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ARTICLE INFO ABSTRACT

Keywords: Fabrication of porous GaN distributed Bragg reflectors (DBRs) via the selective electrochemical etching of

Nanoporous conductive Si-doped layers, separated by non-intentionally doped (NID) layers, provides a straightforward

Nitrides methodology for producing highly reflective DBRs suitable for device overgrowth and integration, which has

F];(,’rln(’grsphy otherwise proven difficult in the Ill-nitride epitaxial system via conventional alloying. Such photonic materials
islocations

can be fabricated by a lithography-free defect-driven etching process, where threading dislocations intrinsic
to heteroepitaxy form nanoscale channels that facilitate etchant transport through NID layers. Here, we report
the first three-dimensional characterisation of porous GaN-on-Si DBRs fabricated in this methodology with
different etching voltages, using serial-section tomography in a focused ion beam scanning electron microscope
(FIB-SEM). These datasets reconstruct the pore morphology as etching proliferates through the alternating
Si-doped/NID layer stack. Volumetric reconstruction enabled us to enhance the established ‘kebab’ model
for defect-driven etching by proposing a ‘cascade’ model where the etchant cascades through the material
via vertical etching down nanopipes and horizontal etching across pores, forming complex networks directly
related to the pathways taken. This accounts for premature nanopipe termination and discontinuities in
nanopipe formation, where dislocations are observed to activate and deactivate individually. Statistical analysis
of individual etching behaviour, across all dislocations for each tomograph, revealed a greater tendency to form
continuous structures that follow conventional ‘kebab’ behaviour at higher etching voltages. We propose that
higher etching voltages alter the probability of dislocation etching relative to doped layer etching, thereby
empowering morphological optimisation through improved mechanistic understanding of electrochemical
etching.

Distributed Bragg reflectors

In this study, we investigate porous GaN distributed Bragg reflec-
tors (DBRs). These are highly reflective, wavelength-selective mirrors
that can be used to create a resonant cavity in optoelectronic de-
vices [5], such as vertical cavity surface-emitting lasers [6], single
photon sources [7], and resonant cavity LEDs [8]. Porous GaN DBRs are
fabricated through metalorganic chemical vapour deposition (MOCVD)

1. Introduction

The introduction of porosity into IIl-nitride semiconductors via a
conductivity-selective electrochemical etching process allows for a new
dimension for the engineering of material properties [1]. This porosi-
fication process is performed using a simple electrolytic cell, where
a gallium nitride (GaN) sample and a connected platinum electrode

are submerged in a conductive electrolyte solution (‘etchant’) with a to prepare an epilayer stack, followed by electrochemical etching to

voltage applied across them. Prominent examples of properties which
may be controlled precisely through varying fractional porosity are
the extent of strain relaxation of epilayers overgrown onto porous
substrates [2], the piezoelectric coefficient of the GaN matrix [3], and
the refractive index [4]. Accordingly, this porosification technology can
be said to offer an additional non-compositional degree of freedom in
device engineering.
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introduce nanoscale porosity [9]. Here, a latent DBR multilayer stack
is first grown by epitaxy of alternating layers of highly Si-doped GaN
and non-intentionally doped (NID) GaN. Electrochemical etching then
partially removes material in the highly Si-doped GaN, leaving porous
GaN which acts as an effective medium with a reduced refractive index,
whilst the NID GaN layers are largely unaffected and remain notionally
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non-porous [10]. This procedure thus results in a periodic porous/non-
porous multilayer stack with alternating low/high refractive index,
providing a material framework for the preparation of highly reflective
DBRs.

Highly reflective DBRs require materials with substantial refrac-
tive index contrast between the alternating layers. Obtaining highly
reflective structures using the conventional approach of compositional
variation between alternating layers has proven less successful for
[I-nitrides than in other epitaxy systems; pairing AIN/GaN proves
unsuccessful due to poor refractive index contrast (& = 0.16) and
substantial lattice mismatch (2.4 %), resulting in significant challenges
for strain management and crack prevention [11]. Introduction of
tertiary alloying elements can permit lattice matching, such as with
Alj goIng 1gN/GaN, but this pair has an even lower refractive index
contrast (A—n" = 0.06) [12]. Furthermore, the epitaxial growth of AllInN
is sufficiently slow as to be undesirable for mass adoption [13]. When
designing with low refractive index contrast materials, DBR reflectance
can be improved by increasing the number of reflecting layer pairs.
However, introducing this additional epitaxial complexity can be costly
or impose limits on device design [14]. In contrast, porous GaN DBRs
offer high refractive index contrast between alternating layers and min-
imal lattice strain, therefore achieving stable structures which require
fewer reflecting pairs, and preserve surface quality for high reflectance
mirrors suitable for device overgrowth [13,15].

The first demonstration of the GaN/porous GaN DBR framework
was the work of Zhang et al. in 2010 [16]. In their process, a thin silicon
dioxide dielectric layer was deposited onto the DBR surface, and deep
trenches defined by lithographic patterning techniques were created to
allow physical contact between the liquid etchant and highly Si-doped
GaN layers, to permit the dissolution of material and therefore enable
porosification to progress throughout the doped layers [17]. Elec-
trochemical etching, therefore, proceeded laterally from the exposed
surfaces through the doped layers and results in aligned horizontal
pores [18]. This work demonstrated the feasibility of the material
framework, but the requirement of lithographic processes, which are
complex and costly, restricted device design versatility and scalability.

Zhu et al. developed an approach for fabricating porous GaN DBRs
in the GaN/sapphire epitaxial system that circumvents the need for any
lithography, whereby the electrochemical etching process proceeds via
nanoscale vertical transport channels (or ‘nanopipes’) formed by the
local etching of the threading dislocations that arise in the highly mis-
matched heteroepitaxy of GaN on unlike substrates such as silicon and
sapphire [10]. The formation of nanopipes on threading dislocations
was demonstrated by TEM-based Burgers circuit analysis by Massabuau
et al. in 2020 [19]. These nanopipes are sufficient to allow etchant to
move through the structure and contact the doped layers, permitting
dissolution via electrochemical etching (and therefore porosification)
whilst remaining small enough to ensure that NID layers are minimally
affected and remain almost entirely non-porous. This approach allows
for simple wafer-scale etching and leaves the surface suitable for further
epitaxy and the overgrowth of device structures [13].

Previous work regarding porous GaN-on-sapphire DBRs etched in
a defect-driven manner initially suggested that all threading disloca-
tions participate in electrochemical etching [18]. This simple model
describes each threading dislocation being etched to form a nanopipe
that runs through the entire multilayer stack, with pores emanating
outward from the nanopipe at each highly Si-doped layer, which do
not coalesce or merge [19]. The structure of individual pores under
this framework is therefore characterised by a single central vertical
nanopipe through the stack, with large porous fields emanating radi-
ally in all of the doped layers in the material. Throughout, we will
refer to this model as the ‘kebab model’, invoking the analogy of a
threading dislocation as a shish-kebab skewer [20]. We recently demon-
strated that the defect-driven etching methodology first developed for
GaN/sapphire also applies to the mass-market GaN-on-Si platform [14].
This work provided the first evidence that not all threading dislocations
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in GaN-on-Si epitaxy appear active (i.e., participate in electrochemical
porosification to form a nanopipe with an associated field of porosity)
during the etching process, thus suggesting that the simple kebab model
may not be a complete framework.

