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We report a three-step method to grow high-quality AIN
heteroepitaxial layers on sapphire substrates at relatively low
temperatures by metalorganic chemical vapor deposition
(MOCVD) without the use of epitaxial lateral overgrowth
(ELO) or pulse atomic layer epitaxy (PALE) method. The three-
layer AIN structure comprises a 15-nm thick buffer layer, a 50-
nm thick intermediate layer, and a 3.4-pm thick template layer
grown at 930, 1130, and 1100 °C sequentially on the c-plane
sapphire substrate. The resulting AIN layer had smooth surface
with well-defined terraces and low root-mean square (RMS)
roughnesses of 0.50 and 0.07 nm for 20 x 20 and 1 x 1 pm?
atomic force microscopy (AFM) scans. Band-edge emission

1 Introduction Ill-nitride deep-ultraviolet (DUV)
emitters including light-emitting diodes (LEDs) and laser
diodes (LDs) have applications in important areas including
disinfection and digital data storage. Bulk AIN substrates are
ideal for the growth of DUV emitters due to the low-
dislocation density, reduced lattice, and thermal mismatch
with high-Al content AlGaN [1]. However, the use of these
substrates is constrained by issues like limited supply, high
cost, DUV absorption, and small substrate size. Therefore,
currently commercialization of IlI-nitride DUV emitters
relies on the use of AIN layers grown on lower-cost, DUV-
transparent, and relatively larger foreign substrates, espe-
cially c-plane sapphire substrates. However, the large lattice
and thermal mismatch leads to a high dislocation density in
the AIN layers. The performance of IlI-nitride DUV emitters
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was observed at 208 nm by room temperature (RT) photo-
luminescence (PL) measurements. The total threading disloca-
tion density was 2.5 x 10°/cm” as determined by transmission
electron microscopy (TEM), which is comparable to those of
some AIN layers recently grown at significantly higher
temperatures. Growth evolution was studied and correlated
to the TEM results. The residual impurity concentrations were
comparable to those of AIN layers grown at higher temper-
atures, ie., 1200-1600 °C. This study demonstrates the high
quality AIN layers on sapphire substrates can be grown at
achievable temperatures for most of the modern MOCVD
systems.

© 2015 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

is very sensitive to the dislocation-related non-radiative
recombination centers [2, 3], hence it is crucial to reduce the
dislocation density of AIN layers.

A common approach to reducing the dislocation density
in the growth of heteroepitaxial layers is the use of epitaxial
lateral overgrowth (ELO), where AIN layers are regrown on
patterned seeding AIN layers [4-7]. However, because the
ELO approach involves fabrication like etching as well as a
regrowth process of the many-pm thick layer to coalesce
over the patterned layers, it is associated with higher cost and
longer processing time, uneven surfaces, and growth
complexity. Another approach, the pulsed atomic layer
epitaxy (PALE) process, where N and/or Al sources are
supplied in a pulsed mode to allow Al atoms additional time
to mobilize on the epitaxial surface has been used [3, 8, 9]. In

© 2015 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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some studies, the ELO and PALE were collectively
employed to expedite the coalescence over the patterned
layers [5, 7].

In addition to the ELO and PALE, high-temperature
growth above 1200 °C has been employed independently or
collectively with the ELO and PALE to achieve low
dislocation density and smooth surface morphology by
metalorganic chemical vapor deposition (MOCVD), where
the mobility of Al atoms on the epitaxial surface is enhanced
at high temperatures [10-17]. However, there are concerns
regarding the high-temperature growth. Not only does it
require a special reactor configuration and/or reactor parts to
reach and maintain high temperatures, but it can also cause
considerable thermal stress in the heteroepitaxial layer
due to the large thermal expansion mismatch between the
AIN layers and sapphire [18]. In addition, the serious
wafer bowing at high temperature can deteriorate wafer
uniformity such as the layer thickness and the composition
of layers grown on the AIN layers [19, 20]. To address
these issues, there have been some attempts to grow AIN
layers on sapphire [21] and SiC [22] substrates below
1200 °C. However, the surface of these AIN layers was
found to suffer from a high density of defects [21, 22]. Thus
there have been few successful studies of growing high-
quality planar AIN layers on the sapphire substrates below
1200 °C. Recently, a detailed temperature dependence study
indicated that the Al atom mobility was adequate to achieve
coalesced and smooth surface at temperatures as low as
1086 °C without the use of ELO or PALE [23]. Hence the
planar AIN layers with high quality may be obtainable at
such temperatures.

