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ABSTRACT

Porous GaN distributed Bragg reflectors offer an opportunity to provide the high reflectance, lattice-matched components required for effi-
cient GaN vertical cavity surface emitting lasers. The birefringence of these structures is, therefore, of key interest as it could be used to
control the polarization of the emitted light. Here, we present a detailed analysis of the optical birefringence for both laterally etched, pat-
terned structures and self-assembled radial porous structures. We correlate this with the 3D structure of the pores, which we measure
through the use of FIB milling and serial block-face SEM imaging. This is a powerful method for imaging the internal nanostructure of the
sample and allows the internal pore morphology to be viewed in a reconstruction of any 3D plane. We measure the birefringence of our
porous GaN layers as Δn ¼ 0:14 with a lower refractive index parallel to the pores (∥) than perpendicular to them (⟂). Using finite element
modeling, we accurately reproduce the experimentally observed birefringence trends and find that this can be done by modeling GaN as a
perfect dielectric. This indicates that the birefringence arises from the limited width across the pores. This also shows that standard model-
ing approaches can be used to design porous GaN birefringent devices effectively.

Published under license by AIP Publishing. https://doi.org/10.1063/5.0005770

INTRODUCTION

Porous GaN is a fast-developing material that offers a
completely new method for engineering material properties. It has
been used to improve device performance;1 open up new applica-
tions in sensing and catalysis;2,3 and provide solutions to
entrenched problems, such as the lack of highly reflective, lattice-
matched structures for vertical cavity surface emitting lasers
(VCSELs).4 The last of these is achieved through a distributed
Bragg reflector (DBR), which is a structure made of alternating
layers of GaN and porous GaN, producing a highly reflective, flexi-
ble structure that has been demonstrated with many variations in
GaN5–8 and AlGaN.9 The chief advantage of these structures is the
large difference in the refractive index of the porous and solid
layers in a lattice-matched system that produces no strain. We have
previously demonstrated how these structures can be characterized
in terms of layer thicknesses and porosity using x-ray diffraction

techniques.10 In this work, we go beyond the characterization of
the average porosity to examine the influence of the pore morphol-
ogy, specifically how the degree of alignment and orientation of the
pores affects the porous material’s birefringence.

Strong birefringence has been introduced in various materials
by the creation of pores, including in silicon11 and anodic alumi-
num oxide films.12 Birefringence in porous GaN has also been
reported for laterally etched porous layers used to boost light
extraction efficiency for LEDs, which measured a birefringence
value for a porous GaN layer as 0.066.13 Polarization dependence
of porous GaN DBRs has been shown in VCSELs,14 which is
important to allow the control of light polarization for applications
such as coherent detection systems.15 Control of birefringence in
such an important optoelectronic semiconductor as GaN also pre-
sents other opportunities by embedding polarization control into
optical devices.
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Studying the complex nanostructure of materials, such as
porous GaN, is a challenging problem and previous work tends to
rely on 2D SEM images of cleaved cross sections, which often gives
an incomplete picture of the 3D pore morphology. In order to
image a 3D structure, one approach is to use FIB-SEM tomography,
also known as serial block-face imaging (SBI), in which the surface
of a sample is imaged using SEM and then a thin slice is removed
using FIB in order to expose a new surface, which is then imaged.
This process is repeated to build up a dataset of image slices that
reveal the 3D structure of the volume of interest. This method has
been demonstrated on a wide variety of structures, including geo-
logical samples,16 synapses,17 polycrystalline alloys,18 and porous
electrodes.19 The method has also been used to image the 3D struc-
ture of semiconductor device structures.20 In this work, we use
FIB-SEM SBI to reconstruct the 3D subsurface morphology of
layered porous GaN structures, demonstrating the applicability of
this approach to nanoscale porous semiconductors. By combining
this with finite element modeling, we can correlate the structural
morphology with optical measurements of the birefringence of the
same structures in order to understand how birefringence arises in
these structures. This opens the door in the future for the engineer-
ing of more complex porous GaN birefringent devices.