Literature concerning pore morphology visualisation and quantifi-
cation in porous GaN has generally been restricted to cross-sectional
secondary electron (SE) imaging of cleaved porous samples in the scan-
ning electron microscope (SEM), which provides a limited view along
the growth direction [21]. However, the cross-sectional perspective can
be misleading in revealing the extended morphology of the porous
network [22]. For porous GaN DBRs, recent work has developed a
novel sub-surface imaging modality based on the backscattered electron
(BSE) signal as generated by a high 20keV primary electron landing
energy in the SEM, to offer more insightful plan-view characterisation
of the in-layer pore morphologies [23]. This non-invasive approach,
however, remains a 2D methodology where sub-surface BSE-SEM offers
insight into the first porous layer only (i.e. the porous layer at the
top of the epitaxial stack, furthest from the substrate, which is the
first to be porosified during the onset of the electrochemical etching
process) [24].

This study utilises serial-section tomography in a focused ion beam
scanning electron microscope (FIB-SEM) for volumetric reconstructions
of three 5-pair porous GaN-on-Si DBRs, being the same materials which
were first studied by Ghosh et al. [14]. We note that details of the
reflectance characteristics of these samples are discussed at length by
Ghosh et al. to which readers who are interested in these application-
relevant measurements are referred. In serial-section tomography, a
dataset of aligned cross-sectional SEM images is collected by using
ion beam slicing to sequentially mill the surface by a precise thick-
ness between frames. Such tomographs, when aligned and registered,
can thus provide nanoscale three-dimensional (3D) reconstructions of
morphological features across microscale fields of view. This technique
provides unprecedented insight into the 3D porous morphology of our
DBR samples and that of porous materials generally [25].

Tomographs were captured on three porous DBR samples, each
cleaved from the same epitaxial wafer and porosified with the same
defect-driven procedure but with different etching voltages of 5V,
8V, and 10V. Ghosh et al. explored the pore morphologies of these
same samples using sub-surface BSE-SEM imaging, addressing the top
porous layer only [14]. Crucially, our volumetric datasets allow for the
appraisal of all five porous layers from the reconstructed plan-view per-
spective. Likewise, these tomographs allow one to track an individual
nanopipe across multiple porous layers to facilitate investigations into
competing etching pathways, and for the first time, assess the validity
of the kebab model in 3D.

2. Experimental
2.1. Metal-organic chemical vapour deposition

All porous GaN DBRs studied in this work were prepared from
the same wafer, grown by metal-organic chemical vapour deposition
(MOCVD). The structure, outlined in Fig. 1, consisted of a silicon
substrate, a buffer layer for lattice matching (consisting of several
epilayers), and the DBR structure. The substrate was a silicon-(111)
wafer with a diameter of 150 mm and a thickness exceeding 1 mm.
The buffer layer was fabricated by depositing an initial 250 nm AIN
layer onto which a 1700 nm layer of graded AlGaN, from Al ;5Gag 55N
to Aly 55Gag 75N, was deposited. Onto this, a thick non-intentionally
doped (NID) GaN epilayer was deposited with a thickness of 725 nm,
with a thin interlayer of silicon nitride deposited after 140 nm of
growth. Its inclusion is intended to reduce threading dislocation density
by encouraging dislocation annihilation during growth and coalescence
of GaN islands [26].

Finally, the DBR structure was deposited on top of the preceding
material, consisting of a Si-doped (5 x 10'8cm~3) n-GaN layer and NID
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Fig. 1. Simplified schematic of the as-grown epitaxial structure, prior to electrochemical porosification for the fabrication of 5-pair porous GaN-on-Si DBRs etched

at 5V, 8V, and 10V.

GaN layer, each 200 nm thick, and 5 pairs of a 58 nm layer of highly
Si-doped (1x10'cm~3) n*-GaN and a 41 nm layer of NID GaN. The n*-
doped layers are selectively porosified during electrochemical etching,
whilst the sub-surface n-doped layer is not intended to be porosified
as part of the reflecting structure but is instead present to provide a
current pathway and increase conductivity during the later stages of
etching to ensure complete porosification of the deeper doped layers.
We note that, as reported on these samples previously [14], this layer
has sometimes been observed to partially porosify. This wafer was
diced into smaller pieces of identical size for electrochemical etching
in different conditions.

2.2. Electrochemical etching

For electrochemical etching, a simple electrolytic cell was prepared,
with the as-grown wafer pieces (samples) connected as the anode and
a platinum disc counter electrode, with a diameter of 20 mm cast in
resin, connected as the cathode. To create the electrical contacts on
the samples, a shallow scratch was first incised onto the surface at the
top of each piece with a diamond-tipped scribing pen. Into this scratch,
an indium metallic contact was soldered, such that direct electrical
connections between the potentiostat and each of the doped layers in
the sample was established. This indium contact was directly connected
into the circuit, allowing electrical connection between each of the
nt-doped GaN layers for the replenishing of charge consumed during
porosification and current flow in the back n-doped layer.

The DBR anode and platinum cathode were then connected to a
Keithley 2400 Source Monitor controlled by a PC with Keithley Kick-
start software, and both submerged into a solution of 0.25moldm~3
oxalic acid (>99.0%, Sigma Aldrich). A constant voltage was then
applied across the electrodes to induce electrochemical etching, such
that GaN dissolved into the acid from doped layers via an electro-
chemical process [27]. Active etching was evident as measured by
anodic (positive) current flow; likewise, the endpoint of etching was
determined after current levels had depleted to steady, negligible back-
ground levels, after several minutes. The three samples studied in this
work were etched according to the above process at 5V, 8V, and 10V,
respectively.

An unetched piece of the wafer was also used to assess the native
threading dislocation density. This was done according to the proce-
dure developed by Bennett et al. using a Bruker Dimension-Icon-Pro
AFM [28].

2.3. Serial-section FIB-SEM tomography

Serial-section tomography was performed using a Zeiss Crossbeam
540 FIB-SEM and the Zeiss Atlas 3D Tomography plugin for the Zeiss
Atlas 5 software package. All tomographic datasets were captured
according to the same conventional serial-section or ‘slice-and-view’
tomography procedure outlined in Fig. 2, differing only in the imaging
conditions during acquisition and therefore final voxel dimensions.

After as-grown semiconductor wafers were porosified, cleaved sam-
ples of the three DBRs were mounted onto flat aluminium stubs using a
conductive silver paste and loaded separately into the FIB-SEM instru-
ment. For the porous GaN-on-Si DBRs etched at 5V and 8V, the regions
of interest were selected arbitrarily. However, for the DBR etched at
10V, where it was known that pore size can far exceed the dimensions
of the field of view, correlative microscopy using sub-surface BSE-SEM
imaging was conducted to select a desired region of interest in advance
of performing serial-section tomography such that it could be ensured
that the resulting volumetric dataset encompassed one field of porosity
in full. To facilitate these efforts, scratches were made on the as-etched
surface using a diamond scribe, and extensive tracking images of the
debris field were captured so that the region of interest imaged in the
SEM could be located in the FIB-SEM afterwards.