In this work, we developed a simple recipe to grow high-
quality AIN layers at relatively-low growth temperatures up
to 1130 °C, which are accessible for most of the modern III-
nitride MOCVD systems. Details of the growth process and
characterization are presented hereafter. Neither the ELO nor
PALE approach was used in this study. The crystalline
quality of AIN layers was assessed by scanning electron
microscopy (SEM), atomic force microscopy (AFM), X-ray
diffraction (XRD), photoluminescence (PL), transmission
electron microscopy (TEM), and secondary ion mass
spectroscopy (SIMS).

2 Experimental details The AIN heteroepitaxial
structure comprised three layers grown under different
conditions. The MOCVD system we used was an AIXTRON
3 x 2" close-coupled-showerhead (CCS) system. The
emissivity-corrected surface temperature was measured by
a dual-wavelength multiple-point pyrometric profiling
system. Trimethylaluminum (TMAI) and ammonia (NH3)
were used as precursors and hydrogen (H,) as carrier gas.
The total flow rates of precursors and carrier gas were kept
constant at 20 slm. Prior to the AIN growth, the susceptor
and sapphire substrates were baked at 1100 °C for 5 min in a
H, ambient. A dose of 0.57 pmol of TMAI was deposited at
930 °C after the bake to pre-condition the sapphire surface
for growing Al-polar AIN layers [24].

© 2015 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 1 Cross-sectional schematic diagram of the three-layer
AlN/sapphire structure with corresponding growth temperatures.

As shown in Fig. 1, the growth started with a 15-nm
thick AIN buffer layer grown at 930 °C with a V/III ratio of
1500 on a 2-inch diameter c-plane sapphire substrate with an
offcut angle of 0.2° toward m-plane. Afterwards, a 50-nm
thick AIN intermediate layer was deposited at 1130 °C with a
V/I ratio of 74 for a short growth period of 100s. The
importance of the AIN intermediate layer is discussed in
Section 3. The growth was concluded by depositing a 3.4-
wm thick AIN template layer grown at 1100 °C at a V/III
ratio of 66. The reactor pressure was set at 85 mbar (64 Torr)
during the growth of the AIN layers. Growth rate of the
template layer was 2.3 wm/h or 0.64nm/s, which is
considered to be relatively fast for AIN growth by MOCVD.
Based on the supplying molar flow of TM Al and growth rate,
growth efficiency of the AIN template layer was calculated to
be 2134 pm/mol, or 36% of the injected TMAI molecules
was effectively incorporated to grow the AIN template layer.
This growth efficiency is thus similar to that of a previous
study using an extremely low V/III ratio of 10 to grow AIN
layers efficiently [25].

3 Results and discussion The SEM image in Fig. 2
exhibits surface morphology of the AlN/sapphire structure.
Neither pits nor hillocks were visible, indicating a smooth
surface because of good coalescence and two-dimensional
(2D) growth even at relatively low growth temperatures. To
investigate the evolution of surface morphology, the growth

Figure 2 Oblique-view SEM image for surface morphology of the
three-layer AlN/sapphire structure.
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was interrupted at different stages and the surface
morphology was observed by AFM as shown in Fig. 3(a—
h). Each figure corresponds to a sample grown independent-
ly on a sapphire substrate to avoid defect formation from a
regrown surface, and contamination induced during the
measurement. As shown in Fig. 3(a), three-dimensional (3D)
growth dominated in the lowest-temperature buffer layer
with lateral island dimensions of around 100nm. With
further growth of the 50-nm AIN intermediate layer at
1130 °C, the surface morphology started to shift from 3D to
2D, as shown in Fig. 3(b). By switching to growth of the final
AIN template layer at 1100 °C, the transition from 3D to 2D
growth modes continued and the surface began to planarize
as shown in Fig. 3(c—f).

Surface pits caused by uncoalesced islands were still
seen at a total thickness of 1.40 pum where atomic steps
started to become visible. However, the pit density in Fig. 3
(f) is significantly reduced compared to those in Fig. 3(a—e),
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Figure 3 (a-h) 1x1um®> AFM images showing surface

