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Abstract

In this article, porous GaN distributed Bragg reflectors (DBRs) were fabricated by epitaxy of undoped/doped multilayers followed by
electrochemical etching. We present backscattered electron scanning electron microscopy (BSE-SEM) for sub-surface plan-view imaging,
enabling efficient, non-destructive pore morphology characterization. In mesoporous GaN DBRs, BSE-SEM images the same branching pores
and Voronoi-like domains as scanning transmission electron microscopy. In microporous GaN DBRs, micrographs were dominated by first
porous layer features (45nm to 108 nm sub-surface) with diffuse second layer (153 nm to 216 nm sub-surface) contributions. The optimum
primary electron landing energy (LE) for image contrast and spatial resolution in a Zeiss GeminiSEM 300 was approximately 20 keV. BSE-SEM
detects porosity ca. 295 nm sub-surface in an overgrown porous GaN DBR, vyielding low contrast that is still first porous layer dominated.
Imaging through a ca. 190 nm GaN cap improves contrast. We derived image contrast, spatial resolution, and information depth expectations
from semi-empirical expressions. These theoretical studies echo our experiments as image contrast and spatial resolution can improve with
higher LE, plateauing towards 30 keV. BSE-SEM is predicted to be dominated by the uppermost porous layer's uppermost region, congruent
with experimental analysis. Most pertinently, information depth increases with LE, as observed.
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Introduction

Introducing porosity into GaN offers a non-compositional de-
gree of freedom to adjust the properties of this critical optoe-
lectronic material, opening up novel design space for device
engineering (Griffin & Oliver, 2020; Yao et al., 2023).
Porous nitride semiconductors exhibit many material proper-
ties distinct from monolithic nitride layers. Porosity has been
demonstrated to allow the engineering of strain relaxation
(Yang et al., 2019), optical birefringence (Elafandy et al.,
2021) and, most pertinently to this work, refractive index con-
trast (Zhang et al., 2015).

Porous GaN distributed Bragg reflectors (DBRs) are typical-
ly fabricated by doping-selective electrochemical etching
(ECE) (Tseng et al., 2014). Two common approaches allow
the etchant to access sub-surface doped layers. In the first, a di-
electric layer (SiOy or SiNy) protects the surface and deep
trenches defined by lithographic techniques provide an etchant
access route (Mishkat-Ul-Masabih et al., 2018). The DBRs in-
vestigated here are made by a more recently developed ap-
proach, in which the GaN surface is left unprotected, and

the etchant accesses doped layers via the etched cores of intrin-
sic threading dislocations (Zhu et al., 2017; Massabuau et al.,
2020a). Porous GaN DBRs have been fabricated using this lat-
ter technique with a top surface suitable for LED overgrowth
(Jarman et al., 2019). The resulting porosity is determined by
epitaxial structure, doping density, electro-oxidation poten-
tial, and defect density (Griffin & Oliver, 2020).

Porous GaN DBRs are effectively a GaN/air composite
where the selective introduction of porosity periodically re-
duces the GaN refractive index to achieve Bragg-condition re-
flectivity (Springbett et al., 2018). For a fixed number of
periods, increased reflectivity may be achieved by increasing
the refractive index contrast, i.e. by increasing the porosity
(Zhao et al., 2020). However, it is essential to preserve DBR
periodicity with sharply defined interfaces and ensure that
the pores’ size remains lower than the wavelength of light in
the material to minimize diffuse scattering (Park et al.,
2013). Porous GaN DBRs have been shown to improve the
light extraction efficiency from overgrown LEDs (Jarman
et al., 2019). These mirrors can also create resonant cavities
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for vertical-cavity surface-emitting laser devices (Lee et al.,
2015; Palmquist et al., 2023) and single photon sources
(Springbett et al., 2018).

Cross-sectional scanning electron microscopy (SEM) pro-
vides a limited view of the pore structure along the growth dir-
ection (Shiu et al., 2016). This approach facilitates prompt
characterization in studies of changing epitaxial or etching pa-
rameters (Zhao et al., 2022). However, cleaving as an approach
to sample preparation often struggles to produce a planar cross-
section (Griffin et al., 2019), free of cleavage steps (Griffin et al.,
2018), or debris (Liu et al., 2020). While such measurements
are reported frequently, less routine imaging in the plan-view
orientation can provide better access to ECE uniformity.
Likewise, this perspective may improve the characterization
of competing etch pathways, allowing access to pores formed
at the onset of crystallographic defect-mediated ECE (Griffin
et al., 2020).

One approach to imaging the plan-view sub-surface morph-
ology of such DBRs is to use transmission electron microscopy
(TEM) (Massabuau et al., 2020a). A recently demonstrated se-
quential methodology by Massabuau et al. (202056) consisted
of front-side Ar* milling followed by plan-view annular dark
field (ADF) imaging, repeating in iteration to image multiple
sub-surface porous layers. This approach can image single por-
ous DBR layers, but it is sample-destructive and requires speci-
alized training and non-trivial time investment.

