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ABSTRACT  

 

Periodic structures with dimensions on the order of the wavelength of light can tailor and 

improve the performance of optical components, and they can enable the creation of 

devices with new functionalities. For example, distributed Bragg reflectors (DBRs), which 

are created by periodic modulations in a structure’s dielectric medium, are essential in 

dielectric mirrors, vertical cavity surface emitting lasers, fiber Bragg gratings, and single-

frequency laser diodes. This work introduces nanoscale DBRs integrated directly into 

gallium nitride (GaN) nanowire waveguides. Photonic band gaps that are tunable across 

the visible spectrum are demonstrated by precisely controlling the grating’s parameters. 

Numerical simulations indicate that in-wire DBRs have significantly larger reflection 

coefficients in comparison with the nanowire’s end facet. By comparing the measured 

spectra with the simulated spectra, the index of refraction of the GaN nanowire waveguides 

was extracted to facilitate the design of photonic coupling structures that are sensitive to 

phase-matching conditions. This work indicates the potential to design nanowire-based 

devices with improved performance for optical resonators and optical routing. 
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Semiconductor nanowires have drawn considerable interest as a platform for miniaturized 

photonics grown bottom-up.1-3 Their one-dimensional geometry mimics conventional photonic 

platforms that use large-aspect-ratio structures such as waveguides and optical cavities in a 

highly compact geometry. This resemblance has inspired researchers to explore the use of 

semiconductor nanowires for miniaturized lasers,4, 5 optical routing,6, 7 and other optoelectronic 

components.8-10 Furthermore, there has been considerable effort in nanowire research to control 

the size,11 shape,12 and composition13-15 of nanowires for photonic applications. In particular, the 

ability to manipulate the photonic structure of nanowires has enabled the precise control of their 

optical properties for improved optoelectronic functions. For example, axially coupling nanowire 

cavities introduces extra degrees of freedom to manipulate the lasing modes in semiconductor 

nanowires for single-mode lasing and yields a significant reduction in the lasing threshold at 

room temperature.16 

Periodic structures are indispensable for modern optics and optoelectronics. The optical 

properties of a film can be precisely controlled through careful selection of its material properties 

and optical structure, which has enabled innumerable inventions in optics and photonics. The 

integration of periodic structures, such as DBRs,17, 18 into a nanowire can improve the 

performance and enable additional photonic functionalities in these compact structures.19, 20 

Previously, there have been reports of embedding nanowires into separate periodic structures to 

achieve a Purcell enhancement and photonic band gaps in hybrid microresonator structures.21, 22 

Recently, the fabrication of polymer nanofiber-based distributed feedback (DFB) lasers was 

demonstrated using nano-imprint lithography.23 The ability to fabricate DBRs in a semiconductor 

nanostructure is also of considerable interest because inorganic semiconductors generally exhibit 

favorable transport properties, material stability, and fabrication infrastructure for compact 
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optoelectronics. Tuned properly, these architectures can be used to select specific wavelengths 

for optical routing, single-mode lasing, and potentially lower the lasing threshold of nanowire-

based lasers.17, 18 In this work, the integration of DBR structures into GaN nanowires is 

demonstrated with photonic stopbands that are broadly tunable across the visible spectrum. 

Numerical simulations based on finite element methods were used to guide the design of the 

DBR geometry and to analyze the results from the experimental measurements. These DBR-

integrated nanowires are promising for compact photonic devices. A method has also been 

developed to measure the index of refraction of a GaN nanowire waveguide, which can aid in the 

design of future broadband optoelectronics using building blocks based on nanowires. 

DBRs were created by defining periodic indentations in a GaN nanowire using a 

fabrication scheme based on focused ion beam milling (Figure 1). A detailed description of the 

fabrication procedure can be found in the Supporting Information. Briefly, single-crystalline 

GaN nanowires were synthesized via chemical vapor transport using a hot-wall furnace at 900-

