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GaN nanowires containing AlN/GaN distributed Bragg reflector (DBR) heterostructures have been
grown on (001) silicon substrate by molecular beam epitaxy. A peak reflectance of 70% with normal
incidence at 560 nm is derived from angle resolved reflectance measurements on the as-grown
nanowire DBR array. The measured peak reflectance wavelength is significantly blue-shifted from
the ideal calculated value. The discrepancy is explained by investigating the reflectance of the
nanoscale DBRs with a finite difference time domain technique. Ensemble nanowire microcavities
with In0.3Ga0.7N nanowires clad by AlN/GaN DBRs have also been characterized. Room
temperature emission from the microcavity exhibits considerable linewidth narrowing compared to
that measured for unclad In0.3Ga0.7N nanowires. The resonant emission is characterized by a peak
C 2013 AIP Publishing LLC.
wavelength and linewidth of 575 nm and 39 nm, respectively. V
[http://dx.doi.org/10.1063/1.4827338]
The development of reliable and efficient visible light
emitting diodes (LEDs) and lasers with wide bandgap semiconductors is important for solid state lighting, full color
mobile projectors, displays, and medical applications.1–8
GaN-based materials and heterostructures are well-suited for
such applications. However, serious materials limitations have
impeded the expected progress.7 Lack of low-cost and highquality GaN substrates has necessitated epitaxy on mismatched
substrates, leading to large defect densities.9 The large lattice
mismatch between GaN and AlN has prevented the realization
of high quality Bragg mirrors10 and low threshold vertical cavity surface emitting lasers (VCSELs)6 and electrically pumped
polariton lasers,11,12 where such mirrors are needed.
Ga(In)N nanowires can be epitaxially grown without a
catalyst on (001) or (111) silicon substrate in the wurtzite
crystalline form with the c-axis parallel to the growth
direction.13–15 They are generally free of extended defects,
and the radial relaxation of strain during epitaxy results
in very small piezoelectric polarization in nanowire
heterostructures.16–18 The surface recombination velocity is
also quite small (104 cm/s).18 These nanowires, either as
the as-grown array on silicon or as selectively dispersed single nanowires or nanowire p-n junctions, have been used to
realize visible LEDs up to k  630 nm,19 visible electrically
pumped single photon sources,20 single nanowire lasers,21,22
and room temperature optically pumped low threshold polariton lasers.23 In this work we have grown AlN/GaN nanowire
distributed Bragg reflector (DBR) heterostructures16 on
(001) silicon substrates. Nanowire microcavities consisting
of In0.3Ga0.7N nanowires clad by the DBRs were also grown
a)
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and characterized. Results from angle resolved reflectance
measurements made on the DBR heterostructures and photoluminescence measurements made on the microcavities are
presented and discussed.
GaN nanowires with an aerial density of 1011 cm2
were grown on (001) Si substrate in a molecular beam epitaxy
(MBE) system. After removal of the surface oxide on the substrate with a 900  C anneal in the growth chamber, the temperature is lowered to 800  C, and a few monolayers of Ga are
deposited with a Ga flux of 1.3  107 Torr in the absence of
N. GaN nanowire growth is initiated at the same temperature
at a rate of 300 nm/h under N-rich conditions. The Ga flux is
maintained at 1.3  107 Torr, and the nitrogen flow rate is
held constant at 1 sccm. In order to grow only the AlN/GaN
DBR heterostructure, a 200 nm seed GaN nanowire is first
grown under the conditions outlined above and 22 pairs of
AlN/GaN quarter-wave layers are grown at 800  C with Al
and Ga fluxes of 1.5  107 Torr and 1.3  107 Torr, respectively. To realize a nanowire microcavity, 250 nm In0.3Ga0.7N
nanowires are grown and are clad by 22 and 3 pairs of bottom
and top AlN/GaN DBR, respectively. A detailed description
of InGaN nanowire growth is provided in our previous
publication.15
The structural properties of the nanowires were investigated by scanning electron microscope (SEM) and highresolution transmission electron microscope (HR-TEM)
imaging. As shown in Fig. 1(a)), a high density of GaN nanowires can be grown on (001) Si substrate with an average diameter of 40 nm and with excellent uniformity in length.
The TEM image of Fig. 1(b) shows a GaN nanowire with
AlN/GaN DBR heterostructures in which multiple AlN/GaN
Bragg pairs (77/71 nm) were grown along the c-axis. The
image depicts sharp AlN/GaN interfaces with an absence of
extended defects. The insets of Fig. 1(b) show the selected
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FIG. 2. (a) Measured and calculated reflectance spectra of 22 pairs of nanowire AlN/GaN DBR heterostructure at different incidence angles. The thickness of the AlN and GaN layers are 77 and 71 nm, respectively; (b)
schematic of equivalent DBR structure by considering the GaN/air and
AlN/air composite materials for the constituent layers.
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FIG. 1. (a) High density (10 cm ) GaN nanowires grown by molecular
beam epitaxy on (001) Si; (b) TEM image of GaN nanowire with AlN/GaN
DBR depicting the smooth interface between the AlN and GaN layers. The
insets show the selected area diffraction pattern of the GaN nanowire region
and an array of nanowires with DBR heterostructures, respectively.