Throughout all tomography acquisitions, the primary electron land-
ing energy and the Ga' ion beam accelerating voltage were held at
2keV and 30KkV, respectively, with both probe currents varied through-
out. A protective 5 pm X 5 pm platinum pad was first deposited over the
region of interest to reduce curtaining artefacts during serial-sectioning.
This process is initially performed with electron-beam induced plat-
inum deposition to prevent amorphisation of the as-etched porous GaN
surfaces, using a probe current of 7500 pA, producing approximately
200 nm of platinum pad thickness. Following the initial deposition,
additional platinum was overlaid using ion-beam assisted deposition
with a probe current of 700pA, a faster process, and results in a
thickness of approximately 1 pm.

Into the platinum pad, SEM ‘Autotune’ and ‘3D tracking’ lines were
milled with a 50 pA ion beam. Two converging lines were milled into
the platinum pad for use in 3D tracking, which are scanned in-situ
to measure and sustain consistent slice thickness. Three parallel lines,
running perpendicularly to the cross-sectional imaging plane, were
also milled to be scanned in-situ for automated focus and stigmatism
correction during acquisition, and used to align the serial-sections
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Fig. 2. Serial-section FIB-SEM tomography workflow applied to the 5-pair porous GaN-on-Si DBR etched at 5V. (a) Sample preparation schematic after trench
geometries and tracking lines. (b) SEM plan-view following platinum pad deposition, ion-milled with three parallel lines for SEM autotune (focus and astigmatism)
and two converging lines for slice-thickness tracking; lines are backfilled with carbon for contrast. (c) Front and side trenches excavated after protective deposition
and tracking line preparation. (d) Cross-sectional SEM micrograph captured via the in-column detector during serial-sectioning. (e) Representative serial-sections
(11 shown), acquired with (2.0 x2.0)nm pixel size and 5.1 nm slice spacing. Serial-section imaging is performed between central and converging tracking lines
via the SE2 detector. (f) Orthographic-perspective tomograph reconstructed from 322 serial-sections, yielding a volume with (2.0 x 2.0 x5.1) nm voxel dimensions.

afterwards. All five lines are backfilled with carbon and the whole
structure is further overlaid with carbon, in order to improve imaging
contrast against platinum (Fig. 2b). This carbon deposition is done with
a 50 pA ion beam initially, to fill the lines, followed by a thick carbon
pad with a brief scan with the 1500 nA beam. Finally, the deep trenches
around the front and sides of the deposited structure were milled with
a 700 pA ion beam to ensure a clear line of sight for imaging and
mitigate the effects of redeposition of milled materials onto the sample
surfaces (Fig. 2c¢). A 300 pA ion beam was then used to finely mill the
cross-sectional imaging face and ensure a planar, clean surface before
tomography (Fig. 2d).

Imaging of the cross-sectional face was performed with a 65pA
electron beam. A SE2 detector was favoured over in-column secondary
electron imaging to minimise the appearance of the pore-back effect
and charging artefacts. Serial-sectioning was done at an ion probe cur-
rent of 100 pA. Voxel dimensions are determined by the SEM imaging
pixel size (X, Y) and the FIB slicing thickness (Z). Each slice, therefore,
has a consistent X and Y dimension but a Z dimension that varies
according to the width of that specific slice. Automated tracking during
acquisition and post-process interpolation of slice thickness accounts
for the experimental variation in slice thickness. It produces serial-
section imaging data at a regular spacing to minimise distortions in
tomographic reconstruction (Fig. 2e).

Continuous milling and imaging, which interlaces the electron and
ion beams, promotes stability through faster serial-sectioning and the
possibility of local charge neutralisation, when compared to the con-
ventional procedure where the ion beam fully slices the cross-sectional
face before the electron imaging is conducted.

After completion of serial-section acquisition, image registration
was also performed within Zeiss Atlas 5. Tomographic dataset re-
construction was conducted in Dragonfly 2024.1 (Comet Technolo-
gies Canada Inc., Montreal, Canada) [29]. 3D renders of tomographic

datasets throughout are in the orthographic perspective to communi-
cate volumetric dimensions unambiguously.

2.4. Sub-surface BSE-SEM imaging

Sub-surface BSE-SEM imaging of the 5-pair porous GaN-on-Si DBRs
etched at 5V, 8V, and 10V was used for non-invasive pore morphol-
ogy characterisation from the important plan-view perspective and to
facilitate correlative microscopy. This imaging modality was conducted
on as-etched samples without preparation according to the procedure
validated by Sarkar et al. using a Zeiss GeminiSEM 300 and the Zeiss
BSD4 detector [23].

Through the use of high primary electron landing energies of
20keV, visualisation of sub-surface pores is enabled [24]. The image
contrast generated is dominated by the morphology of the porous layer
nearest to the sample surface in a DBR sample, thereby allowing non-
destructive first porous layer appraisal with nanoscale spatial resolution
across microscale fields of view [14].

3. Results

The reconstruction and subsequent post-processing of datasets de-
rived from serial-section FIB-SEM tomography experiments are sum-
marised in Fig. 3, all of which was performed in Dragonfly 2024.1.
The input raw data from our serial-section tomography experiments
are illustrated in Fig. 3b, in the form of hundreds of cross-section SEM
images, featuring a region of interest, here being the five porous/non-
porous layer pairs. Image segmentation of the frames via simple inten-
sity thresholding may be performed to extract the porous/non-porous
spatial regions of the dataset and understand their structures in 3D, as
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Fig. 3. Serial-section FIB-SEM tomography example workflow with input serial-sections, output reconstructed plan-view images, and segmented tomograph 3D
renders, shown for the 5-pair porous GaN-on-Si DBR etched at 10V. (a) Orthographic perspective 3D renders after tomograph segmentation with exaggerated
inter-layer spacing. (b) Example serial-sections showing the porous region of interest, with two etched dislocation cores highlighted in red. Each of the scanning
electron micrographs is captured with a 2.3 nm x 2.3 nm X and Y pixel size. The sections are related to each other with an 8.8 nm Z ion slicing thickness
for tomographic voxel dimensions of (2.3 x2.3x8.8)nm. (c) Orthographic perspective 3D render of the porous layers with their real spacing. (d) Reconstructed
plan-view of the first porous layer. (e) Sub-surface BSE-SEM micrograph of the first porous layer, depicting the target region of interest prior to correlative

microscopy via serial-section tomography.

illustrated by the orthographic projections in Figs. 3a and 3c [30]. After
registration and post-processing of the serial-sections, virtual plan-view
images can be rendered. For these, the image plane is rotated to view
the structure of pores in the plane of the porous layers of the DBRs,
compiling voxels obtained from real SEM frames into a reconstructed
image, an example of which is given in Fig. 3d. These plan-view
reconstructions can be freely positioned, such that we can probe each
porous layer and offer a more intuitive and descriptive representation
of pore morphology than individual cross-sectional SEM frames.

