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Abstract

Si-doped Al0.3Ga0.7N grown on (0 0 0 1)-oriented sapphire is optimized by using a superlattice (SL) layer. Atomic force microscopy

(AFM), high-resolution X-ray diffraction (HRXRD), secondary ion mass spectrometry (SIMS), and Hall effect measurements show that

n-type Al0.3Ga0.7N grown on a SL layer gives high-quality crystalline and electrical properties. A 1.8-mm-thick crack-free n-type

Al0.3Ga0.7N layer is demonstrated with a doping concentration of 3� 1018 cm–3, an excellent mobility of 80 cm2/(V s), and an RMS

roughness of 0.40 nm. Using the SL layer also results in the absence of hexagonal hillocks on the AlGaN surface, which are indicative of

a high defect density. The study of an identical n-type Al0.3Ga0.7N layer grown on a low-temperature AlN interlayer shows a lower

carrier concentration, mobility, and crystalline quality.

r 2006 Elsevier B.V. All rights reserved.
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AlGaN-based ultra-violet (UV) light-emitting diodes
(LEDs) are expected to greatly impact a number of
applications including fluorescence-based biological agent
detection, water purification, sterilization, decontamina-
tion, non-line-of-sight (NLOS) communications, and thin-
film curing [1]. Si-doped AlxGa1–xN is a key material in UV
LED structures since it is not only the n-type contact layer
that supplies electrons to the active region, but also the
buffer layer and therefore must be of high crystalline
quality. However, strain between the AlN and the AlGaN,
which is due to the different lattice constants, induces
e front matter r 2006 Elsevier B.V. All rights reserved.
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cracks and dislocations. The strain depends on the crystal
orientation [2], the thickness, and the chemical composition
of the epitaxial layers [3]. Strain engineering [4] can be
accomplished by superlattice (SL) layers [5], low-tempera-
ture (LT) AlN interlayers [6], homoepitaxial substrates
[7,8], and non-polar substrates [9–12]. Among these
approaches, AlGaN/AlGaN SLs and LT AlN interlayers
are frequently used on (0 0 0 1)-oriented sapphire sub-
strates. An additional function of SL layers is to work as a
dislocation filter [5].
In this paper, two AlGaN/AlN structures, grown by

metalorganic vapor phase epitaxy (MOVPE), are studied,
namely an AlGaN(AlN)/AlGaN SL, and a LT AlN
interlayer. It is found that by using a SL layer, the critical
thickness of a Si-doped Al0.3Ga0.7N layer can be
greater than 2.0 mm. Atomic force microscopy (AFM),
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Fig. 2. Optical micrographs of sample (a) grown on AlGaN(AlN)/AlGaN

SL, showing no hillocks and sample (b) grown on an LT AlN interlayer,

showing several hillocks.
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high-resolution X-ray diffraction (HRXRD), and Hall
effect measurements show that samples with a SL layer give
a much better crystalline quality and electric properties
than samples using LT AlN interlayers.

In order to investigate the improvement of n-type
Al0.3Ga0.7N layers by using SL layers and LT interlayers,
two types of structures are demonstrated and for each type,
several samples have been grown and characterized. The
results are very similar and thus reproducible. Here, we
present a typical result from each type. All samples
are grown using a 5.0 cm single-wafer horizontal-flow
reactor with radio-frequency induction heating. The
structures of the two samples are shown in Fig. 1. For
both types of samples, we first grow a 300-nm-thick AlN
buffer layer at a reactor temperature of 1205 1C and a
pressure of 25mbar on the top of an AlN nucleation layer
grown at 812 1C and 50mbar. The V/III ratio for both, the
high-temperature (HT) AlN buffer layer and AlN nuclea-
tion layer is 5370. In sample type (a), a 10 period 15-nm
AlN/15-nm Al0.7Ga0.3N SL followed by a 10 period 15-nm
Al0.7Ga0.3N/15-nm Al0.54Ga0.46N is grown on the HT AlN
buffer layer. In sample type (b), a LT AlN interlayer is
grown at 812 1C and 50mbar on top of the HT AlN buffer
layer. The two types of samples are finished with an
identical 1.8 mm thick Si-doped n-type Al0.3Ga0.7N layer
with a doping level of 4� 1018 cm–3, measured by using
secondary ion mass spectrometry (SIMS), accomplished by
a silane flow of 4.9� 10�9mol/min.

After growth, no cracks are found on sample (a) and no
hexagonal hillocks are observed by optical microscopy, as
shown in Fig. 2(a). But sample (b), with the LT AlN
interlayer, is found to be cracked at the perimeter of the
wafer and many hexagonal hillocks are found on the
surface, as shown in Fig. 2(b), which were identified as
regions with a high defect density [13].

