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High-reflectivity ultraviolet distributed Bragg reflectors (DBRs), based on AlN/AlGaN quarter-wave

layers, have been designed and grown on 2 in (0 0 0 1) sapphire substrates by metalorganic chemical

vapor deposition. The growth of 20-pair AlN/Al0.23Ga0.77N DBR shows no observable cracks in the

structure and achieves peak reflectivity of 90% at 367 nm together with a stop-band width of 24 nm.

Furthermore, the growth of 34-pair AlN/Al0.23Ga0.77N DBR shows partial cracks from optical microscopy

images. According to the room-temperature photoluminescence measurement, the emission spectrum

of 34-pair AlN/Al0.23Ga0.77N DBR is broader than that of 20-pair AlN/Al0.23Ga0.77N DBR, which could be

due to strain inhomogeneity generated by cracks. Despite the crystal quality problem, the peak

reflectivity of 34-pair AlN/Al0.23Ga0.77N DBR could still achieve 97% at 358 nm and the stop-band width

is 16 nm.

& 2008 Elsevier B.V. All rights reserved.
1. Introduction

High-reflectivity nitride-based distributed Bragg reflectors
(DBRs) are important for the development of GaN-based optical
devices such as resonant-cavity light-emitting diodes (RCLEDs) [1]
and vertical-cavity surface-emitting lasers (VCSELs) [2]. Recently,
nitride-based microcavity structures have attracted much atten-
tion due to the investigation of fundamental phenomena includ-
ing strong light-matter interaction [3–5], solid-state cavity
quantum electrodynamics (CQED) [6], and dynamical Bose–
Einstein condensates [7]. As far as nitride-based microcavities
designed for the study of strong coupling phenomena are
concerned, the active regions made of GaN bulk or GaN/AlGaN
multiple quantum wells (MQWs) are preferred due to the
relatively narrow photoluminescence (PL) linewidth as compared
with InGaN/GaN MQWs. Therefore, high-quality nitride-based
ultraviolet DBRs with a wavelength around 360 nm at the center
of the stop band are essential approach to fabricate nitride-based
microcavities for the study of strong exciton–photon coupling. In
general, ultraviolet nitride-based DBRs consist of AlInN/AlGaN or
AlGaN/AlGaN material system. Especially, for devices containing
pure GaN as an active medium, the ultraviolet DBRs cannot
employ GaN as the layer materials because of the strong increases
of optical absorption below 360 nm. Regarding the development
ll rights reserved.
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of the ultraviolet DBRs for the microcavity structures made of
active regions emitting in the 340–370 nm range, several experi-
mental results have been demonstrated. Crack-free lattice-
matched ultraviolet AlInN/AlGaN DBRs have been achieved by
Feltin et al. [8] in 2006. The DBRs exhibit a reflectivity higher than
99% at a wavelength as short as 340 nm and a stop-band width of
20 nm. Nevertheless, the growth of high-quality AlInN film is
difficult due to the composition inhomogeneity and phase
separation in AlInN, which results from large mismatch of
covalent bond length and growth temperature between InN and
AlN [9]. High-reflectivity ultraviolet AlGaN/AlGaN DBRs with peak
reflectivity of 99% are mostly grown using molecular-beam
epitaxy (MBE) system [10,11]. Although the MBE system can
provide high-quality epitaxial film and sharp heterostructure, it is
time-consuming for the growth of high-reflectivity nitride-based
DBRs as a high number of pairs are required to overcome the
relatively small refractive index contrast between bilayer con-
stituents in the nitride material system. As for AlGaN-based
ultraviolet DBRs grown by metalorganic chemical vapor deposi-
tion (MOCVD) system, Wang et al. [12] have reported crack-free
25-pair AlGaN/AlGaN DBRs with a peak reflectivity of 91% at
353 nm and a stop-band width of 17 nm in 2004. Moreover, they
demonstrated 25-pair AlGaN/AlGaN DBRs with peak reflectivity of
94% around 356 nm and a stop-band width of 17 nm in 2005 [13].
Ji et al. [14] reported nearly crack-free 30-pair AlGaN/AlN DBRs
with a peak reflectivity of 93% at a wavelength as short as 313 nm
in 2007. However, the peak reflectivity values of most AlGaN-
based ultraviolet DBRs grown by MOCVD system are relatively
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lower than that grown by MBE system. Therefore, it is necessary
to further improve and investigate AlGaN-based ultraviolet DBRs
grown by MOCVD.