The morphologies of pores in the three porous GaN-on-Si DBRs
studied in this work can be distinguished as being in three distinct
regimes, previously detailed in a study by Ghosh et al. [14]. The spatial
resolution and image contrast of tomographic datasets can thus be
ascertained by comparing our reconstructed plan-view images with real
plan-view images recorded using BSE-SEM using the same procedure as

was employed in the Ghosh et al. study [14]. Overall, the three tomo-
graphs were reconstructed into plan-view images that are congruous
with those observed both in BSE-SEM imaging on the samples and the
morphologies described by Ghosh et al. [14]. For the tomographs of
the 5V and 8V etched DBRs, we provide side-by-side comparisons of
tomographic reconstructions with sub-surface BSE-SEM images of the
same samples in different areas, to demonstrate the accuracy of the
tomographs, shown in Supplementary Figures 1 and 2, respectively.
For the case of the 10V sample, directly correlative microscopy
was performed, where a specific region of interest was imaged in
sub-surface BSE-SEM before the serial-section FIB-SEM tomograph was
captured in the same region. The results of this correlative microscopy
are summarised in Figs. 3d and 3e, where the same region of interest
is given as a sub-surface BSE-SEM micrograph, captured before the
tomography experiment, and a reconstructed plan-view image centred
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on the first porous layer, respectively. It is readily apparent that the
tomograph captures fine details of the porous layers and that pore
walls and individual nanopipes formed at threading dislocations can be
correlated between the images. Detailed interpretation of the different
features in comparative analysis of this type has been discussed by
Sarkar et al. for a similar porous GaN DBR grown on a sapphire
substrate [23].

With these tomographs, pore morphology, as well as the nanopipes
formed at etched threading dislocations and associated porous fields,
can readily be examined. Dislocations that etch through NID GaN
layers and form porous fields in deeper, highly Si-doped GaN layers
of the DBR multilayer stack are demonstrated to partially etch the
bottom of the NID layer, meaning the resulting pore contains a vertical
protrusion extending upwards from the doped layer. Examples of this
effect, as viewed in cross-section, are highlighted by red rings in
Fig. 3b, where we see examples of triangular pores that extend into
the non-porous layers. This effect can be exploited in the context of
tomography by creating plan-view reconstructions not positioned inside
porous layers, but slightly above them, such that the full expansion of
pores is not captured, but the porous protrusions, centred on threading
dislocation cores, are captured. These ‘etching onset’ reconstructions
are invaluable, allowing for correlation of porous fields in the doped
layers immediately below to individual dislocations, but also them-
selves serving essentially as maps of the positions of dislocations which
have opened up into nanopipes to form an etching pathway [24].

For these reasons, the presentation of tomographic datasets in this
work will be two-fold. Presentation of each of the three datasets will
consist of annotated reconstructed plan-view images, positioned both
in the five porous layers and in their corresponding regions on non-
porous layers (‘onset frames’) positioned slightly above them (Figs.
4-6), and also in the form of animated fly-through videos, showing
both cross-sectional and reconstructed plan-view perspectives (Videos
1, 2 and 3). This allows for datasets to be provided in full and also for
important features of discussion to be highlighted through annotations.
We note that for each video, the cross-sectional frames are animated in
the order in which they were captured (from the front of the region
of interest to the back) and the reconstructed plan-view frames are
animated from the top of the region of interest vertically downward
(i.e. the first porous layer appears chronologically first). The 5V and
8V tomographs are also presented as orthographic projections of seg-
mented pore structures, similarly to Fig. 3c featuring the 10V sample
tomograph, in Supplementary Figure 3.

3.1. 5-Pair porous GaN-on-Si DBR etched at 5V

Video 1 shows the full tomographic dataset, captured on the sample
etched at 5V, as both raw input frames and associated horizontal plan-
view images. For this tomograph, the voxel dimensions (with average
Z thickness) are (2x2x5.1) nm. Inferring the pore morphology using
the cross-sectional frames is difficult, but the horizontal plan-view
images show the in-plane pore morphology clearly. Annotated plan-
view reconstructions of the tomograph of the sample etched at 5V are
presented in Fig. 4. Here, each of the five porous layers is depicted with
an associated image that shows the onset of electrochemical etching
for that highly Si-doped GaN layer. For each porous layer, there is
a variation in the observed image contrast that can be attributed to
pore morphology. Regions where the branched pores appear darker are
related to the depth within the reconstructed plan-view image, with the
back of the pore being further from the reconstructed oblique [31].

The reconstructions at the centres of the five porous layers, being
Figs. 4b, 4d, 4f, 4h, and 4j, respectively, demonstrate the expected mor-
phologies observed in sub-surface BSE-SEM imaging (Supplementary
Figure 1). The in-plane morphologies consist of central porous spots
where threading dislocations have originally etched into doped layers,
and long fine-tipped branches emanating from these outward into the
layer in lateral directions. Porous fields from different dislocations do
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not intersect or coalesce - the pores branching from dislocation spots
therefore form distinct ‘cells’, where singular branched regions are sep-
arated by pore walls of solid GaN. These porous cells are demonstrated
to continue throughout the stack, with all five porous layers featuring
this morphology. Additionally, as is particularly noticeable in Video 1,
the dislocation cores are not positioned at the exact centre of every
pore, and branches can point predominantly in one direction. We note
that this feature is present across pores in all of the tomographs in
this work and that it is not clear whether it occurs because in-plane
etching rate is different in the different directions within the plane of
the doped layer, or whether this is instead the result of the different
pores starting to form at different times because dislocation cores etch
at subtly different speeds (meaning that pores are blocked in certain
directions by pores that have already formed). Potential differences
between etching rates of edge- and mixed-type dislocations would be a
pertinent avenue for further research.

Notably, the fifth porous layer, shown in Fig. 4j, has a sharp drop-
off in porosity, an effect observed previously via cross-sectional SEM
in deeper porous layers of 5-pair porous GaN-on-Si DBRs etched at low
voltages [14]. Here, we now understand that this reduction in porosity
is brought about by a smaller number of porous cells forming, with the
ones that do form unable to expand to fill space and fully porosify the
layer.

Onset etching frames for the five porous layers are given in Figs.
4a, 4c, 4e, 4g, and 4i, respectively, extracted from a position slightly
above the reconstructions of their corresponding porous layers. At 5V,
the lowest etching voltage studied, the onset frames consist of relatively
small black spots which expand outward into the cells when moving
down through the stack, as is clear in Video 1.

Two etched threading dislocations in the field of view of the to-
mograph are highlighted in red and blue throughout Fig. 4. These
dislocations are black spots in the onset layers and form branched cells
in porous layers, centred on the same position as the previous dark
spot. For the first porous layer, as highlighted in Fig. 4a and 4b, both
dislocations obey this behaviour. In the second porous layer, however,
we observe that dislocation 1 (highlighted in red throughout) can be
identified as both a dark spot in Fig. 4c and a cell centre in Fig. 4d,
but that dislocation 2 (highlighted in blue throughout) is no longer
present in either. Instead, in the porous layer we find that the region
of space previously occupied by the pore from dislocation 2 has now
been etched by a porous field emanating from a different neighbouring
dislocation, implying that the nanopipe forming on dislocation 2 has
been ‘undercut’. It can be concluded from this that dislocation 1 has
been etched into a nanopipe and formed a porous layer in the first two
doped layers according to the conventional expected ‘kebab’ behaviour,
but that dislocation 2 deviates from this by ‘switching off’ after forming
a pore in the first layer.