1000 oC. These triangularly faceted wires are typically 150-300 nm in cross-sectional height (tip 

to side facet) and can be up to 150-µm long. A focused ion beam was used to pattern periodic 

indentations into nanowires with controlled periodicity, duty cycle, and depth of indentation.  It 

is critical to control the alignment and focus of the gallium ion beam and the dosage of milling in 

order to fabricate these indentations with precise geometric parameters (Figure 1). As 

demonstrated previously,16 cut widths as narrow as 30 nm can be achieved. The depth of each cut 

can be controlled by the beam current and the dosage time down to less than 10 nm. Because the 

wires are not completely milled through, it is possible to pick up a fabricated wire with a 

micromanipulator and then transfer it to another substrate for further fabrication or 

characterization. 
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Long GaN nanowires (>40 µm) serve as a platform to study DBRs in semiconductor 

nanowires. In these structures, the periodicity enables large reflection coefficients at the Bragg 

wavelength due to constructive interference. DBRs with a large number of periods (50-100) and 

a wide range of periodicities for tunable stopbands can be fabricated into these long nanowires, 

highlighting this nanoscale integration. Furthermore, for this transmission measurement, a 

method to normalize the emission that has propagated through the DBR with the emission 

without the DBR was developed. To account for this normalization, DBRs were fabricated onto 

one half of the wire while leaving the other half untouched (Figure 2a).  When a nanowire is 

excited with a laser focused at its center, the broad spontaneous emission from defects that has 

coupled to the waveguide mode will propagate in both directions: through the grating structure 

and through the un-milled portion of the nanowire (Supporting Information). By selectively 

collecting the emission from either end of the nanowire, the emission from the DBR end of the 

nanowire can be normalized by the analyzed emission from the un-milled section of the 

nanowire.  

Selected-area spectroscopy was employed to measure exclusively either the emission that 

has propagated through the DBR or the emission that has propagated through the unmodified 

waveguide. A detailed description of the measurement setup and procedure can be found in the 

Supporting Information. A clear photonic stopband is observed at ~450 nm when the periodicity 

of the 50 indentations is 143 nm with a cut depth of 40 nm and a cut width of approximately 60 

nm (Fig. 2b). This band indicates that the periodic structure efficiently reflects the guided mode 

at 450 nm. The stopband can blue shift to the UV simply by decreasing the periodicity of the 

indentations. Furthermore, the measured transmission spectra of various fabricated devices 

demonstrate a tunable stopband across the visible spectrum from blue to red by increasing the 
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periodicity and varying the milling conditions in the fabrication process (Figure 2b). The full-

width half maximum (FWHM) of these band can be narrow (<5 nm), which can be attributed to 

the precision in producing repeatable etches over a large number of periods. It is also important 

to note that by using finite-element methods (COMSOL 4.4a Multiphysics), the optical 

properties of a DBR in a semiconductor nanowire were investigated from 3D, full-wave 

simulations, and these simulations were used to predict the position of the stopband. It was found 

in both the simulation and the measurements that the position of the stopband is most sensitive to 

the periodicity rather than the cut depth or cut width. A deeper cut depth or wider cut width will 

blue shift the stopband slightly, which can be understood by examining the Bragg condition from 

coupled mode theory: ݉ߣ஻ ൌ 2݊௘௙௙Λ, where ݉ is the order, ߣ஻ is the Bragg wavelength, ݊௘௙௙ is 

the effective refractive index, and Λ is the grating parameter. A deep or wide cut will lower the 

effective index of refraction, which will shift the stopband to shorter wavelengths. Furthermore, 

GaN nanowires have a wide transparency range, and the ability to tune the stopband across a 

wide range of wavelengths can facilitate the design of broadband optoelectronics for optical 

routing in a compact geometry.15, 24, 25 Because the absorption loss varied between each device, 

the normalized spectrum from the DBR end was divided by the normalized spectrum from the 

un-milled end to illustrate the tunable stopband. In some cases, less than 30% transmission was 

observed at the stopband. The ability to spectrally tune the propagation of light across a wide 

range of wavelengths demonstrates the potential for controllable, wavelength-sensitive optical 

components with nanometer dimensions for photonic integrated circuits. 

Nanowire cavities with integrated DBRs have the potential to be low-threshold nanowire 

lasers. The naturally cleaved end facets of single nanowires typically exhibit low reflectivity 