morphology evolution of the three-layer AIN/sapphire structure
as a function of total AIN layer thickness shown on the upper left
corner of each figure. Figure 3(h) corresponds to the complete
sample structure where the RMS roughness is 0.07 nm.
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indicating proximity to the complete coalescence. With a
thicker AIN template layer, the surface pits disappeared at a
total thickness of 2.80 wm as shown in Fig. 3(g). In Fig. 3(g),
some threading dislocations appearing as surface point
defects marked by arrows were visible at the coalescence
points as step terminations. In Fig. 3(h) the surface of
complete AlN/sapphire structure, and well-defined steps and
terraces are observed, indicating an Al-polar surface with
dominant 2D step-flow growth. The height difference
between terraces is in the range of 0.20-0.30nm corre-
sponding to one monolayer of (0001) AIN (¢/2 = ~0.25 nm).
Root-mean-square (RMS) roughness is 0.07 nm, which is
comparable with that of some polished bulk AIN sub-
strates [26]. Thus the heteroepitaxial growth of AIN layers
on sapphire at temperatures ~1100 °C can provide smooth
surfaces for the subsequent deposition of III-nitride layers on
top. In addition, the threading dislocation density on surface
is greatly reduced as compared to Fig. 3(g), suggesting that
the threading dislocations continued to bend with an
increased layer thickness after the surface was fully
coalesced.

Room-temperature PL. and XRD were used to charac-
terize the samples presented in Fig. 3(a-h), as shown in
Fig. 4 and Table 1. The top-surface-emitted PL spectra were
obtained via optically pumping the samples by a pulsed ArF
excimer laser (A = 193 nm) with a pumping power density of
2.7MW/cm?. Details of the optical pumping experiment
setup can be found elsewhere [1]. In Fig. 4, high-energy
spectral tails at 4 <205nm were from the unabsorbed
pumping laser emission. As shown in Fig. 4, no considerable
emission is seen for the samples with total thicknesses of 15
and 65 nm corresponding to the completion of buffer and
intermediate layers with broad (002) and (102) FWHMs
shown in Table 1, indicating very low radiative efficiency.
The band-edge emission begins to be seen at 210.9 nm from
the sample with a total thickness of 200 nm and reduced
(002) and (102) FWHMs of 1908 and 2783 arcsec. The PL
emission intensity generally increased with the thickness and
smaller (002) and (102) FWHMs, which implies enhanced

Surface emission
Room temperature
Apump: 193 Nm
Poumo: 2.7 MW/cm?

pump*

208.4nm

Intensity (a.u.)

AIN layers with an increased total
thickness toward completion of growth

200 220 240 260 280 300 320 340 360 380
Wavelength (nm)

Figure 4 Room-temperature PL spectra of the AIN/sapphire
structure with different total layer thicknesses toward growth
completion, corresponding to Fig. 3(a—h). The spectral curves of
the 1.40 wm and 2.80 pm thick AIN samples overlap each other,
which may be due to similar radiative efficiency.

© 2015 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Table 1 FWHMs of XRD (002) and (102) w-scans as well as PL characteristics of the three-layer AIN/sapphire structure as a function of

total thickness through the growth evolution.

total thickness corresponding (002) FWHM (102) FWHM PL peak 2 PL FWHM
(m) AFM figure arcsec arcsec (nm) (nm)

0.015 Figure 3(a) 3107 4266 NA NA

0.065 Figure 3(b) 2581 3899 NA NA

0.20 Figure 3(c) 1908 2783 210.9 12.0

0.35 Figure 3(d) 1548 1987 210.9 9.6

0.50 Figure 3(e) 1138 1670 209.7 6.2

1.40 Figure 3(f) 601 914 208.9 6.2

2.80 Figure 3(g) 349 659 208.9 59

3.50 Figure 3(h) 280 480 208.4 6.9

radiative efficiency due to reduced dislocation densities.
Despite different thicknesses, the spectral curves of the
1.40 pm- and 2.80 pm-thick AIN samples overlap each
other, which may be due to similar radiative efficiency. The
smallest (002) and (102) the XRD FWHMs are 280 and
480 arcsec, suggesting relatively low mosaicity and disloca-
tion density. The spectral FWHM decreases to as narrow as
59nm for a total AIN thickness of 2.80 wm. Then it
increases to 6.9 nm probably caused by a secondary bound-
exciton peak [16] for the AlN/sapphire structure with a total
thickness of 3.50 wm. In addition, a blueshift in peak
wavelength with increased peak intensity is observed with
the shortest peak wavelength of 208.4 nm for the complete
structure, which can be attributed to the increased

compressive strain with a larger thickness [27]. There is
no considerable deep level emission up to 380 nm, indicating
low density of deep-level recombination centers.

