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A systematic study is performed to optimize aluminum nitride (AlN) epilayers
grown on (0001) sapphire by metal-organic vapor-phase epitaxy. Specifically,
the impact of the AlN nucleation conditions on the crystalline quality and
surface morphology of AlN epilayers is studied. Atomic force microscopy
(AFM) and x-ray diffraction (XRD) results reveal that the nucleation layer
plays a critical role in the growth of subsequent layers. The magnitude of the
TMAl flow of AlN nucleation layer is found to have a strong effect on the
crystalline quality and surface morphology of the high-temperature (HT) AlN
epilayer. A simple Al adatom-diffusion-enhancement model is presented to
explain the strong dependence of the crystalline quality and surface mor-
phology on TMAl flow. Furthermore, ammonia flow, nucleation temperature,
and growth time of the AlN nucleation layer are found to affect the surface
morphology and the crystalline quality as well. A trade-off is found between
surface morphology and crystalline quality; that is, we do not obtain the best
surface morphology and the highest crystalline quality for the same growth
parameters. For optimized AlN nucleation layers and HT AlN epilayers, a
clear and continuously linear step-flow pattern with saw-tooth shaped terrace
edges is found by AFM on AlN epilayers. Triple-axis x-ray rocking curves show
a full-width at half-maximum (FWHM) of 11.5 arcsec and 14.5 arcsec for the
(002) and (004) reflection, respectively. KOH etching reveals an etch-pit
density (EPD) of 2 · 107 cm)2, as deduced from AFM measurements.
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Aluminum nitride (AlN) has generated much
interest due to unique properties such as its very wide
and direct bandgap and high thermal conductivity.
High-quality AlN epilayers are needed in AlGaN
ultraviolet (UV) light-emitting diodes (LEDs), which
have great potential for applications such as
fluorescence-based biological agent detection, water
purification, sterilization, decontamination, non-
line-of-sight communications, and thin-film curing.1

At the same time, deep UV photodetectors need

extremely high-quality AlN with low dislocation
density for the reduction of the dark current. Many
efforts have been made in order to improve the
crystalline quality of AlN and to decrease the dislo-
cation density.2–9 Nevertheless, the current crystal-
line quality of epitaxial AlN must be improved,
particularly for UV LEDs and photodetectors.

In this article, we report on the growth of AlN
epilayers on (0001) sapphire using the low-temper-
ature (LT) AlN nucleation scheme.10 The material
quality of the AlN epilayers grown on sapphire is
determined by atomic force microscopy (AFM)
and x-ray diffraction (XRD). A systematic optimi-
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zation study of the nucleation layer reveals that the
trimethylaluminum (TMAl) flow is a most critical
parameter which has a major effect on the surface
morphology and crystalline quality. Further study
shows that we do not achieve high crystalline
quality and good surface morphology simulta-
neously. After the optimization of nucleation and
high-temperature (HT) AlN epitaxial growth, AlN
on (0001) sapphire with very high crystalline qual-
ity and surface morphology is obtained as assessed
by AFM, XRD, etch-pit density (EPD) measure-
ments, and scanning electron microscopy (SEM).

The AlN epilayers are grown using an Aixtron 200/
4-RF S low pressure metal-organic vapor-phase epi-
taxy system with a 5.0-cm single-wafer horizontal-
flow geometry and radio-frequency heating. TMAl
and NH3 are used as precursors with H2 as a carrier
gas. Growth is initiated by a LT AlN nucleation layer
grown at 50 mbar followed by a 1.0-lm-thick HT AlN
layer grown at 25 mbar on (0001) sapphire sub-
strates. The nucleation optimization study involves
four series of samples. The first series of samples
(samples A and B) is grown with different NH3 flow.
The NH3 flow/TMAl flow is 1200 sccm/30 sccm and
600 sccm/30 sccm, respectively. The second series
(samples B through D) is grown with decreasing
TMAl flow of 30 sccm, 20 sccm, and 10 sccm. The
third series (samples D through F) uses a growth
temperature of 812�C, 840�C, and 850�C. The fourth
series (samples E, G, and H) is grown using growth
times of 2 min, 1.5 min, and 2.5 min. In all growth
runs, the TMAl pressure is 1,000 mbar and the TMAl
bubbler temperature is 17�C. Table 1 summarizes
the nucleation layer growth conditions of the eight
samples.