A technique for reconstructing the plan-view sub-surface
morphology is focused ion beam scanning electron micros-
copy (FIB-SEM) tomography (Griffin et al., 2020). Through
FIB serial sectioning, 2D SEM imaging, and 3D image recon-
struction, one can map 3D nanostructure from a series of
2D sections (Cantoni & Holzer, 2014). However, collecting
a tomographic dataset requires a time investment that can
scale from hours to days (Xu et al., 2017). Naturally, the act
of serial sectioning is inherently a destructive one. Lastly, im-
age processing, tomograph rendering, and porosity segmenta-
tion also require specialized training as well as computational
infrastructure (Makovetsky et al., 2018).

A successful application of tomography to porous GaN
DBRs is the study of birefringence by Griffin et al. (2020).
The artifact that most affects the tomographic FIB-SEM of
such porous media is the pore-back effect, where additional sec-
ondary electron (SE) signal, not directly attributed to the section
plane, is generated inside the pores (Reimers et al., 2019).
Therefore, their reconstructions were most successful when
the pores were aligned along a common direction, roughly per-
pendicular to the surfaces from which the 2D SEM images were
recorded, reducing non-topological artifacts (Ke et al., 2023).

Therefore, we propose using backscattered electron (BSE)
imaging in the SEM as a rapid, wide field of view (FOV),
and non-destructive alternative to the above-established tech-
niques to image sub-surface GaN DBR porosity in plan-view
(Wei et al., 2020). We will demonstrate that our proposed
method can efficiently assess the impact of changing etch con-
ditions on the pore morphology. BSE-SEM is widely used to
characterize cross-sectional nitride samples (Shiojiri et al.,
2006; Garitagoitia Cid et al., 2018) and has been applied in
the previously mentioned routine characterization of porous
GaN DBRs by examining cleaved cross-sections (Jarman
et al., 2019). These studies demonstrate the potential for
high contrast between pores and GaN that arises from the in-
herent Z-contrast-dominated image formation mechanism
(Goldstein et al., 2017). Here, we investigate how BSE imaging
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parameters can be adjusted to allow optimization of image
contrast and spatial resolution of porous GaN DBRs and ex-
plore the information depth achieved in this imaging modality.

Materials

To fabricate the investigated porous GaN DBRs, periodic mul-
tilayers consisting of alternating non-intentionally doped
(NID) GaN and conductive Si-doped GaN layers were grown
by metal-organic vapor phase epitaxy (MOVPE). Then, the as-
grown wafers were etched in a 0.25 M oxalic acid electrolyte,
with threading dislocations acting as the channels for the etch-
ant to access Si-doped layers, which are selectively etched (Zhu
et al., 2017; Massabuau et al., 20204).

Firstly, we studied porous DBRs based on epitaxial structures
comprising 15 pairs of 45 nm NID GaN and 63 nm Si-doped
(>10" cm™3) GaN, grown upon c-plane sapphire substrates; a
schematic of the as-grown DBR layers is depicted in Figure 1a.
These wafers were grown and etched by Poro Technologies
Ltd (Porotech). Two such wafers were grown, targeting reflec-
tion in visible blue wavelengths. However, they were etched at
different voltages, which we label V) (for the lower etching volt-
age) and Vi + 5 V (for the second DBR etched at a voltage 5 V
above the original DBR). BSE-SEM of these DBRs will first be
compared against other microscopy techniques and, later, will
be quantified in terms of spatial resolution and image contrast.

Secondly, we examined another porous DBR comprising five
pairs of 45nm NID GaN and 63 nm Si-doped (>10' cm™3)
GaN grown upon a silicon substrate. The as-grown epilayers
undergo the above ECE. Afterwards, the as-etched DBR is over-
grown by MOVPE with 1x4m of NID GaN to emulate LED
overgrowth. However, this overgrowth is not fully optimized.
A schematic of the as-grown DBR layers is depicted in
Figure 1b. This structure was grown by IQE PLC and etched
by Porotech. This DBR will aid in characterizing the depth limits
of the information obtained with BSE-SEM.

Methods

SEM was performed in a Zeiss GeminiSEM 300, operating at
primary electron landing energies (LE) of 2-25 keV (Crouzier
etal.,2021). SE-SEM was captured with the in-column detector,
and BSE-SEM was captured with the BSD4 annular detector.
The BSD4 consists of a diode array divided into five segments
(Zeiss, 2013). Four quadrants comprise the main ring, with a
fifth segment placed behind the ring, closer to the retractable
arm. The segments can function in a “COMPO” mode whereby
the signal from each segment is added to the total. This is the
mode of operation used throughout.

Cross-sectional and tomographic FIB-SEM were performed
in a Zeiss Crossbeam 540. Ion milling was conducted with a
30kV Ga* ion beam; images were captured with the in-
column SE detector. Tomographic dataset reconstruction
was conducted in ORS Dragonfly 2022.2 (Object Research
Systems, Montreal, Canada). Rigid body image registration
of tomographs was performed using the StackReg Image]2
plugin (Thevenaz et al., 1998).