Examination of the third porous layer in Figs. 4e and 4f demon-
strates the same behaviour as the previous layer; dislocation 1 contin-
ues to etch, forming both a spot on the onset layer and a porous cell in
the doped layer (highlighted), whilst dislocation 2 remains absent. In
the fourth porous layer, however, the behaviour changes yet again, and
in Figs. 4g and 4h we observe that dislocation 1 is now absent whilst
dislocation 2 has reappeared, resuming its behaviour as an etching
pathway forming a nanopipe and associated porous field (highlighted).
Furthermore, in the fifth porous layer outlined in Figs. 4i and 4j, neither
dislocation 1 nor 2 is present, meaning both are ‘inactive’ as etching
pathways through the fifth layer.

Thus, dislocation 1 is demonstrated to act as an etchant pathway
throughout the first three porous layers, before ceasing to do so in the
fourth and fifth, whilst dislocation 2 has been etched in the first and
fourth porous layers only. Both dislocations exhibit distinct behaviour
relative to one another and also deviate from the conventional ‘kebab’
behaviour described previously.
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Fig. 4. Reconstructed plan-view images as a function of depth, derived from serial-section FIB-SEM tomography of the 5-pair porous GaN-on-Si DBR etched at
5V. For each porous layer, images are extracted as pairs: one at the onset of etching and one of the porous layer proper, shown in successive panels. (a) onset
of layer 1 and (b) layer 1; (c) onset of layer 2 and (d) layer 2; (e) onset of layer 3 and (f) layer 3; (g) onset of layer 4 and (h) layer 4; (i) onset of layer 5 and
(j) layer 5. ‘Dislocation 1’ is highlighted in red throughout, alongside ‘dislocation 2’ in blue. (For interpretation of the references to colour in this figure legend,

the reader is referred to the web version of this article.)

3.2. 5-Pair porous GaN-on-Si DBR etched at 8 V

The tomographic dataset for the sample etched at 8 V is presented in
full in Video 2 in the same format as Video 1, and again as a series of
annotated plan-view images in Fig. 5. For this tomograph, the voxel
dimensions (with average Z thickness) are (2.3x2.3x5.7)nm. It is
readily apparent that the pore morphologies in porous layers, given
in Figs. 5b, 5d, 5f, 5h, and 5j, are different to the previous sample
etched at 5V. Here, porous cells have wider arms and do not display
the fine-tipped branches, but instead feature broader, more cavernous
porous fields. A comparison of the pore morphology for this sample as
captured by the tomograph and also by sub-surface BSE-SEM imaging
is given in Supplementary Figure 2, where once again the morphologies
demonstrated by the two techniques are commensurate, indicating that
the tomograph has accurately reconstructed the structure.

Onset frames, given in Figs. 5a, 5c, 5e, 5g, and 5i, have been
extracted from a greater height above their porous layers than in the
previous sample, since the extent of nanopipe expansion is greater
owing to the elevated etching voltage. They appear as dark spots which
are larger than in the previous dataset. There is also a striking increase
in the density of threading dislocations that have etched in each of the
five porous layers compared to the 5V sample given in Fig. 4, clearly

visible from the larger number of dark spots present in the field of view
on the onset frames (this will be quantified in Section 4.2).

Two additional dislocations observed in Fig. 5 have been high-
lighted in red and blue, each with unique etching behaviour. The
first, denoted ‘dislocation 3’ (highlighted in red), appears as an etching
pathway and resulting pore in all five porous layers and their respective
onset frames. We note that the pores formed in porous layers by this
dislocation are smaller, due to a large diversity of pore sizes across this
sample. This dislocation hence follows conventional kebab behaviour,
forming a central nanopipe through the entire stack and etching in
all five porous layers. The second dislocation, denoted ‘dislocation 4’
(highlighted in blue), appears only in the fourth porous layer/onset
frame, where it forms a porous field (Figs. 5g and Fig. 5h). In all
other layers, there is no dislocation present as a black spot in the
onset frame or porous field centred on the corresponding region. Hence,
this dislocation only etches in one layer of the stack, being the fourth
layer. The two dislocations highlighted in this tomograph show more
distinct behaviour again, with an instance of a dislocation that has
etched to form a conventional structure predicted by the kebab model
(dislocation 3) and a dislocation that has not etched on the surface
(not forming a pore in the first layer) but activates in the fourth layer
(dislocation 4).
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Fig. 5. Reconstructed plan-view images as a function of depth, derived from serial-section FIB-SEM tomography of the 5-pair porous GaN-on-Si DBR etched at
8V. For each porous layer, images are extracted as pairs: one at the onset of etching and one of the porous layer proper, shown in successive panels. (a) onset
of layer 1 and (b) layer 1; (c) onset of layer 2 and (d) layer 2; (e) onset of layer 3 and (f) layer 3; (g) onset of layer 4 and (h) layer 4; (i) onset of layer 5 and
(j) layer 5. ‘Dislocation 3’ is highlighted in red throughout, alongside ‘dislocation 4’ in blue. (For interpretation of the references to colour in this figure legend,

the reader is referred to the web version of this article.)
3.3. 5-Pair porous GaN-on-Si DBR etched at 10V

Finally, the tomograph of the DBR etched at 10V is presented
in Video 3 and Fig. 6 in the same configuration of animated video
and annotated plan-view reconstructions employed previously. For
this tomograph, the voxel dimensions (with average Z thickness) are
(2.3x2.3x8.8)nm. The plan-view reconstruction of the first porous
layer, featured previously as Fig. 3d, is reproduced in Fig. 6b, now
in the context of its onset and additional deeper porous layers. As
mentioned previously, the tomograph features the expected ‘lily-pad’
morphology from our correlative microscopy and prior work, despite
the coarser voxel dimensions compared to the other tomographs [14,
23]. There are a series of very small, lacy pores surrounding the central
lily-pad, which are also seen in the BSE-SEM micrograph of the first
layer, where it is apparent that they are formed as part of the same
structure as the large lily-pad pore rather than via separate threading
dislocations. This is apparent from the fact that there are no etched
dislocation cores that expand into the pores, as seen in Video 3.

Moving down through the individual porous layers in Figs. 6b, 6d,
6f, 6h, and 6j, it is apparent that the large pore at the centre of the
first porous layer in Fig. 6b dominates and persists through the deeper
layers, with each layer featuring a large central pore that, despite
changing shape and moving, forms a vertical stack of large pores. This

stack, at a glance, appears to follow kebab-like behaviour, where we
have discovered five overlaying pores in the highly Si-doped layers
that emanate from a common centre. However, through examination
of the onset frames in Figs. 6a, 6¢c, 6e, 6g, and 6i, it becomes clear that
this large porous field is actually comprised of porous fields emanating
from several dislocations, rather than the single dislocation highlighted
in conventional kebab behaviour. These dislocations in fact have their
own separate activation/deactivation behaviour.

It is apparent from the inspection of the three tomographs that
the kebab model for defect-driven DBR porosification offers an over-
simplified view, as instances that both seemingly corroborate it and
contradict it are demonstrated. To formulate a more accurate and
sophisticated model to account for the behaviour of dislocations as
etching pathways, it is helpful to analyse which dislocations are active
as etching pathways, and in which layers this is true, but do so en masse
across the numerous dislocations present in all three tomographs rather
than through specific instances associated with individual dislocations.