In this study, we report the growth over 2 in c-sapphire
substrates of high-reflectivity AlN/AlGaN DBRs designed for the
ultraviolet spectral region. The structures are grown by MOCVD
and consist of AlN/Al0.23Ga0.77N system to increase the difference
of refractive index in the DBR structures. The measured peak
reflectivity values are 90% and 97% for 20-pair and 34-pair AlN/
AlGaN DBRs, respectively. Furthermore, the experimental reflec-
tivity spectra are modeled by transfer matrix theory in order to
compare the experimental and theoretical results.
Fig. 1. (a) Cross-sectional SEM image of DBR A. The total thickness of 20-pair AlN/

Al0.23Ga0.77N DBR is about 1.753mm. (b) Cross-sectional SEM image of DBR B. The

total thickness of 34-pair AlN/Al0.23Ga0.77N DBR is about 2.869mm.
2. Experiments

The AlN/AlGaN DBRs were grown in a low-pressure high-speed
rotating-disk MOCVD system (EMCORE D75). Two-inch diameter
(0 0 0 1)-oriented sapphire substrates were used for the growth of
DBR samples. During the growth, trimethylgallium (TMGa) and
trimethylaluminum (TMAl) were used as group III source
materials and ammonia (NH3) as the group V source material.
After thermal cleaning of the substrate in hydrogen ambient for
5 min at 1100 1C, a 30-nm-thick GaN nucleation layer was grown
at 500 1C. The growth temperature was raised up to 1020 1C for the
growth of 2.8mm GaN buffer layer. Then, the AlN/AlGaN DBRs
were grown under the fixed chamber pressure of 1.33�104 Pa
similar to the previous reported growth conditions [15]. Two DBR
samples with different numbers of periods were prepared. The
sample labeled DBR A consists of 20-pair AlN/Al0.23Ga0.77N
quarter-wavelength layers. The other sample labeled DBR B
consists of 34-pair AlN/Al0.23Ga0.77N quarter-wavelength layers.
By employing in situ optical reflectivity system, the growth rate of
the AlN and AlGaN layer can be estimated to be about 0.7 and
2.2 Å/s, respectively. The surface morphology of the DBRs was
studied by optical microscopy and atomic force microscopy
(AFM). The thicknesses of the total DBR structures were
investigated by scanning electron microscopy (SEM). The reflec-
tivity spectra of the AlN/AlGaN DBRs were measured by the n and
k ultraviolet–visible spectrometer with normal incidence at room
temperature [16–18]. The PL emission spectra of the DBRs were
measured at room temperature in order to study the crystal
quality. The excitation source is a 266 nm radiation from a
frequency tripled Ti:sapphire laser and the PL emission is
dispersed by a 0.55 m monochromator and detected with a
photomultiplier with standard lock-in technique. The laser beam
is focused by an optical objective lens and the focused laser spot
size is about 50mm together with the power density about
3�103 W/cm2.
3. Results and discussion