In order to explore the crystalline quality and electric
properties, the AFM, HRXRD, and Hall effect measure-
ments are performed on the two types of samples. Fig. 3
shows the AFM images of the two samples. The RMS
roughness and dislocation density are summarized in Table
1, which also includes HRXRD and Hall results. The
dislocation density is also evaluated from the AFM images,
which is obtained by averaging the pit densities on different
spots of the sample and with different image sizes
(1 mm� 1 mm size and 2 mm� 2 mm size). Sample (a) shows
an RMS roughness of 0.40 nm. Sample (b) has a roughness
Fig. 1. Schematic of two different structures that use an
of 0.50 nm. Meanwhile, inspection of Fig. 3 reveals that the
SLs decrease the dislocation density by working as a defect
filter. The dislocation density measured from the AFM
images decreases from 9� 109 cm–2 for sample (b) to
5� 109 cm–2 for sample (a). The absence of hexagonal
hillocks on sample (a) indicates that sample (a) is of high
crystalline quality.
Hall effect measurements at room temperature reveal

that the mobility and carrier concentration of sample (a)
are higher than that of sample (b). Sample (a) has a carrier
concentration of 3� 1018 cm–3. Generally, there are two
types of donors in n-type AlGaN: one type is an effective
mass-like state located �30–60meV below the conduction
band; the other type, which has a defect-related metastable
character, is localized deeper in the band gap of AlGaN
[14]. Our results suggest that at a doping level of
AlGaN(AlN)/AlGaN SL and a LT AlN interlayer.
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4� 1018 cm–3, the concentration of the defect-related
metastable states may be reduced by applying a SL, which
could result in the possibility that Si atoms act as effective
mass states so that a higher carrier density at room
temperature becomes possible. By inserting two sets of SLs,
the defect-filter function of SLs in sample (a) further
reduces the dislocation density and increases the mobility.
Table 1

Electron mobility, carrier concentration, surface roughness, dislocation densiti

and sample (b) grown on an LT AlN interlayer

Al0.3Ga0.7N

on sapphire

n (cm�3) m (cm2/(V s)) Surface RMS

roughness

(nm)

AFM

dislocatio

density (c

SL 3.0� 1018 80 0.40 5.0� 109

LT interlayer 2.0� 1018 40 0.50 9.0� 109

Fig. 3. AFM images of sample (a) grown on AlGaN(AlN)/AlGaN SL,

showing lower dislocation density and sample (b) grown on an LT AlN

interlayer, showing higher dislocation density.
The X-ray rocking curve scan of the (0 0 2) peak is
measured and shown in Fig. 4. It is found that sample (a)
has a narrower FWHM than sample (b), which indicates
that the SL further improves the crystalline quality of
AlGaN. The (1 0 1) peak is also measured and the FWHM
of sample (a) and sample (b) is 37.6 arcmin and 47.8
arcmin, respectively. From the X-ray line width, the screw
dislocation density and the edge dislocation density are
evaluated [15] and it is found that the screw dislocation
density of samples (a) and (b) is 2.3� 109 and
2.5� 109 cm–2, respectively, and the edge dislocation
density of samples (a) and (b) is 3.4� 1010 and 4.3� 1010

cm–2, respectively. The screw dislocation density evaluated
by using X-ray line width is in good agreement with the
AFM-measured dislocation density. This is consistent with
the suggestion that the pits found on the AFM images are
due to the intersection of screw component dislocations
with the surface [16]. The screw and edge dislocation results
reveal that SLs reduce both the screw and edge disloca-
tions. Furthermore, a strong reduction of the edge
dislocation density is found by using SLs. In the present
study, it is also found that the critical thickness of the n-
type Al0.3Ga0.7N is greater than 2.0 mm by using AlGaN/
AlGaN SL method.
In conclusion, two MOVPE-grown AlGaN/AlN struc-

tures are studied that use an AlGaN(AlN)/AlGaN SL and
a LT AlN interlayer. It is found that by using the SL, the
critical thickness of Si-doped Al0.3Ga0.7N layer is
greater than 2 mm. The AFM, HRXRD, and Hall effect
es, and X-ray linewidth of sample (a) grown on AlGaN(AlN)/AlGaN SL

n

m�3)

XRD

edge

dislocation

density (cm�2)

Screw

dislocation

density (cm�2)

FWHM of

(0 0 2)

(arcmin)

FWHM of

(1 0 1)

(arcmin)

3.4� 1010 2.3� 109 18 37.4

4.3� 1010 2.5� 109 18.6 41.8

Fig. 4. (0 0 2) rocking curve of sample (a) grown on AlGaN(AlN)/AlGaN

SL showing narrower X-ray linewidth and sample (b) grown on an LT

AlN interlayer, showing a broader X-ray linewidth.
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measurements also show that the sample with the SL gives
the best results in terms of crystalline quality and electric
properties. 1.8-mm-thick Si-doped Al0.3Ga0.7N layer is
obtained by using the SL. An XRD-deduced edge
dislocation density and screw dislocation density of
3.4� 1010, 2.3� 109 cm–2, respectively, carrier concentra-
tion of 3� 1018 cm–3, mobility of 80 cm2/(V s), and an RMS
roughness of 0.40 nm are obtained on the AlGaN layer.
Using the SL also results in the absence of hexagonal
hillocks that are indicative of high defect density.
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