4. Discussion

In this section, we demonstrate a novel analysis method to assess
threading dislocations as etching pathways at large using the onset
frames of the reconstructed tomographs. Each onset frame, when seg-
mented, recoloured and overlaid to the other four onset frames in the
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Fig. 6. Reconstructed plan-view images as a function of depth, derived from serial-section FIB-SEM tomography of the 5-pair porous GaN-on-Si DBR etched at
10V. For each porous layer, images are extracted as pairs: one at the onset of etching and one of the porous layer proper, shown in successive panels. (a) onset
of layer 1 and (b) layer 1; (c) onset of layer 2 and (d) layer 2; (e) onset of layer 3 and (f) layer 3; (g) onset of layer 4 and (h) layer 4; (i) onset of layer 5 and

(j) layer 5.

tomograph, can show which dislocations are active in each porous
layer. Overlaying the maps allows for individual threading dislocations
to be identified and tracked, with each of the layers it etched in
being identified as the coloured maps in which it appears. An example
demonstrating this procedure is given in Fig. 7, showing the same
cropped region of the five onset frames of the 8V tomograph (given
previously in Fig. 5), as well as the appearance of the segmented and
recoloured frames when all are overlaid.

Threading dislocations in GaN-on-Si epitaxy have been demon-
strated to incline to angles off from the vertical c-axis direction [32].
This threading dislocation inclination may be associated with ten-
sile strain induced by silicon dopant atoms and/or lattice mismatch
strain [32,33]. The inclination of individual dislocation cores away
from the vertical c-axis is also clearly demonstrated in our tomographic
datasets. In the context of Fig. 7, this inclination presents as lateral
displacement between the horizontal plan-view images. The light blue
highlighted squares feature one dislocation core which, due to its
inclination angle, translates to the right in the field of view when
moving down the porous layers, and appears as a smear in the overlaid
figure. Since the core is visible in all five layers with a consistent
displacement, it demonstrates that this dislocation is active in all five
porous layers and forms a nanopipe running through the entire DBR
structure. The pale green highlighted space shows a dislocation core,
which is active in the first and second layers and not active in the

remaining ones, from which no pores emanate in the final three layers.
This dislocation has been activated on the surface and deactivated at
the bottom of the second porous layer. Finally, the grey highlighted
space shows a dislocation core which etched only in the second layer,
not being used as a pathway for the first, third, fourth and fifth layers.

According to the kebab model, we would expect the threading
dislocations to all act as etching pathways in every porous layer, which
would present here as each dislocation present as a 5-layer coloured
overlay (either overlapping for a non-inclined dislocation or smeared
for an inclined dislocation). Clearly, as seen in the light blue squares
of Fig. 7, there are dislocations that appear like this and therefore
there are dislocations that form conventional ‘kebab’ pore structures.
However, this is not the case for all the dislocations present in Fig. 7
or in the tomographs as a whole. Using this methodology for the full
field of view of the three tomographs, each dislocation that has acted
as an etching pathway (and is therefore active) in any of the layers
can be tracked, and the specific layers for which it is active can be
identified. This process then generates datasets for each tomograph of
every dislocation, and which layers they are active within.

4.1. Cascade model

Before presenting and discussing the statistical datasets for thread-
ing dislocation etching, based on analyses like those shown above, it is
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Fig. 7. A series of images cropped and recoloured from the plan-view reconstructions of the 5-pair porous GaN-on-Si DBR etched at 8V first shown in Fig. 5 and
derived from serial-section FIB-SEM tomography. All grid line separations are 100 nm. The onset of five porous layers is individually shown, with an additional
sixth image that overlays all layers. Highlighted squares show regions containing threading dislocations with different activation behaviours during defect-driven

electrochemical etching.

essential to provide a new mechanistic evaluation of the defect-driven
etching process and explain how the etching pathways and associated
pore morphology observed through serial-section FIB-SEM tomography
can physically arise.

It has been demonstrated in Fig. 7, in the light blue squares,
that there are etched threading dislocations which form conventional
‘kebabs’, with a central etched nanopipe and five porous fields in highly
Si-doped layers. Fig. 7 also demonstrates a second etched dislocation,
in the pale green squares, which is active in the first and second layers,
then inactive beyond this point. Such a dislocation, which does not
follow conventional kebab behaviour, can still be described as having
a ‘continuous’ etching sequence despite the observation of premature
nanopipe termination, as the layers where it acts as an active etchant
pathway (layers one and two) are all adjacent.

However, in Fig. 4, dislocation 2 serves as an active etching pathway
in the first layer, remains inactive in the second and third layer,
and reactivates in the fourth layer. Such a dislocation may be dis-
tinguished from those previously described as having an ‘interrupted’
etching sequence, since the layers for which it is an active etching
pathway (being layers one and four) are not adjacent, but separated
by a layer in which the dislocation is inactive. In addition to these
discontinuities in nanopipe formation, and in contrast to the previous
two etching pathways, this pathway initially activates sub-surface in
this otherwise surface-initiated electrochemical etching process, further
deviating from the pore morphology as described by the simple kebab
model for defect-driven etching. Indeed, assessing the active layers of
dislocations in all three tomographs using the methodology outlined
above, a diverse range of activation/deactivation behaviour can be
observed.

We thus propose a ‘cascade’ model of defect-driven etching of
porous GaN DBRs. In the kebab model, each dislocation core etches to
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form an isolated and distinct porous structure, consisting of a central
nanopipe with emanating pores in highly Si-doped layers. In our cas-
cade model, we propose that several distinct dislocation cores etch into
nanopipes through different layers in the stack to form one combined
network of interacting porous domains. A schematic diagram compar-
ing the existing and proposed models is given in Fig. 8, showing four
porous (blue) and non-porous (green) layers with pores etching via
dislocation cores (red).

Fig. 8b shows the larger porous structures formed by etched disloca-
tions, which themselves do not etch through all layers, in contrast with
the conventional kebab model. A dislocation core that does not activate
at the surface and hence has no associated porosity in the first porous
layer, may be activated if a nearby dislocation core that is active in
the first layer produces a pore that overlaps with that dislocation. This
behaviour is shown in Fig. 8b as etched dislocation cores that do not
form nanopipes on the surface, but do so after a pore emanating from
a nearby etched dislocation intersects the inactive dislocation. Etching
can then proceed down either of the available dislocations through
the NID layer beneath, allowing dislocations that were previously
inactive to become the new dominant pathway. Likewise, a dislocation
can be deactivated in a similar manner, if the etching of a nearby
dislocation produces a porous region in a doped layer before that
dislocation has etched fully through the NID layer above. In this way,
the undercutting of a dislocation by another one nearby that reaches
the porous layer earlier, allows for a depletion region [18] to block
the undercut dislocation from proceeding any further. Rather than
forming distinct porous structures, therefore, threading dislocations
act as etching pathways which overlap and interact, forming complex
networks of interconnected dislocations and porous fields in doped
layers.
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Fig. 8. A schematic diagram of (a) the conventional ‘kebab model’, as contrasted to (b) the improved ‘cascade model’, for the proliferation of defect-driven
etching. Red lines represent threading dislocation cores, and blue and green layers represent highly Si-doped layer and NID layers, respectively. Pore structures
are highlighted below the schematics, with coloured structures demonstrating the differences between the models. (For interpretation of the references to colour

in this figure legend, the reader is referred to the web version of this article.)