To determine the dislocation density of complete AIN
three-layer AIN/sapphire structure, TEM samples for cross-
sectional and plan-view imaging were prepared by
mechanically wedge-polishing techniques, followed by Ar
ion milling at 3.5 keV. The microstructure of AIN layers was
studied using a JEOL 4000EX TEM operating at 400kV.
Figure 5(a-b) show dark-field cross-sectional TEM images
under the two-beam condition with g =0002 and 1120,
respectively. The plan-view image was taken under
diffraction condition with g=1120. The sample was
intentionally titled away from the zone axis to project the
threading dislocations as segments in the image. Since the
dislocations seen in Fig. 5(a) were also visible in Fig. 5(b), it
is suggested that there was no pure screw dislocation, and
thus the dislocations observed in Fig. 5(a) were of mixed
type instead. The densities of mixed and edge dislocations
near the epitaxial surface as analyzed from Fig. 5(a—b) are

Figure 5 Dark-field cross-sectional TEM images with (a) g=0002 and (b) g=1120, wherein the orange dashed line shows
approximately where most of the dislocations were annihilated, and (c) plan-view TEM image of the three-layer AIN/sapphire structure.

© 2015 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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1.0 x 10° and 1.5 x 10 cm ™2, respectively. Hence the total
dislocation density is ~2.5 x 10°/cm?®, which agrees with
the plan-view TEM experiment as shown in Fig. 5(c). Thus,
the total dislocation density is comparable to those of
some recent studies where the AIN layers were grown on
sapphire substrates at temperatures above 1300 °C by taking
into account the thickness difference [3, 12, 15].

The cross-sectional TEM images in Fig. 5(a—b) were
further compared with TEM analysis results in the previous
studies regarding the growth of high-quality AIN layers on
sapphire substrates [11, 12, 13, 15]. In those studies where
temperatures higher than 1300°C were employed, most
of the dislocations were annihilated at a thickness of less
than 500nm from the AIN/sapphire interface. However,
as shown in Fig. 5(a-b), most of the dislocations were
gradually removed and finally annihilated at larger thick-
nesses of 1000-1500 nm from the AIN/sapphire interface as
marked by the yellow dashed line. This thickness range thus
agrees with Fig. 3(f), where the surface is close to full
coalescence at a thickness of ~1.40 wm, indicating the
relation between dislocation and uncoalescence. Okada et al.
have shown that the slower annihilation of dislocations led
to a reduction in the biaxial strain, dislocation density, and
cracks [13], which can be used to explain the relatively low
dislocation density obtained in this study, in addition to the
reduced thermal stress at lower temperatures [23]. Therefore,
the slower annihilation of dislocations was caused by a
long transition from 3D to 2D growth modes due to a lower
Al-atom mobility as compared to the ones at higher
temperatures.

Although interface between the AIN intermediate and
buffer layers is hardly distinct in the cross-sectional TEM
images as shown in Fig. 5(a-b), the importance of 50-nm
thick intermediate layer is shown by growing a two-layer
AlN/sapphire structure which excluded the intermediate
layer. Otherwise the growth conditions and layer structure of
the two-layer AIN/sapphire structure were the same as those
of the three-layer AIN/sapphire structure. The 20 x 20 wm?
AFM images in Fig. 6(a—b) show surface morphology of the
three-layer and two-layer AIN/sapphire structures. The XRD
(002) and (102) FWHMs are also included for comparison.

Controlled template
without intermediate layer
20%20 pm?

Optimized template
20%20 pm?

(002) FWHM: 280 arcsec
(102) FWHM: 480 arcsec

(002) FWHM: 270 arcsec
(102) FWHM: 590 arcsec

Figure 6 20 x 20 wum? AFM images of the (a) three-layer AIN/
sapphire structure and (b) two-layer AIN/sapphire structure which
excluded the intermediate layer. FWHMs of XRD (002) and (102)
w-scans are included for comparison.

www.pss-b.com

Without the intermediate layer, uncoalesced surface pits with
an average density of ~3.75x 10°cm > and a lateral
dimension of a few micrometers can be seen on the surface of
controlled three-layer AlN/sapphire structure, whereas the
surface of three-layer AlN/sapphire structure was pit-free.
The (002) FWHMs of both AIN/sapphire structures were
similar. However, the (102) FWHM of two-layer AIN/
sapphire structure is considerably larger than that of the
three-layer AIN/sapphire structure. This implies that the
higher Al mobility at 1130 °C accelerated 2D growth and
thus coalescence of AIN 3D islands, which help annihilate
the edge dislocations and thereby reduced the (102) FWHM.