METHODS

Sample preparation

Two samples were prepared to investigate the relationship
between the structural properties of porous GaN and the material’s
birefringence, as illustrated in Fig. 1. Both were based on multi-
layers of alternating silicon doped and non-intentionally doped
(NID) GaN grown by MOCVD in a Thomas Swan close-coupled
showerhead reactor as described elsewhere.5 These were electro-
chemically etched (ECE) to form DBRs. The first structure con-
sisted of ten DBR pairs that were laterally etched via patterned
trenches, as illustrated in Fig. 1(a). This was done by first deposit-
ing a 200-nm-thick protective SiNx layer on the surface using
plasma-enhanced chemical vapor deposition (PECVD). Trenches
with 100 μm pitch and a trench width of 50 μm were patterned by
standard photolithography techniques and dry etched into the GaN
using inductively coupled plasma reactive-ion etching (ICP RIE) to
produce trenches twice as deep as the total depth of the doped
layers. The sample was then electrochemically etched (ECE) follow-
ing the method described previously.5 The second sample was
etched directly without any prior surface protection or patterning.
The sample used was a 12 pair DBR, which had an anomalously
high density of surface v-pits with diameters of a few hundred
nanometers. These pits arise from screw and mixed type disloca-
tions and may be formed due to high silicon doping,21 if the
growth conditions are not fully optimized. We have previously
demonstrated the importance of dislocations for forming vertical
etching pathways to form subsurface pores at the wafer-scale in
samples with negligible densities of surface v-pits.22 In this mecha-
nism, shown in Fig. 1(b), dislocations are electrochemically etched
to form nanopipes, which allow the electrolyte to access the doped
layers. Each layer is, therefore, etched sequentially from the top.
This mechanism will take place in this sample, but the sample also
contains (as mentioned above) a high density of v-pits, which allow

the lateral etching of the DBR layers, as shown in Fig. 1(c). Etching
via v-pits has been described previously in porous AlGaN DBRs;9

but, in this case, we explore the impact of the v-pits more specifi-
cally on the self-assembly of birefringent porous structures around
them.

Characterization

Optical data were obtained using an Olympus BHM micro-
scope system with a Leica CCD camera to capture the image. This
was combined with polarizing films placed before and after the
sample and aligned 90° to one another to produce polarized light
microscope images that show birefringence. Micro-reflectivity was
measured using an Olympus BX51 microscope, which uses a
halogen light source and has a spot size of around 1 μm.
Reflectance spectra were recorded using an Ocean Optics, USB4000
spectrometer and the system had a response range of 400–1175 nm.
The reflectance spectra were calibrated using an aluminum high
reflectivity standard (Ocean Optics, STAN-SSH). The surface mor-
phology was characterized by atomic force microscopy (AFM)

FIG. 1. Cartoons showing the etching mechanisms of the two sample structures
used in this work (a) where trenches are etched into the GaN to allow direct
lateral ECE with the surface protected to prevent other mechanisms, (b) where
ECE proceeds via dislocations in a layer-by-layer fashion, as reported in
Ref. 22, and (c) where ECE proceeds via v-pits formed during growth.
Mechanisms (b) and (c) are both present in sample 2. The inset in each one is
the top view. Black arrows show the direction of the electrochemical etching.
Not to scale.
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using a Veeco Dimension Pro AFM with RTESP-300 tips from
Bruker and imaging in Peak Force Tapping mode.