The cascade model, as described here, is the only explanation for
the presence of etched dislocations which can either follow conven-
tional kebab behaviour, form otherwise continuous structures or form
distinct interrupted structures. To reiterate, the cascade model can
also encompass conventional kebab behaviour, with 5-layer porous
structures being valid and experimentally observed etching pathways.
Fig. 8 includes such a structure on the fourth dislocation from the left.
The cascade model is hence an enhancement of the kebab model, rather
than a complete framework replacement.

4.2. Dislocation statistics

Returning to the statistics of threading dislocations as etching path-
ways with a mechanistic evaluation of how such structures may form,
we can extract several parameters to compare behaviour across the
etching voltages. First, neglecting briefly the specific porous layers
for which dislocations are active (etched), focusing only on the total
number of layers for which they are active, an arithmetic mean for the
number of porous layers in which dislocations are active for the three
samples can be found. This average number of doped layers for which
dislocations are active in the 5-pair porous GaN-on-Si DBRs etched at
5V, 8V, and 10V is 1.75, 2.78, and 2.82, respectively. Furthermore,
the total density of active dislocations, neglecting which layers or how
many layers they are active in, can be given for each sample. For the
5V, 8V, and 10V porous DBRs, the total active dislocation density is
1.9 x 10°cm™2, 3.5 x 10° cm~2, and 4.4 x 10° cm~2, respectively. These
two increasing trends both relate to the greater porosity observed in
porous layers of DBRs etched at higher etching voltages, with the
latter (the total density of participating active dislocations) illustrating
that a given dislocation in the sample has a greater probability of
etching at higher etching voltage, and the former (the average number
of doped layers for which a dislocation is active) showing that the
number of layers in which those dislocations are active also increase
with increasing etching voltage. Both of these can be associated with
the increased etching voltage leading to faster and more extensive
porosification via the hole-mediated process of highly Si-doped GaN
electrochemically etching in oxalic acid, a well-documented feature
of porosification of GaN in both DBR structures [14] and monolithic
doped layers [27].

We can individually appraise the active dislocation density (‘ADD’)
for each porous layer rather than across all five porous layers. This
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local value can then be compared across the different layers and across
the different etching voltages, as given in Fig. 9a. Likewise, dislocation
statistics may be expressed in terms of the number of layers in which
dislocations are active; the density of dislocations active in a specific
number of layers, disregarding the particular layers they are in, is given
in Fig. 9b.

Ghosh et al. reported an increasing trend in the number of threading
dislocations that etch to form nanopipes in the first porous layer, found
through sub-surface BSE-SEM imaging [14]. Here, we reproduce the
same effect, as Fig. 9a demonstrates a clear increase in the ADD in the
first porous layer with etching voltage. Tomography in this work can
provide ADD through other layers of the stack.

With Fig. 9a, comparing the ADD obtained for each layer with their
etching voltages, it is readily apparent that increasing etching voltage
generally increases the density of active dislocations, regardless of the
layer. More pertinent is that for the sample etched at 5V, there is a
gentle decrease in active dislocation density moving downward through
the stack, where deeper porous layers have fewer active dislocations
than those close to the surface. This observation can account for the
significant drop-off in porosity observed in deeper layers for samples
etched at low voltages and the incomplete porosification of those
layers. The sample etched at 8V remains relatively constant in the
active dislocation density through the stack, and the sample etched at
10V shows an increasing trend.

It may be speculated that more dislocations are activated at higher
etching voltages because the porous cells in doped layers become
larger and less branched — pores are therefore more likely to intersect
threading dislocations and, consequently, have the possibility of using
them as etching pathways. For the etching of the first porous layer,
all dislocations are initially exposed to the oxalic acid etchant at the
material surface, so this effect alone cannot explain the resulting active
dislocation density in the various layers of the samples due to the
increased ADD with etching voltage there.

It should be noted that the native threading dislocation density local
to the region of interest over which the tomograph was captured can
vary significantly. A sample of the DBR template wafer, not having
undergone electrochemical etching, underwent a silane treatment and
was used to calculate the overall threading dislocation density across
20 regions of 1.5 pm x 1.5 um [34]. Across the 20 regions, an arithmetic
mean of the native threading dislocation density was found to be
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Fig. 9. Dislocation statistics for 5-pair porous GaN-on-Si DBRs etched at 5V, 8V, and 10V. (a) Active dislocation density for different layers in samples at different
etching voltages. (b) Active dislocation density for different numbers of active layers at different etching voltages. (c) Density of dislocations that have etched in

only one layer (‘singlets’) at different etching voltages.

2.55 x 10° cm~2 with a standard deviation of 0.55 x 10° cm~2. That the
measured active dislocation density in the 10V sample is greater than
this value could imply that nanopipes are being formed in defect-free
regions of the NID GaN layer. However, the large active dislocation
density observed for the 10V sample, in particular, can be attributed
to the selection of the region of interest. Large porous fields in high
voltage etched samples are associated with the etching of dislocation
arrays rather than individual dislocations [14]. Dislocation arrays are
small regions of very high local threading dislocation density. Hence,
for the field of view of the tomograph to encompass one full porous
field, the region selected needed to contain at least one dislocation
array, and the region of interest on which the tomograph was ultimately
captured actually features several of them. The areas in the AFM scans
used to calculate the native density were randomly selected and sub-
sequently included fewer arrays of threading dislocations. The selected
regions for the 5V and 8 V tomographs were also randomly chosen. We,
therefore, propose that the field of view for this tomograph needed to
be biased to a region of high local threading dislocation density for
the experiment to succeed, not that the 10V tomograph has created
nanopipes or etching pathways from non-dislocation regions.

Fig. 9b probes the behaviour of individual dislocations and the num-
ber of layers in which they are active in the stack. For the sample etched
at 5V, the decreasing trend here means that there are successively
fewer dislocations with more active layers; indeed, there are very few
dislocations active in four out of the five porous layers, and there are
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none active in all five, meaning that there are no dislocations exhibiting
behaviour that could be described by the simple kebab model within
the field of view of the tomograph. A successively decreasing trend
of this kind could be attributed to a very simplistic model of etching
behaviour. If each dislocation had a low constant probability of acting
as an etching pathway in a given layer, independently of the previous
etching of the dislocation or the etching of surrounding neighbours, one
would expect a decrease in the number of dislocations with successively
greater numbers of active porous layers.