area diffraction (SAD) pattern of the GaN region and a TEM
image of an ensemble of nanowires with AlN/GaN DBR heterostructures at low magnification, respectively. The SAD
pattern reveals that the c-plane of the nanowire is normal to
the growth direction.
The optical properties of the as-grown nanowire DBR
structures in which the thickness of AlN and GaN are 77 and
71 nm, respectively, were investigated by angle resolved reflectance measurement with a spot size of 3 mm. As shown
in Fig. 2(a), as the incident angle increases the peak reflectance moves towards shorter wavelengths (higher energy)
due to an additional in-plane wavevector normal to the
growth direction. Unlike a planar DBR, each layer of the
nanowire DBR structure is not homogeneous along the inplane direction due to free space between the nanowires.
This results in a reduced reflectance at higher incident angles
because of a non-zero in-plane wavevector of incident light.

A maximum peak reflectance of 70% at 560 nm was measured at normal incidence with a stopband width of 30 nm.
For comparison, the normal incidence reflectance spectrum
of a planar DBR with the same layer thickness was calculated by the transfer matrix method (TMM)24 and is also
shown in the figure. It is worth noting that the measured
peak wavelength of the nanowire sample exhibits a 100 nm
blue shift from the calculated peak wavelength of a planar
DBR. Moreover, the measured peak reflectance of the nanowire DBR is smaller than the calculated value for the planar
DBR. Because the nanowire diameter is much smaller than
the effective incident wavelength, the incident light will be
weakly confined in the nanowires and will also be coupled to
adjacent nanowires via the air gaps, resulting in a reduced
effective refractive index of each DBR layer. In other words,
as illustrated in Fig. 2(b), the incident wavefront encounters
the equivalent planar GaN/air and AlN/air composite materials with smaller effective refractive index than those of GaN
and AlN DBR layers in the nanowires. It is found from
TMM analysis that the reflectance spectrum depends on the
refractive index, and thickness of the constituent layers and
the peak reflectance wavelength is given by k0 ¼ 4dn, where
n is the refractive index and d is the layer thickness.24
Therefore, it is concluded that the measured blue shift of the
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peak reflectance wavelength is due to the reduced refractive
index of each DBR layer.
The nanowire DBR structure has been more accurately
analyzed by the 3D finite difference time domain (FDTD)
method. A hexagonal close packed nanowire DBR array
with a diameter of 40 nm and periodic boundary conditions
is considered in the simulation. Since the light propagates
and reflects back along the c-axis parallel to the growth
direction, ordinary refractive indices of 2.41 and 2.16 were
chosen for GaN and AlN, respectively.25 In order to eliminate any spurious effects due to the inadvertent formation of
a photonic crystal, the positions of nanowires are slightly
randomized with a maximum offset of 7 nm from the periodic locations, without changing the average distances
between the nanowires (45 nm). The simulation was
repeated on 10–15 different sets of randomly positioned
nanowires. It is found that there is no meaningful variation
among them in terms of the reflectance peak position and the
stopband width. Figure 3(a) shows the electric field (Ey) distribution in the nanowires from which it is confirmed that the
electromagnetic field is not well-confined in the nanowires
but couples into the air gaps between the nanowires. Figure
3(b) shows that the calculated reflectance spectrum is quantitatively in good agreement with the measured data with
respect to the spectral peak position and the stopband width.
The relatively smaller reflectance in the measured data is
believed to be due to the misalignment of each DBR layer