A serial block-face imaging (SBI) method was used with a
Helios DualBeam focused ion beam scanning electron microscope
(FIB-SEM). In this method, a block of material is defined by
milling trenches around it using the FIB. The SEM can then be
used to image the face of the block. The FIB cuts a thin slice off
this face before the next SEM image is taken. By repeating this
process sequentially, a large dataset can be built up of slices that
represent the 3D structure of the pores in the block, with a slice
thickness down to a few nanometers. This process was automated
using FEI’s Auto Slice and View software. The dataset was then
aligned using the StackReg registration plugin in ImageJ.23,24

Projections of the subsurface morphology in any plane through the
3D structure were created using the Volume Viewer plugin in
ImageJ.25

Modeling

Finite element modeling of the optical response of a porous
GaN DBR was performed using COMSOL 5.4 (RF module). The
DBR was simulated as a three-dimensional structure consisting of
air, porous GaN, and the bulk GaN substrate. Periodic boundary
conditions were applied extending the DBR structure infinitely in
the lateral directions. Further details of the simulated DBR’s geom-
etry are provided in the subsection on Modeling. The behavior of
the reflectivity and birefringence of the DBR was simulated under
a variety of polarization conditions. Separately, a transfer matrix
model (TMM) was also used to estimate the effective refractive
index of the porous layers by fitting the optical data. This used a
TMM package written in Python.26

RESULTS AND DISCUSSION

Optical results

Figure 2 shows the images of the laterally etched DBR struc-
ture using both ordinary reflection mode optical microscopy and
polarized light microscopy to image the same region. In Fig. 2(a),
the GaN DBR and the ICP RIE etched trenches are labeled. The
bright regions at the edge of the DBR have become porous through
the ECE process. Figure 2(b) shows the same region viewed
between crossed polarizers, which shows bright stripes at the edge
of the GaN DBR, where the lateral ECE has created pores. The
white arrow shows the direction of the polarizer. The sample was
then rotated by approximately 45° and imaged in the same
way with [Fig. 2(c)] and without [Fig. 2(d)] crossed polarizers.
Figure 2(c) is a rotated version of Fig. 2(a) with no change in the
appearance of the stripes. When viewed between cross-polarizers at
this angle, however, the bright stripes seen in Fig. 2(b) disappear.
Here, the polarizer, again indicated by a white arrow, aligns along
the length of the etched trenches. This indicates that the two
permitted vibration directions of the porous GaN are aligned
parallel to and perpendicular to the etched trenches, as indicated
in Fig. 2(a).

The un-patterned sample was also imaged optically and with
polarized light microscopy, as shown in Fig. 3. In this case, the
silicon doped layers have been porosified across the whole sample,

as indicated by the bright reflection across Fig. 3(a), although the
undulation in color and intensity does indicate that the porosity
varies slightly at this scale. The optical image is scattered with dark
spots with each having a bright ring around them. These features
have a density of 3.4 ± 0.1 × 105 cm−2. Figure 3(b) shows the same

FIG. 3. Optical images of the un-patterned DBR using (a) ordinary reflectance
microscopy and (b) polarized light microscopy in the same region. The white
squares highlight one matching region. AFM images of the surface show the
surface morphology across (c) a 50-μm scan area with a 10-μm scale bar and
white arrows highlighting the V-pits and (d) focusing on the region around a pit
with a 1-μm scale bar.

FIG. 2. Optical data from the laterally etched DBR [(a) and (c)] in ordinary
reflection mode and [(b) and (d)] between crossed polarizers for two different
sample rotations with respect to the polarizer angle, which is indicated by the
white arrow.
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region viewed in polarized light microscopy. The white squares in
Figs. 3(a) and 3(b) highlight the same region to aid the correlation
between the two images. Around each dark spot seen in the ordi-
nary optical data, there is a bright cross of light. This is known as a
Maltese cross and indicates a radial orientation to the material’s
structure in these regions.27 These crosses are not visible in the
sample prior to ECE. Atomic force microscopy (AFM) was per-
formed which revealed large V-pits scattered across the surface of
the sample, as indicated by the white arrows in Fig. 3(c). The
density of these V-pits is around 5 × 105 cm−2. This agrees well
with the density of dark spots observed in the optical data, suggest-
ing that the dark spots at the center of the bright, Maltese crosses
are V-pits. Figure 3(d) shows a higher resolution AFM scan around
one of these pits, which shows its hexagonal shape and a diameter
of several hundred nanometers. Figure 3(d) also shows much
smaller dislocation pits. The dislocations are known to act as verti-
cal etching pathways in samples which do not have an appreciable
density of V-pits.22

