation outcrops forcing
them to redirect and annihilate under the formation of dipole half
loops with redirected threading dislocation segments of the oppo-
site sign. We assume that atomic step flow growth at a high V/III
ratio does that more efficiently than fast layer-by-layer growth at a
lower V/III ratio resulting in the observed decrease in FWHM of
the 00.2 and 10.2 reflections. We achieved improved values with
respect to those reported by Imura et al.,15 who achieved a FWHM
of 400 arcsec for the 00.2 and 1500 arcsec for the 10.2 reflection by
growing a 2 μm thick layer at 95 mbar and 1400 �C.

FIG. 3. Growth pressure was varied from 50 to 95 mbar: AFM images (2 μm2) with the corresponding height profiles show the transition from layer-by-layer [(a) 50 and (b)
80 mbar] to step-bunched morphology [(c) 95 mbar]. (d) With increasing pressure, the FWHM of the 00.2 and 10.2 reflections decrease. (e) Growth rate decreases with
rising pressure. The solid lines in (d) and (e) serve as guides to the eye.
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B. Growth pressure—Set 2

Growth pressure was varied from 50 to 95 mbar at a constant
temperature of 1130 �C for an epilayer structure with HT-AlN
grown using two different V/III ratios (2560 and 140) as shown in
Fig. 1, set 2. The two-step HT-AlN structure with decreasing V/III
ratio was chosen in order to reduce the dislocation density further
as reported in the literature.11,15,19 Like this, Imura et al.11 obtained
crack-free, 9- μm-thick samples with FWHM of 200 and 400 arcsec
for the 00.2 and 10.2 reflections. Here, we used a thin structure of
270 nm thickness. All samples are crack-free (Table I, set 2). The
AFM analysis shows that the samples grown at 50, 60, and 80 mbar
have a layer-by-layer morphology and that the sample grown at the
highest pressure of 95 mbar has a step-bunched morphology, see
Figs. 3(a)–3(c) (60 mbar sample is not shown). The RMS values
increase from 0.20, 0.24, and 0.21 nm at 50, 60, and 80 mbar to
0.65 nm at 95 mbar. The FWHM of the 00.2 reflection decreases
from 821 arcsec for the low pressure to 596 arcsec for the high-
pressure sample. The FWHM of the 10.2 reflections decreases from
1724 to 1091 arcsec. These trends are shown in Fig. 3(d). The GR
decreased with increasing pressure depending on the V/III ratio.
Figure 3(e) shows the growth rate decrease from 0.70 μm/s at
50 mbar to 0.09 μm/s at 95 mbar at low V/III (140). At high V/III
(2560), the growth rate decreased from 0.20 μm/s at 50 mbar to
0.06 μm/s at 95 mbar. When comparing the two-step HT-AlN
grown at 50 mbar and the samples of set 1 grown without V/III
variation, we do not observe an improvement in the morphology or
structural quality by using the multigrowth mode technique. The
growth rate decrease with rising pressure and ammonia flow match
the findings from the literature.12,13 Uehara et al.13 observed an
increase of the FWHM of the 00.2 reflection from 150 arcsec at
50 mbar to 660 arcsec at 95 mbar, while the FWHM of the 00.2
reflection remained constant at approximately 3400 arcsec. They
also reported about an increase of surface roughness with

increasing pressure but did not describe the morphology in greater
detail. Bryan et al.25 propose that step-bunching phenomena
depend only on the adatom surface kinetics and are controlled by
the surface supersaturation of the growth species, which determines
the adatom diffusion length. Hereby, low surface supersaturation
leads to an increase in adatom diffusion length and results in step-
bunching if the terrace width given by the substrate or underlying
layers is exceeded. Indeed, we observed step-bunching at 95 mbar.
Parasitic reactions in the gas phase might have reduced surface
supersaturation of the Al-adatoms enough to promote step-
bunching. When the pressure was decreased slightly to 80 mbar,
gas phase reactions were suppressed, and Al-adatom diffusion
length decreased sufficiently to enable layer-by-layer growth.

C. Multigrowth mode—Sets 3 and 4

The two-step HT-AlN structure of set 2 was examined further
with an increased total thickness of 450 nm. The thicknesses of the
individual layers were varied while the total thickness was kept
constant, as shown in Fig. 1, set 3. We chose a growth pressure of
50 mbar for smooth morphology and high growth rates. The epi-
layers cracked when the top layer (V=III ¼ 140) was 200 nm thick
or thicker (see Table I, samples A, J, and K). The FWHM of the
00.2 and 10.2 reflections of HRXRD ω-scans decreased with thicker
high V/III layer, as depicted in Fig. 4(a). However, the multigrowth
mode structure provides indeed no improvement in crystal struc-
ture or surface morphology with respect to single-growth mode
layers. The multistep structure grown with an inverted stacking
sequence (see Fig. 1, set 4) developed a slightly rougher morphol-
ogy [RMS ¼ 0:44 nm, Fig. 4(b)] than that of the best sample of sets
1 and 3, sample C [RMS ¼ 0:15 nm, Fig. 2(b)]. The FWHM of the
00.2 reflection with 566 arcsec is slightly lower than that of sample
C with 580 arcsec, while FWHM of the 10.2 reflection remains
about the same, as shown in Fig. 4(a).

FIG. 4. Multigrowth mode structures with constant total thickness and thickness variations in the HT-AlN layers were grown: (a) FWHM decreases with increasing thick-
ness of HT-AlN V=III ¼ 2560 as the lower layer. The solid lines are guides to the eye. (b) AFM image (2 μm2) of the sample grown with increasing V/III (set 4).
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We expected that fast layer-by-layer growth of HT-AlN
grown with low V/III would generate macrosteps that overgrow
outcrops of threading dislocations present in layers grown in
atomic step flow growth mode (at high V/III), as suggested by Bai
et al.14 This was supposed to reduce the dislocation density, tilt,
and twist of the crystal observed by FWHM. Instead, we observed
the opposite. Furthermore, strain was released in the form of
cracks. A gradual transition from fast layer-by-layer to atomic step
flow growth mode by increasing the V/III ratio across several
layers led to results similar to those of thick layers grown with a
high V/III ratio. It seems that slow atomic step flow growth has
the same effect as dislocation annihilation by growth mode
modification.

IV. CONCLUSION

In this paper, the effect of growth pressure and V/III ratio on
the growth mode of AlN grown at 1130 �C was investigated.
Furthermore, AlN layer stacks with different V/III ratios were
grown. It was found that low pressure of 50 mbar suppresses
surface roughening due to step-bunching and that increasing the
V/III ratio at low pressure improves the structural quality and the
morphology of the epilayers. It is thus possible to grow improved
AlN avoiding growth regimes that are characterized by parasitic
reactions in the gas phase. Pressure and V/III ratio modification is
an alternative to cost-intensive growth at very high temperature or
complex temperature modulations. In the future, these trends will
also be investigated in a reactor with vertical gas injection (shower-
head) where the stagnant layer above the epi-surface is thinner and
a high V/III ratio can be employed without reducing the growth
rate at the same time.
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