The cross-section SEM images of DBRs A and B are shown in
Fig. 1. The AlN/AlGaN interfaces are well defined and flat.
According to the SEM images, the total thicknesses of 20- and
34-pair AlN/Al0.23Ga0.77N DBRs were measured to be about 1.753
and 2.869mm, respectively. Therefore, the average bilayer thick-
nesses of 87.6 nm (DBR A) and 84.4 nm (DBR B) were estimated
based on the SEM measurements. Since the bilayer thickness is
about 80–90 nm, the cross-sectional SEM images can provide
sufficient resolution for the estimation of bilayer thicknesses
[11,12,19,20]. Furthermore, by a combination of double-crystal
X-ray diffraction (XRD), growth rate calibrations, and SEM
measurements, we can estimate the layer thicknesses of AlN
and AlGaN, respectively. For DBR A, we estimate the layer
thicknesses of 45.5 nm for AlN layer and 42.1 nm for Al0.23Ga0.77N
layer. In the case of DBR B, the thicknesses of AlN and Al0.23Ga0.77N
layers are about 44.1 and 40.3 nm, respectively. Moreover, the GaN
nucleation layer and GaN buffer layer can be clearly observed in
Fig. 1(a).

Fig. 2 shows the surface images of (a) DBR A and (b) DBR B
taken by an optical microscopy in order to compare the
macroscopic morphology between DBRs A and B. The surface
image of DBR A shows a smooth macroscopic morphology but that
of DBR B shows a rough one. Besides, no evidence of cracks was
observed in DBR A, as shown in Fig. 2(a). As for DBR B, cracks were
observed from the optical microscope image. We further esti-
mated the mean distance between cracks of DBR B at about
300mm. Fig. 3 shows the measured (solid line) and simulated
(dashed line) reflectivity spectra of (a) DBR A and (b) DBR B. In
Fig. 3(a), experimental measurement shows that the peak
reflectivity at 367 nm is about 90% and the stop-band width is
24 nm. To compare experimental and calculated reflectivity
spectra, theoretical simulation based on transfer matrix theory
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Fig. 2. Optical microscope images of (a) DBR A and (b) DBR B.
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Fig. 3. (a) Measured (solid) and simulated (dashed) reflectivity spectra of DBR A at

a peak wavelength of 367 nm. The room-temperature PL spectrum shows an

emission peak at 323 nm from the Al0.23Ga0.77N layers. (b) Measured (solid) and

simulated (dashed) reflectivity spectra of DBR B at a peak wavelength of 358 nm.

The room-temperature PL spectrum shows an emission peak at 327 nm.
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was performed using above layer thicknesses. As for the
parameter of refractive index, Adachi model is employed to
calculate the refractive index values of GaN, AlN, and Al0.23Ga0.77N
layers. The Adachi model can be expressed by [21]

nðhnÞ ¼
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where Eg is the band gap of the material, v is the frequency of the
incident light, h is the Planck’s constant, and a(x) and b(x) are
composition-dependent fitting parameters. This equation showed
good agreement with measurements on GaN, AlN, and InN for
the transparency region [22]. In our calculation, we employed the
fitting parameters for AlN layer from Brunner et al. [23]. As for the
Al0.23Ga0.77N layer, the fitting parameters are more reliable from
Laws et al. [24] when the aluminum composition is smaller than
0.38. Fig. 3(a) also shows the calculated reflectivity spectrum of
DBR A. By comparing the measured and calculated results, the
characteristics of simulated reflectivity spectrum of DBR A
including stop-band width and the phase of the long wavelength
oscillations are in good agreement with the measured spectrum.
Nevertheless, the calculated peak reflectivity is about 94%, which
is larger than the measured result. This difference may come from
dislocations in the samples and the structural imperfections such
as deviations from the designed layer thickness and interface
roughness between each epitaxial layer. Moreover, the mismatch
between the measured and calculated reflectivity spectra in the
short wavelength interference fringes is due to absorption in the
Al0.23Ga0.77N layers because the scattering loss and absorption in
the bilayers were not taken into account in the simulation. In the
case of DBR B, the experimental measurement shows that the
peak reflectivity at 358 nm is about 97% and the stop-band width
is 16 nm, as shown in Fig. 3(b). Theoretical calculation expects
that the peak reflectivity and stop-band width of the 34-pair AlN/
Al0.23Ga0.77N DBRs should be 99.8% and 20 nm, respectively.
Partial cracks were observed in DBR B from optical microscopy,
which results from the release of the strain energy due to the large
number of DBR pairs. Therefore, this difference between measured
and calculated reflectivity spectra of DBR B may come from crack-
induced dislocations and the degradation of crystal quality
[25,26]. In addition, the short wavelength interference fringes
are not resolved for DBR B. Since the stop band of DBR B is
centered at a shorter wavelength than that of DBR A, the
absorption effects from AlGaN layers will play a greater role in
the case of DBR B as the AlGaN layers have the same aluminum
composition in both samples.