After the epitaxial growth, the surface morphol-
ogy and crystalline quality are evaluated by AFM
and XRD measurements, respectively. A PANalyti-
cal PW3040/60 X�Pert Pro system (PANalytical,
Almelo) with triple-axis optics (double-crystal optics
with the analyzer crystal) and double-crystal optics
is used to measure x-ray rocking curves. The full
width at half maximum (FWHM) of the (002) peak
of samples A and B is 592 arcsec and 632 arcsec,
respectively, measured by double-crystal optics.
Many openings are observed on the AlN surfaces

through AFM measurements, as shown in Fig. 1. By
changing ammonia flow from 1,000 sccm to
600 sccm, no obvious improvement is obtained.
Further study is done to decrease TMAl flow for
samples B, C, and D. The AFM images of samples B,
C, and D are shown in Fig. 2. By decreasing the
TMAl flow during the nucleation, the openings start
to coalesce on sample C with TMAl of 20 sccm, as
shown in Fig. 2. A step-flow terrace is observed on
sample D with TMAl of 10 sccm. At the same time,
the XRD data reveal that, by decreasing the TMAl
flow of the AlN NL, the FWHM of (002) peak of the
AlN epilayers decreases by a factor of 13 from the
623 arcsec of sample B to 47 arcsec of sample D.
Such tremendous quality improvement comes from
the TMAl flow change, which indicates that TMAl
flow is a most critical parameter that determines
the AlN epilayer crystalline quality.

Based on the evolution of the surface morphol-
ogy, next, we briefly present a simple Al adatom
diffusion-enhancement model to explain the strong
dependence of the crystalline quality and the
surface morphology on TMAl flow. In the mass-
transport limited-growth regime, the growth rate is
determined by the TMAl flow. For high TMAl flows,
i.e., the sample B case, Al adatoms may not have
enough time to fully wet the substrate by diffusion
before the next atomic layer is deposited. Therefore,
after the HT AlN growth, many openings are

Table I. Nucleation Layer (NL) Growth Conditions of Eight Samples Including NH3 Flow, TMAl Flow,
Growth Temperature, and the Growth Time

Sample NH3 Flow (sccm) TMAl Flow (sccm) Temperature (�C) Time (min)

A 1,000 30 812 2
B 600 30 812 2
C 600 20 812 2
D 600 10 812 2
E 600 10 840 2
F 600 10 850 2
G 600 10 840 1.5
H 600 10 840 2.5

Fig. 1. AFM images of Sample A and B with ammonia flow for AlN
NL decreasing from 1000 sccm to 600 sccm.
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observed on the surface. By lowering the TMAl flow
of AlN NL, Al adatoms have more time to fully wet
the substrate, which reduces the density of openings
on the HT AlN surface. Meanwhile, high tempera-
ture and low V/III ratio also result in improving the
diffusion of Al adatoms for AlN growth. The
inspection of the results of samples A and B reveals
that lowering the V/III ratio by decreasing ammonia
flow does not strongly improve the crystalline
quality, or, according to our model, the diffusion of
Al adatoms.

By using a TMAl flow of 10 sccm, different growth
temperatures have been employed in order to verify
the mechanism of the diffusion improvement. The
AFM images of sample D through F are shown in
Fig. 3. The FWHMs of the (002) peak of samples D
through F are 47 arcsec, 54 arcsec, and 47 arcsec,
respectively. From the root-mean-square (RMS)

roughness and FWHM results, no clear temperature
dependence of the crystalline quality is found. The
different trends between the FWHM and surface
roughness also indicate that high crystalline quality
and good surface morphology are not readily
achievable at the same time. Because crystalline
quality and surface morphology both play very
important roles in epitaxial growth, a balance be-
tween them is needed for epitaxial growth on AlN
buffer layers.

In order to differentiate the growth rate and
NL thickness effect on the surface morphology and
the crystalline quality measured by XRD, an NL
thickness study is performed. Figure 4 shows
20 lm · 20 lm size AFM images of samples G, E,
and H. The opening density of samples G and H is
much higher than that of sample E, which means
that 2 min is very good growth time for the AlN NL.

Fig. 3. AFM images of Sample D, E, and F with AlN NL growth temperature increasing from 812�C to 850�C.

Fig. 4. AFM images of Sample G, E, and H with increasing AlN NL growth time from 1.5 min to 2.5 min.

Fig. 2. AFM images of Sample B, C, and D with TMAl flow for AIN NL decreasing from 30 sccm to 10 sccm.
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The FWHMs of the (002) peak of samples G, E, and
H are 54 arcsec, 54 arcsec, and 47 arcsec, respec-
tively. Therefore, the AlN NL thickness does not
have a strong effect on the crystalline quality but
plays an important role in the surface morphology
formation.

From our study, we also find that, when the TMAl
flow rate is not optimized, the NL growth time
affects both the crystalline quality and the surface
morphology. However, we could not obtain flat
surfaces (RMS < 1 nm for 5 lm · 5 lm image size)
and good crystalline quality (FWHM of (002) peak <
0.1 deg). The surface and crystalline quality of the
AlN templates with unoptimized TMAl flow are
similar to samples A and B. For samples B through
D, the TMAl flow rate is changed while using opti-
mized growth time (2 min). Both the surface mor-
phology and crystalline quality are strongly
affected. For samples G, E, and H in Fig. 4, the NL
layer growth time is changed while using optimized
TMAl flow (10 sccm). Only the surface morphology
is affected. From the above discussion, we believe
that the TMAl flow rate plays a more important role
than the NL layer thickness.