Serial block-face imaging

In order to correlate the optical properties of porous GaN
with its structure, SBI was performed using FIB-SEM. Figure 4
(inset) shows one of the 551 frames obtained via this method.
A video of the complete dataset, after alignment, is shown in the
supplementary material (S1). Imaging of the internal in-plane
structure was then formed, using the Volume Viewer plugin in
ImageJ. Figure 4 shows a virtual plan-view image of the seventh
porous layer in the laterally etched sample, reconstructed from the
551 slice images obtained using SBI. Figure 4 shows that the pores
have a strong alignment in the etch direction, indicated by the
white arrow. A video of the reconstructed dataset, as viewed in
Volume Viewer, is shown in the supplementary material (S2),
which shows a plan view of the sample, as if the material is being
milled from the top to expose the ever deeper layers of the struc-
ture, which demonstrates that there are no significant differences
between the porous layers. This is expected as the layers were all

exposed to the electrolyte and were etched in parallel laterally
meaning the etching conditions are the same between the first and
tenth layers. Comparing the alignment of the pores in Fig. 4 with
the optical data of Fig. 2 indicates that the material’s birefringence
has a refractive index parallel to the pore direction (∥) and another
perpendicular to them (⟂).

The same SBI process was conducted on the self-assembled
sample around an isolated surface pit. Figure 5 shows recon-
structed images of the top four porous layers. In Fig. 5(a), the pit
is highlighted in blue and around this is a large domain of radially
aligned pores, the edges of which are indicated by the yellow
dashed line. These pores have a branching structure similar to
that seen in Fig. 4, but instead of being aligned to an exposed
edge they emanate out from the pit. This pit is still visible at the
center of the bottom layer of this structure, which suggests that it
will allow the electrolyte to access all layers of the DBR such that
they will start etching out from this pit in parallel. Outside the
large domain in Fig. 5(a), there are a number of other smaller
domains with a similar structure. These are centered on the dislo-
cations as we recently demonstrated.22 One of these small
domains is highlighted with a red dotted line and the correspond-
ing domains are also highlighted in the same way in the second
and third layers. Figure 5(b) shows the second porous layer of the
DBR, the large domain is even larger than in the first layer and
has grown to border the small red domain. There are also fewer of
the small domains visible. In the third layer, shown in Fig. 5(c),
the small red domain is even smaller as it has been encroached
by the large domain. The pores in the fourth porous layer,
Fig. 5(d), shows that all porosities arise from the large pit-
centered domain, which has grown to reach beyond all the four
boundaries of the image. Below this layer, the morphology is
similar with the entire porous layer showing radially orientated
pores with the pit at the center.

We propose the following mechanism to explain this mor-
phology. Upon the onset of ECE, pores start forming in the
doped layers around the pit and grow outward simultaneously
in all layers. At the same time, dislocations form vertical path-
ways that allow the electrolyte to access the first doped layer
and etching begin outward from these points.22 In this process,
the electrolyte must etch a nanopipe in the NID layer before
etching can commence in the porous layer, which causes a delay
in the onset of etching and means that etching proceeds in a
layer-by-layer fashion. This gives the lateral etching from the pit
a head start over the dislocations, which results in the smaller
radii of these domains, as seen in Fig. 5(a). Before the disloca-
tion pathway can create pores in a subsequent layer, it must
pass through another NID layer meaning that the delay in
etching increases with sample depth. In contrast, the pit-assisted
pathway etches all layers in parallel, which means it begins
etching lower layers before the dislocation pathway and the dif-
ference increases with depth. This means that when etching
begins from a dislocation at a given point near a pit [e.g., the
dislocation of the red domain in Figs. 5(a)−5(c)], the pit-
assisted domain will be larger than it was in the previous layer.
At some point, this domain would have reached the dislocation
before etching can begin from the dislocation itself and so this
pathway will terminate. This happened in the fourth layer for