In order to further observe the crystal quality and estimate the
alloy compositions simultaneously, the room-temperature PL
spectra of these two DBR samples were measured and also
plotted in Fig. 3. The PL spectra mainly originate from the
emission of AlGaN layer in DBR structures. Since the DBR samples
were pumped by 266 nm laser from the top surface, the laser light
will be fully absorbed by the AlGaN layers before reaching the
GaN buffer layer. Therefore, the emission from GaN buffer layer
cannot be observed in the PL spectra. In Fig. 3(a), the emission
peak from Al0.23Ga0.77N layer of DBR A is about 323 nm, which is
obviously below the DBR stop-band wavelength range. This
condition is important to keep the stop-band width in order to
avoid the absorption of Al0.23Ga0.77N layer [12]. Moreover, the
emission peak from Al0.23Ga0.77N layer of DBR B is about 327 nm,
as shown in Fig. 3(b). By comparing Fig. 3(a) and (b), it is notable
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that the PL spectrum of DBR B is obviously broader than that of
DBR A. The full-width at half-maximum (FWHM) values of the PL
spectra measured on DBRs A and B are 20.4 and 32.8 nm,
respectively. Therefore, according to the broader emission spec-
trum and the observable cracks on sample surface, we deduce that
the broader PL spectrum mainly originates from the generation of
cracks, which could result in strain inhomogeneity due to the local
strain depending on the distance to a crack in a cracked sample.
The inhomogeneous strain distribution results in different band
edge emission energy [27]. As a consequence, the tail of the
emission spectrum related to the AlGaN layers in DBR B would be
more extended than that in DBR A. The difference of the PL
emission peak between DBRs A and B also arises from this factor
Fig. 4. AFM images (3mm�3mm) of (a) DBR A and (b) DBR B.
since the growth condition of the Al0.23Ga0.77N layer in DBR A and
DBR B is the same.

The surface morphology of the DBR samples is investigated by
AFM measurement. Fig. 4(a) and (b) are AFM images of DBRs A
and B, respectively. The scanning area is 3�3mm2. It is found that
the roughness of 34-pair DBR (rms ¼ 1.7 nm) is larger than that of
20-pair DBR (rms ¼ 1.3 nm) within the scanning area. This larger
surface roughness of DBR B may also result from the degradation
of crystal quality. Rough surface morphology will lead to higher
optical scattering loss, which is also one of the factors leading to
the mismatch of the calculated and measured reflectivity spectra.
4. Conclusion

In summary, we have reported that the ultraviolet DBRs consist
of AlN/Al0.23Ga0.77N multilayers grown by MOCVD system. The
reflectivity and stop-band width of 20-pair AlN/Al0.23Ga0.77N DBR
are 90% and 24 nm, respectively. The simulated reflectivity
spectrum is in good agreement with the measured result. When
the number of DBR pairs increases from 20 to 34 pairs, partial
cracks are observed from optical microscopy due to the release of
the strain energy. Despite the crystal quality problem, the peak
reflectivity of 34-pair AlN/Al0.23Ga0.77N DBR can still achieve 97%
at a wavelength of 358 nm together with a stop-band width of
16 nm.
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