The residual impurity concentrations of carbon (C),
hydrogen (H), oxygen (O), and silicon (Si) in the three-layer
AlN/sapphire structure were analyzed by SIMS. The result is
presented in Table 2 where some previously reported AIN/
sapphire data is included for comparison [10, 17, 21, 28].
The C, H, O, and Si concentrations are 8 x 1017, 4 x 1017,
1 x 1018, and 2 X 1016atoms/cm3, which are comparable
with those of the AIN layers grown at significantly higher
temperatures. However, it is noted that the impurity
concentrations were found to decrease considerably with
higher temperatures in a number of previous studies [10, 17,
21]. Although the decreased impurity concentrations can be
caused by an increased evaporation or sublimation rate of
impurities from the AIN layers at higher temperatures, the
impurity desorption from chamber parts may be enhanced at
higher temperatures in the meantime. These two processes
can mutually compensate each other. Thus, the impurity
concentration should depend on factors including the
chamber part composition and temperature. For instance,
the AIN growth study carried by Brunner et al. was done in
an oxygen-free reactor environment, which avoided
O impurity desorption from the chamber parts [10], where
the reduction of O impurity with higher temperatures was
likely due to the enhanced evaporation or sublimation of
impurities from the AIN layers. In this study, the chamber
contained a quartz liner surrounding the susceptor, which
can introduce O impurities at higher temperatures. This can
explain the comparable oxygen impurity concentrations of
the AIN layers grown at 1100 and 1300 °C in the same
growth chamber between this study and our previous
study [28], respectively, as shown in Table 2.

In a separate study, AlGaN-based multiple-quantum-
well (MQW) laser heterostructures for optical pumping
experiments were grown on the AIN/sapphire structures
similar to those reported here. Stimulated emission was
observed at wavelengths of 256 and 249 nm with thresholds
of 61 and 95 kW/cm? at room temperature, respectively, and
the internal quantum efficiency (IQE) was 30-56% at 300 K
determined by temperature-dependent PL studies [29].
These thresholds set new records at their respective
wavelengths and are comparable to the reportedly lowest
threshold from the AlGaN-based MQW lasers grown on
bulk AIN substrates emitting at 266 nm, which demonstrates
the application potential of the three-layer AlN/sapphire
structure grown at relatively low temperatures.

© 2015 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Table 2 Concentrations of residual impurities including C, H, O, and Si in the AIN template layer analyzed by SIMS. NA stands for that

the data is non-available.

reference growth temperature C H o Si
O (atoms/cm®) (atoms/cm?) (atoms/cm?) (atoms/cm?)

this work 1100 8 x 107 4 x 10" 1x10' 2% 10"
Ref. [17] 1600 4x10'° 7 x 107 1x10 2x 10"
Ref. [10] 1500 NA NA 5x 10" 1x 10"
Ref. [10] 1400-1300 NA NA 1-10 x 10%° NA

Ref. [28] 1300 1x 10" 9 x 10" 9 x 107 NA

Ref. [21] 1300-1200 2x 10" 2x 10" 7 % 10" NA

Ref. [21] 1100 2x10'8 4% 10" 1x 10" NA

Ref. [17] 1100 3 x 10" 2% 10" 8 x 10" 3x10'8

4 Conclusions A three-layer planar heteroepitaxial
AlN/sapphire structure which comprised a 15-nm thick
buffer layer, a 50-nm thick intermediate layer, and a
3.4-pm thick template layer were grown at relatively low
temperatures of 930, 1130, and 1100 °C, respectively. The
importance of thin intermediate layer was shown by a
controlled experiment where the intermediate layer grown
at 1130 °C was found to promote 2D growth to prevent
surface pits from uncoalesced islands and reduce edge
dislocation. The total dislocation density of template
layer near the surface was 2.5 x 10%cm? determined by
TEM, which is comparable to some recently reported
planar AIN layers grown on sapphire substrates at
temperatures above 1300 °C. In addition, the 20 x 20
and 1 x 1pm? AFM scans show low RMS roughness
values of 0.50 and 0.07 nm with step terraces, respectively.
The relatively low dislocation density and smooth surfaces
were attributed to low thermal stress and decreased biaxial
strain because of slower dislocation annihilation. The PL
measurements exhibited strong and narrow band-edge
emission from the surface. The impurity concentrations
were relatively low and comparable to those of the AIN
layers grown at higher temperatures believed to be due in
part to reduced impurity desorption from the chamber parts
at relatively low growth temperatures. Because the highest
growth temperature was 1130°C for a relatively short
period of time and the sample comprised a simple three-
layer structure without the use of PALE or ELO, the
growth condition of this study is transferrable to most of
the modern MOCVD systems.
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