FIG. 4. Reconstructed image of the seventh layer from serial block-face
imaging; the arrow indicates the etch direction. Inset: one slice image from that
dataset.
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the red domain in Fig. 5(a). For dislocations further from the
pit, this point might occur at a deeper layer, while those nearer
the pit terminated in the second layer.

These structures give rise to similar birefringence to that seen
in the laterally etched sample but with radial symmetry. From the
optical data of this sample, the size of a Maltese cross is generally
not more than 10 μm. For the pit studied in Fig. 5, the width of the
SBI region was 9 μm, which was as large as was practicable to
measure while maintaining sufficient resolution and reasonable
data collection time. The large domain from the pit reaches this
diameter at the fourth layer. Figure 5 shows that the increase in its
radius in each layer gets slower with depth; the second layer radius
is around 1.5 times the first layer, while the third layer radius is
only around 1.2 times the second layer. Beyond the reach of the pit
and for pit-free samples, the porous structure is made up of smaller
domains resulting from the higher density dislocation pathways.
These domains are generally too small to be seen using polarized
light microscopy, although on low dislocation density samples they
would potentially be larger.22

Figure 6(a) shows the optical reflectance spectroscopy mea-
surements of the laterally etched sample, under randomly polarized
light and linearly polarized light at two orthogonal orientations,
aligning parallel to (∥) and perpendicular to (⟂) the pore direction.
The unpolarized light is a superposition of the two orthogonal
components and hence lies between them. The stop band widens
in the short wavelength direction from ∥ polarized light to ⟂ polar-
ized light. The reflectance of the DBR for each polarization can be
modeled using a transfer matrix model (TMM), in which each
layer is assumed to have a uniform refractive index. A TMM based
on the estimates of the layer thicknesses from the cross-sectional
SEM data (not shown) was built and used the refractive index of
the porous layer as a fitting parameter in order to achieve the best
fit as judged by eye. This produced an estimate of the effective

refractive index of the porous layer (neff ). These values are plotted
across the visible spectrum in Fig. 6(b) with the dashed lines
showing the uncertainty of each value. This yields a birefringence
of around Δn ¼ 0:14+ 0:05 at 500 nm with a lower effective
refractive index ⟂ to the pores. The variation of the refractive index
across the visible spectrum arises from the wavelength-dependent
refractive index of GaN.28

Figure 2 showed that the porous DBR structure causes the
rotation of the polarization such that the DBR is visible between
crossed polarizers. To quantify the fraction of light that is rotated,
reflectivity measurements were performed with both crossed and
aligned polarizers with the axes of these polarizing films set
halfway between ∥ and ⟂ such that the light is split evenly
between the two directions. These are plotted in Fig. 6(c).
Integrating the light collected in each case across the visible range
gives the light intensity. The fraction of light intensity collected
between the crossed polarizers divided by the total intensity gives
the proportion of light that has its polarization rotated, which was
calculated as 14% of light. Some of this is caused by leakage
through the polarizers, which was calculated at 2% by applying
the same process to an isotropic high reflectance standard (Ocean
Optics STAN-SSH). The peak of the rotated reflectivity occurs at
the point where the difference between the reflections of the two
directions is at a maximum. Prior to the analyzer, the spectrum
can be thought of as a vector sum of the two polarizations. At
points where the two reflections are of similar magnitude, i.e., at
580 nm, the result of the sum is polarized at 45° and, therefore, is
blocked by the −45° rotated analyzer. At points where the magni-
tudes are different, i.e., at 510 nm, the sum is dominated by the
stronger reflection; so, in this case, it is polarized toward 0°. This
means that there is a component of the light that can pass
through the −45° rotated analyzer at the points where the two
polarizations are maximum.