(~20%), which makes these nanowires inefficient resonators (Supporting Information).16 
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Qualitatively consistent with our measured results, finite-element method simulations show that 

by fabricating DBRs into a nanowire, it is possible to raise the reflectivity at a specific 

wavelength to over 90% assuming minimal absorption loss (Figure 3). In this case, making many 

small indentations in the nanowire limits the scattering loss while allowing many small 

reflections at each indentation to add up in phase and result in a large net reflection at the Bragg 

wavelength stopband.  In lasers, the threshold condition is defined as the point at which the 

round-trip gain inside a cavity is balanced by the round-trip loss,18, 26 

Γ݃ ൌ ௠ߙ	 ൅  ௣ߙ

where ߁ is the confinement factor, ݃ is the material gain, ߙ௠ is the mirror loss, and ߙ௣ is the 

propagation loss. Assuming negligible propagation loss in nanowires because of the shorter 

cavity length in comparison with conventional edge-emitting semiconductor lasers and the large 

mirror loss, the laser threshold can be re-written as 

Γ݃ ൌ ௠ߙ ൌ 	
1
ܮ2

݈݊ ൬
1

ܴଵܴଶ
൰ 

where ܮ is the cavity length and ܴଵ and ܴଶ are the reflection coefficients for each end facet, 

which are nominally equal. The threshold equation shows that this increase in the reflection 

coefficient achieved in DBR-integrated nanowires can potentially lower the lasing threshold by 

more than an order of magnitude.  

The introduction of a periodic structure into a GaN nanowire can also enable the 

measurement of the effective index of a waveguide (Figure 4), which further confirms the 

consistency between the numerical calculations and the experimental results. In materials with 

anisotropic crystal structures that exhibit birefringence, the bulk refractive index depends on the 
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polarization of light. In GaN nanowires with triangular cross-sections that grow along the 

൏ 112ത0 ൐ direction (Figure 4a),27  the exclusive use of the ordinary ray or the extraordinary ray 

to interpret the effective index of the waveguide is incomplete. A more accurate measurement of 

the effective index can facilitate improved nanoscale optical design. For example, the evanescent 

coupling between a resonator and a waveguide is sensitive to the phase-matching condition 

between the two optical structures.28, 29 An inaccurate description of the effective waveguide 

index can potentially lead to overcoupling or undercoupling, where both can limit the degree of 

coupling efficiency due to mismatched photon lifetimes. One recent example of measuring the 

refractive index of a nanoribbon was demonstrated for a CdS nanoribbon from 510 nm to 527 

nm.30 

By taking into account the material dispersion of fused silica,31 the effective bulk index 

of GaN and the effective index of the waveguide can be extracted by matching the transmission 

spectra with the corresponding simulation of the fabricated structure. The critical dimensions of 

the waveguide and the DBR were measured by scanning electron microscopy (SEM) at multiple 

angles. The periodicity of the grating structure was obtained by a fast Fourier transform (FFT) of 

the top-down SEM image of the DBR. By tuning the refractive index of GaN to match the 

measured Bragg wavelength, the effective bulk index was extracted (Figure 4b). This effective 

bulk index is specific to the GaN nanowire waveguide with triangular cross-sections and can be 

used to calculate the effective index of the waveguide. Although there are a number of sources of 

error, the largest was found in the measurement of the FFT pattern. The error bars are calculated 

by taking the maximum and the minimum of the measured periodicities and then tuning the 

refractive index to create the bounds to the measurement (Supporting Information). For 

comparison, the extraordinary and ordinary refractive indices of GaN from two reports were 
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plotted with the measured effective bulk indices.32, 33 As expected, the effective bulk indices are 

relatively bound between the two extremes of these reported values and in other reports.34 This 

result further supports the correspondence between the numerical simulations and the 

experimental results. This methodology to measure the effective index of the waveguide can 

potentially serve as a set of principles for the design of future broadband, nanostructured 

photonics. 

In summary, DBR structures were fabricated in GaN nanowires using a simple scheme. 

These devices can offer a platform to demonstrate additional functionalities in semiconductor 

nanowire photonics. By tuning the geometry of the DBR, these devices displayed tunable 

photonic band gaps across the visible spectrum. These wires can potentially serve to improve 

nanoscale optical routing. It is noted that a periodic deposition of material onto the nanowire 

instead of milling can potentially minimize optical losses even more. A theoretical study of the 

stopband shows that the reflection coefficient at the band gap of GaN is large enough to 

potentially lower the lasing threshold of a semiconductor nanowire by more than an order of 

magnitude. By combining the numerical simulations with the experimental results, the effective 

index of a nanowire waveguide can be measured to make improved designs for potential 

photonic coupling schemes. Furthermore, partially milled DBRs in nanowires can potentially 

enable the introduction of electrical contacts outside the photonic cavity in order to minimize the 

metal’s effect on the optical cavity for an electrically pumped nanowire laser. 
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