After the AlN NL optimization, a systematic
study is also done to optimize HT AlN growth. For
HT AlN optimization study, the AlN NL growth
conditions are the same as for sample E. After the
optimization of HT AlN growth, a 1.0-lm-thick HT
AlN layer is grown with the molar V/III ratio of 483
and the growth temperature of 1,215�C for the HT
AlN epilayers. The surface quality of the HT AlN
layer, assessed by AFM, is shown in Fig. 5. A very
clear and continuously linear step-flow pattern is
observed on a 5 lm · 5 lm size image, which indi-
cates very high crystalline quality.5,6 On the
2 lm · 2 lm size image, shown in Fig. 5b, the
equidistant terraces display saw-tooth shaped
edges, which is very similar to what we have
observed on AlN epilayers grown on AlN bulk sub-
strates. Thus, such step-flow patterns with saw-
tooth shaped terrace edges show that the epitaxial
layer is of very high crystalline quality. The RMS
roughness of Fig. 5a and b is 0.188 nm and
0.181 nm, respectively.

Figure 6 shows the (002) and (004) x-ray rocking
curves obtained with triple-axis optics. The FWHMs
of the (002) and (004) peaks are 11.5 arcsec and
14.5 arcsec, respectively. Our FWHM values are
comparable to that of the best AlN bulk materials,
which is about 10 arcsec for (002) peak, also mea-
sured by triple-axis optics.11 The FWHMs of the
(002) and (004) peaks measured by double-crystal
optics are 32.4 arcsec and 54.4 arcsec, respectively.
Both the triple-axis and double-crystal results are
narrower than the values reported in the litera-
ture.2,3 The FWHM of 155 arcsec is obtained in the
asymmetric (104) peak rocking-curve scan mea-
sured by using double-crystal optics. The rocking
curve (x scan) of the (101) reflection is also mea-
sured by using double-crystal optics. The FWHM of

6804 arcsec for the (101) reflection is obtained,
which indicates that the edge dislocation density is
3.2 · 1011 cm)2 using the evaluation procedure
published in the literature.12

Fig. 5. AFM images of HT AlN surface grown on (0001) sapphire.
(a) 5 lm · 5 lm image (b) 2 lm · 2 lm images.

Fig. 6. X-ray rocking curves of HT AlN epilayer (002) and (004)
peaks measured by triple-axis optics. A FWHM of 11.5 and 14.5
arcsec is obtained for the (002) and (004) reflection, respectively.
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In order to assess the surface quality, an EPD
study is performed. The AlN sample is etched for
45 min in a 50% KOH solution heated to 70�C. The
etched surface is measured by AFM and SEM, and
the results are shown in Fig. 7. Before the SEM
measurement, an 8-nm-thick Au film is e-beam
deposited to work as a conductive layer. An EPD of
2 · 107 cm)2 is obtained from the AFM measure-
ment, as shown in Fig. 7a, and 3 · 106 cm)2 from
the SEM measurement, as shown in Fig. 7b, which
is less than the AlN epilayers grown on SiC.13 The
EPDs measured by AFM are higher because the
spatial resolution of AFM is better and sub-micron-
scale etch pits can be observed more easily. By
comparing the AFM and SEM results, we find that
some very small etch pits are not detectable by
SEM. Hence, AFM is the better technology to eval-
uate EPD density. To the best of our knowledge, the
AlN presented here is the highest quality epilayer
grown on sapphire reported to date.14

In conclusion, an optimization study of high-
quality AlN epilayers grown on sapphire (0001) by
metal-organic vapor-phase epitaxy is presented. It
is found that for the nucleation optimization, TMAl
flow is a most critical parameter, which determines
the crystalline quality and surface morphology. An
Al adatom diffusion enhancement model is pre-
sented to explain the strong dependence of the AlN
epilayer crystalline and surface quality on the TMAl
flow of the AlN NL. After the optimization, a very
clear and continuously linear step-flow pattern is
observed on AlN measured by AFM. A saw-tooth-
shaped terrace edge of the step flow pattern indi-
cates very high quality. The FWHMs of XRD rock-
ing-curve scans are as narrow as 11.5 arcsec and
thus even comparable with that of the best AlN bulk
material. An EPD of 2 · 107 cm)2 is measured by
AFM on KOH-etched AlN surfaces.
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Fig. 7. (a) AFM image and (b) SEM image of KOH-etched AlN
epilayer used to evaluate the etch-pit density.
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