FIG. 5. Reconstructed images from
serial block-face imaging of the top
four porous layers [(a)–(d)] around a pit
in the self-assembled DBR. The first
layer (a) highlights the pit with blue
shading and the yellow dashed lines
indicate the edges of the central
porous domain around the pit. The
porous domain around a particular dis-
location pathway is indicated in each
image [(a)–(c)] by a red dotted line.
This domain is not present in the
fourth layer. The scale bar is 1 μm.
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Modeling

A finite element model was built of a porous DBR structure in
COMSOL to simulate the reflectivity spectra resulting from the
behavior of the electric field in the pores. The simulated structure
can be divided into three parts—air, the reflective layers, and the
substrate. Both the air and substrate regions were capped by per-
fectly matched layers (PMLs) on the top and bottom boundaries,
respectively. These layers effectively absorb all incoming radiation
without reflection off the interface. Incident radiation was input at
the PML–air interface, and the outgoing radiation was measured at
this interface and at the substrate–PML interface. Ten reflective
layers were constructed with each layer containing a single

cylindrical pore, as shown in Fig. 7(a). These layers are 130 nm in
height with a 40-nm diameter pore centered 15 nm from the
bottom of the layer. The unit cell is 60 nm wide (perpendicular to
the pore axis) and with a depth of 50 nm (parallel to the pore axis).
Periodic boundary conditions applied to the front and side faces of
the structure extend the DBR infinitely in both lateral directions.
The GaN regions were defined with a constant refractive index of
2.38, which is the value at 600 nm, roughly the center of the tar-
geted reflection peak.28 This simplification was taken to reduce the
complexity of the model. The model assumes GaN to be a perfect
dielectric, independent of conductivity. The pores and bulk air
regions were simulated with a refractive index of 1.

FIG. 6. (a) Optical reflectivity spectra
obtained from the laterally etched DBR
with different polarization conditions.
The blue-shaded curve is collected
with no polarizers, while the colored,
solid lines are taken with the analyzer
aligned ∥ and ⟂ to the pores. These
data are referenced to give an absolute
reflectivity value for each polarization
condition. (b) The effective refractive
index of the porous GaN layer obtained
by fitting a TMM model to the data in
(a) with the dashed lines showing the
uncertainty on each value. (c) The col-
lected reflected light from the structure
when viewed between the aligned and
crossed polarizers.

FIG. 7. (a) Unit cell of the simulated
DBR structure. White and grey regions
are air and GaN, respectively. (b)
Simulated reflectance of (a) at 0° and
90°, analogous to Fig. 6(b). (c)
Simulated reflectance of (a) illuminated
with light polarized at 45° and filtered
to show the light that does not have its
polarization rotated (aligned polarizers)
and the light that is rotated (crossed
polarizers) analogous to Fig. 6(c).
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The reflectance of the structure was calculated from 400 nm to
800 nm with light polarized at 0° and 90°, as plotted in Fig. 7(b).
As in the physical measurements shown previously, a polarization
of 0° describes light polarized ∥ to the pore axis while 90° describes
light polarized ⟂ to it. The stop band of the simulated DBR is
larger for the light polarized perpendicular to the pores than the
light polarized parallel to them. This shows good agreement with
the trend observed in the measured structure, shown in Fig. 6(a).
The absolute reflectivity achieved in the simulated results (Fig. 7) is
higher than the measured ones (Fig. 6), which indicates that there
are losses in the measured data that are not modeled. These are
most likely to result from scattering but this has not been quanti-
fied. The model was also used to reproduce the effect of aligned
and crossed polarizers for light polarized at 45°, as shown in
Fig. 7(c). The maximum signal of the rotated component of the
light that is visible through the crossed polarizers lies at the points
at which the two orientations have the largest difference in reflec-
tivity, which is at around 520 nm. Furthermore, this also matches
the experimental result very well, as shown in Fig. 6(c).