This straightforward decreasing trend concerning individual dislo-
cations and the number of layers in which they are active in the stack
is not observed, however, in the samples etched at 8V and 10V. Fig.
9b also shows that the 8 V etched sample follows the same initial trend
of decreasing active dislocation density from one active layer through
to four active layers, but then sees a dramatic increase in the active
dislocation density for activity in all five layers. The same is true for the
10V etched sample, aside from a marginal increase in active dislocation
density from 3 active layers to 4. This observation can no longer be
attributed to an independent probability of a single dislocation etching
in a given layer. Instead, the structures are dominated by dislocations
that are either active throughout the whole stack or active for one layer
only. For the three samples, the percentage of dislocations that form the
5-layer structures, and therefore behave according to the conventional
kebab behaviour, are 0%, 34.2 %, and 37.1 % for the 5V, 8V, and 10V
samples, respectively.
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For each etching voltage, the most common number of active layers
for a dislocation is 1. Such a dislocation cannot be said to form either a
continuous or interrupted etching sequence and is thus distinguished as
a ‘singlet’ instead. An instance of this is highlighted in Fig. 7 in the grey
box. These dislocations are activated once on the surface layer or in the
sub-surface layers, producing one porous region and then deactivated.
However, these singlets are not equally distributed among the different
layers in the stack, and that distribution varies across etching voltages.
The density of singlets across the porous layers for the three samples
is given in Fig. 9c. At 5V, the most likely position for a singlet is the
first layer, where 37.9 % of singlets can be found. This high proportion
is not seen in the 8V and 10V samples, where the first porous layer
contains 3.0 % and 0% of their respective singlet populations. Instead,
the most likely positions for singlets are layers two and three for the
8V sample, which contains 26.9 % of the singlets, and layer five in the
10V sample, containing 38.6 % of singlets.

Another aspect of dislocation etching behaviour to consider is the
continuity of porous layer etching. Fig. 9b describes the dislocations in
terms of how many layers they are active in, but not which specific
layers those are. For example, as outlined previously, a dislocation
with a continuous etching sequence (e.g. etching layers two, three and
four) and a separate dislocation with an interrupted etching sequence
(e.g. etching layers two, three and five), are both included in the
same data point in Fig. 9b despite demonstrating different behaviour.
From these tomographs, the percentage of dislocations with an inter-
rupted sequence of porous layers in the 5V, 8V, and 10V samples is
26.9 %, 18.9 %, and 11.2 %, respectively, giving a decreasing trend with
increasing etching voltage.

The data presented here illustrates that our cascade model remains
relevant across all samples. However, increasing the etching voltage
increases the tendency to form ‘kebab’ structures within the cascade
networks, decreasing the likelihood of forming structures with inter-
rupted etching sequences. At even higher etching voltages than 10V,
these trends may be observed to continue. Also, at such voltages, it
has been demonstrated that non-porous layers can undergo structural
collapse during the etching, which will change the proliferation of
etching significantly [14].

All of the above observations can be correlated to previous findings
that show that in the porosification process, etching down only some
dislocation pipelines penetrates deep into the doped/NID stack before
other dislocation pipelines reach such a great depth [19]. It is possible
that a particular dislocation type (edge, screw, or mixed) or a particular
core structure has a higher etching rate, and this is an interesting
area for further study, perhaps using correlative microscopy techniques.
However, it is also possible that the onset of etching at a particular
dislocation is probabilistic, with all dislocations having a fairly similar
probability of etching but random chance, allowing some defects to
etch to greater depths ahead of others. In either case, a dislocation that
penetrates deep into the stack early in the process can then produce
a pore that spreads widely in the lateral direction, not impeded by
depletion zones from pores related to other defects. If such pores then
intersect with a second dislocation, then etching may initiate at that
second dislocation, producing a cascade and generating a depletion
region which prevents the second dislocation from etching through
from the overlying NID layer into the newly formed porous layer.

Whether all dislocations etch with equal probability or whether
specific types of dislocations have different etch rates, changes to
the probability of a dislocation etching will impact the likelihood of
some dislocations penetrating deep into the stack before others do
so. Both our results in this paper, and the previous work of Ghosh
et al. [14] suggest that this probability can be changed by varying
the etching voltage, since the total active dislocation density has a
strong dependence on etching voltage. We propose, therefore, that
altering the etching voltage causes a change in the probabilities of
dislocation etching, and also a change in the relative rates of the etching
of dislocations compared to removal of material in the doped layers.
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The precise mechanism of how dislocation cores in NID GaN are able
to etch at all is unclear; a change in the relative probability of etching
of dislocations in NID GaN and n*-GaN in doped layers reflects that
the electrochemical mechanism of the two processes is different. It is
possible that trap states associated with the defect are playing a role,
where the production of free holes in the defect and production of
free holes in defect-free doped material evolve differently as voltage
is varied. It is also possible that silicon atoms preferentially segregate
to decorate threading dislocation cores during epitaxy, with atomic
diffusion during further high temperature growth then allowing for
silicon atoms to move into dislocations in NID layers and for them to
act as n-GaN with a low doping density [19,35]. A probabilistic model
might be built up which could predict the likelihood of morphologies
dominated by kebabs or cascades and ascertain whether simple changes
to the probabilities of the two processes described can reproduce the
effects found here.

5. Conclusions

Serial-section tomography has captured the 3D structure of porous
GaN DBRs etched by defect-driven mechanisms on a scale and res-
olution never demonstrated before. Detailed structural characterisa-
tion has previously been restricted to the first porous layer, but this
work addresses the continuity and proliferation of porous morphologies
throughout 5-layer structures. Tomographs, as outlined here, are not re-
stricted to 5 layers, and the workflow developed is pertinent for porous
DBR structures across many target wavelengths and indeed for a wide
range of sub-surface porous multilayer structures, whether fabricated
by defect-driven mechanisms or via the lithographic fabrication of deep
trenches. Indeed, the utility of the approach applied is also relevant
where porosification is achieved by methods other than electrochemical
etching, such as thermal annealing. The fine voxel resolution employed,
(2.0x2.0x5.1)nm in the best case, has permitted a mechanistic eval-
uation of the etching process for the first time, pioneering beyond
the basic cross-sectional methods of pore morphology characterisation.
The tomographs presented here offered the additional advantage of an
extensive field of view, (2.7 x2.1x0.5) pm in the best case, meaning
the behaviour of several hundred dislocations could be assessed, offer-
ing insight and generality beyond the probing of individual threading
dislocations.

The insights offered by volumetric reconstruction have allowed us
to discover that rather than each dislocation forming a continuous
uninterrupted pathway with an associated field of porosity in every
doped layer, etching proliferates in a cascade, which can result in
different dislocations switching on and off repeatedly in the course of
the overall etching process. The extent to which complex cascades form
is dependent on the etching voltage. We note that since the mecha-
nism of turning on and off dislocations is suggested to depend on the
relative probability of etching the dislocations compared to the doped
layers, even where etching initially penetrates sub-surface via deep,
lithographically defined trenches, there remains a finite probability of
‘turning on’ dislocation pathways, and this will influence the eventual
morphology of DBR structures etched by that alternative approach.
Broader efforts to optimise the fabrication of porous GaN DBRs, fabri-
cated by either a defect-driven or lithography-assisted electrochemical
etching process, can therefore benefit from both the conclusions drawn
and the methodologies outlined in this work.
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Appendix A. Supplementary data

See the supplementary material for a comparison of sub-surface
BSE-SEM imaging and reconstructed plan-view images as derived from
serial-section FIB-SEM tomography of the first porous layer for the
porous GaN-on-Si DBRs etched at 5V (Supplementary Figure 1) and 8V
(Supplementary Figure 2). We also provide orthographic perspective 3D
renders derived from serial-section FIB-SEM tomography, depicting the
pore morphology of 5-pair porous GaN-on-Si DBRs etched at 5V and
8V after image segmentation via intensity thresholding (Supplementary
Figure 3).

Supplementary material related to this article can be found online
at https://doi.org/10.1016/j.actamat.2026.121957.
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