between the nanowires, as seen in the TEM image of the
inset of Fig. 1(b).
Finally, nanowire microcavities with In0.3Ga0.7N active
region clad by 3 and 22 pairs of top and bottom DBR,
respectively, were characterized by photoluminescence (PL)
measurements. The microcavity was optically excited at
room temperature with a continuous wave (CW) He-Cd laser
at 325 nm. The emission spectrum was analyzed with a
0.75 m high-resolution monochromator and detected with a
photomultiplier tube using phase lock-in amplification. For
comparison, control nanowires having the same indium composition, without the DBRs, were also grown and characterized. As shown in Fig. 4(a), the luminescence from the
nanowires is characterized by a Gaussian lineshape with the
peak at 596 nm and a linewidth of 78 nm. In contrast, the
output spectrum of the nanowire microcavity with DBRs
exhibits several resonant peaks over the uncoupled broad
background light. The most prominent peak is observed at
575 nm, and the linewidth of this peak is estimated to be
39 nm, after elimination of the background emission. This
linewidth corresponds to a cavity quality (Q) factor of only
25, which is due to inefficient reflection at 3 pairs of the top
DBR. It is also noted that the overall emission spectrum of
the nanowire microcavity with DBRs shows a small blue

FIG. 3. (a) Calculated electrical field distribution in nanowire DBR structure
calculated by FDTD method; (b) calculated and measured reflectance spectra at normal incidence for 22-pair AlN/GaN nanowire DBR.

FIG. 4. (a) Room temperature photoluminescence spectra on InGaN nanowire with and without DBR cavity. Resonant peaks are observed in the PL
spectrum of the microcavity; (b) calculated field profile in yz- and xz-planes.
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shift in comparison to that of the nanowire microcavity without DBRs. This may be due to inter-diffusion of indium during the growth of the top DBR at a high temperature. The
microcavity was also analyzed by 3D FDTD simulation and
the calculated field (Ey) profile in yz- and xz-planes is shown
in Fig. 4(b). While the field is well confined, and the light
propagation is inhibited by the bottom DBR, the field propagates freely through the top DBR, as discussed above, resulting in a small Q factor. Thus, with further improvement in
growth of the nanowire DBR cavities and a design to
enhance the cavity Q factor (with more DBR periods at the
top), single or ensemble green nanowire lasers on silicon
substrates can be realized.
In conclusion, we have characterized AlN/GaN nanowire
DBR heterostructures grown by MBE on (001) silicon substrates. High-resolution TEM images reveal sharp heterostructure interfaces with no evidence of the presence of extended
defects. A peak reflectance of 70% is obtained from normal
incidence reflectivity measurements on the nanowire array.
Resonant cavities were grown with In0.3Ga0.7N nanowires
clad by 3 and 22 pairs of AlN/GaN. Resonant peaks are
observed in the luminescence spectra of the cavities with a
peak at 575 nm characterized by a linewidth of 39 nm.
With full DBRs and more optimized growth these nanostructures can become important components in nanowire-based
optoelectronics.
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