The close agreement of the model to the experimental results
suggests that it incorporates the most significant physical factors
causing the birefringence. The refractive index of a material can be
considered as the collective response of the oscillations of each
bound electron under the electric field of the incident light. The
equation for refractive index (n) neglecting absorption as given by
Feynman is29

n ¼ 1þ q2e
2ϵ0m

X
k

Nk

ω2
k � ω2

, (1)

where ϵ0 is the permittivity of free space, ω is the angular fre-
quency, qe is the charge of an electron, and m is the mass of an
electron. For a given electron oscillation k, Nk is the number of
electrons per unit volume and ωk is the resonant frequency. The
polarization of the light will not affect the number of electrons con-
tained within a given volume; therefore, Nk cannot be the cause of
the birefringence, rather the difference must be due to ωk. The bire-
fringence caused by the pores thus indicates that limiting the extent
of the material along the direction of the oscillating electric field
influences the resonant frequency of the oscillation along that
direction. When the electric field of the polarized light is oriented
across the pores (90°), the width of the material is limited and this
reduces the refractive index further than the reduction resulting
solely from the creation of pores. This suggests that the thickness of
the material between the pores is a key component of the
birefringence.

This was explored by running the simulations of DBR struc-
tures similar to those shown in Fig. 7(a), but with the widths of the
cell and the pore varied proportionally such that the porosity was
kept constant at 50%, as shown in Fig. 8(a). Pores were modeled as
rectangular in order to simplify the structures and reduce computa-
tion time. The reflectivity traces of these structures were simulated
under light polarized at 0° (parallel to the pores) and 90° (perpen-
dicular to the pores). In the case of 0° polarized light, the results
plotted in Fig. 8(b) show a little difference between the structures,
suggesting that the refractive index in this polarization depends

principally on the porosity and is relatively unaffected by pore size.
The stop band of the 90° polarization traces, as plotted in Fig. 8(c),
is wider than for the 0° polarization for all structures. This indicates
a similar birefringence to that found for the model with circular
pores and observed experimentally. The narrower cells show the
widest stop band at 90° polarization and, therefore, the strongest
degree of birefringence. This shows that smaller widths of both the
pores and the material between them result in stronger birefrin-
gence. This follows directly from the analysis above which links the
reduction in refractive index perpendicular to the pores to the
limited width of the material between the pores.

CONCLUSIONS

Porous GaN DBRs have been fabricated with regions of paral-
lel and radially ordered pores. Using an advanced FIB-SEM SBI
technique, we have imaged the porous structure in 3D and pro-
duced high-resolution images of the subsurface pore morphology.
These structures are highly birefringent, and we have shown that
the refractive index ∥ and ⟂ to the pore direction can differ by as
much as 0.14, with a larger refractive index ⟂ to the pores. Finite
element modeling of a porous GaN structure closely matches the
experimental results. Analysis of the physics behind a material’s
refractive index suggested that the birefringence arose due to the
limited width of the material across the pores and this theory was
supported by further finite element modeling, where pore width
was varied for constant porosity. This work suggests that maximum
birefringence would result from materials with narrower pore mor-
phologies but high porosity. This work also outlines a method for a
straightforward optical design of porous GaN birefringent

FIG. 8. (a) Unit cell of the simulated DBR structures used to evaluate the
influence of pore width on birefringence with a constant porosity of 50%. White
and grey regions are air and GaN, respectively. (b) and (c) Simulated reflec-
tance of the structures shown in (a) at 0° and at 90°, respectively.
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structures for potential applications in efficient GaN VCSELs and
other optical devices.

SUPPLEMENTARY MATERIAL

See the supplementary material for videos showing the 3D
FIB data as collected (S1) and a fly through of the same data recon-
structed to show the top-down view (S2).
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