Scanning transmission electron microscopy (STEM) was
performed in an aberration-corrected FEI Titan?, operating
at a 300 kV acceleration voltage. Images were captured with
a high-angle annular dark-field (HAADF) detector. Atomic
force microscopy (AFM) was performed in a Bruker
Dimension Icon AFM in PeakForce Tapping mode using
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Fig. 1. As-grown and to-scale schematics of the investigated DBR periodic epilayers. Si-doped GaN layers are porosified after doping-selective ECE. (a)

15-Pair DBR and (b) 5-Pair DBR.
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Fig. 2. Cross-sectional FIB-SEM of 15-pair porous GaN DBRs V and V, + 5 V using in-column SE imaging generated by a 2 keV LE. In addition to the
periodic porosity, a topmost layer of protective Pt is seen. The image contrast is dominated by sectional topography but with additional contributions from

charging and the pore-back effect. (a) Vp and (b) Vo +5 V.

ScanAsyst tips from Bruker (Pittenger et al., 2010; Su et al.,
2016).

Micrograph quantification was conducted in OriginPro
V9.9.5 (OriginLab Corporation, Massachusetts, USA) and
the Fiji distribution of ImageJ2 V1.54d (Schindelin et al.,
2012). Monte Carlo beam-specimen interaction simulations
were conducted in CASINO V2.5.1 (Drouin et al., 2007).

15-Pair Porous DBRs

Cross-sectional FIB-SEM

Cross-sectional imaging for both 15-pair porous GaN DBRs,
Vo and Vy + 5V, was obtained through FIB nanomachining
followed by in-column SE-SEM at 2keV LE, as shown in
Figure 2. Such cross-sectional FIB-SEM uses an ion beam cur-
rent of 1.5nA to mill a trench, which is polished using a 50
PA ion beam.

These DBRs are etched through the top surface, so conserv-
ing this region is essential. To this end, the topmost layer
above the NID GaN cap—most visible in Figure 2b—is a layer
of protective Pt, which also reduces curtaining of the sample
during sectioning (Cantoni & Holzer, 2014; Fager et al.,
2020). Here, the use of electron beam Pt deposition avoids
amorphization incurred from a faster Ga* assisted deposition
(Kwong & Zhang, 2005).

V) is a mesoporous DBR similar to those widely studied in the
literature and is presented in Figure 2a; image features i~v are
highlighted. The ECE of Si-doped GaN has produced a periodic
structure with alternating layers of porous GaN (Fig. 2a.i) and
GaN (Fig. 2a.ii). Most observed pores appear fairly triangular
(Fig. 2a.iii). Crucially, there is minimal encroachment of pores
into NID GaN regions, as the cross-section appears congruent
with the Figure 1a schematic. Lastly, within a single porous
layer, several pores may be stacked vertically (Fig. 2a.iv).
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Figure 2a also reveals some typical cross-sectional FIB-SEM
aberrations. White highlights will often surround pore edges;
these are not related to the section’s topography but are
more likely to be charging artifacts (Fig. 2a.iii) (Abe et al.,
2009). There is potential for pore filling via sputtered atom re-
deposition (Giannuzzi & Stevie, 2010). Furthermore, prefer-
ential sputtering towards the bottom of pores may induce
damage at these edges (Zhong et al., 2020). Finally, in the im-
age center, the contrast between the pores and the GaN matrix
is visibly diminished (Fig. 2a.v). This lack of contrast uniform-
ity complicates the interpretation and quantification of poros-
ity (Reimers et al., 2019).

Cross-sectional FIB-SEM of Vy+35V is depicted in
Figure 2b; the FOV is closely matched to aid comparison.
This DBR exhibits significantly increased porosity due to the
higher applied electro-oxidation potential and is consistent
with previous literature findings for etching at higher applied
biases (Chen et al., 2012). Some of the nanoscale porosity seen
for Vy remains, but larger pores take up the majority of the
material; specifically, micro-scale voids are observed—some
of which extend outside of the 2.3 um wide image (Mays,
2007) (Fig. 2b.i). Unlike Vj, there is considerable porosity in
nominally nonporous layers (Fig. 2b.ii). Charging artifacts
are less common here but still observed (Fig. 2b.iii).

These cross-sections reveal no information about the nature
of the porosity in the sample plane. The following Plan-view
BSE-SEM section introduces our approach to using BSEs in
the plan-view imaging of porous GaN DBRs.

Plan-view BSE-SEM

An image of a porous GaN DBR fabricated similarly to our Vj
DBR and captured using sequential milling and plan-view
HAADF-STEM is shown in Figure 3. This DBR was previous-
ly studied by Massabuau et al. (20205). By imaging in plan-
view, the extended shape of the pores can be characterized
as being branched, as outlined in Figure 3i, and they are also
revealed to be radially aligned. Domains of branched porosity
are observed, centered on black dots (Fig. 3.ii)—in a manner
that is Voronoi-like (Jiang et al., 2011). Unetched GaN forms
the borders between these partitions of porosity (Fig. 3.iii). In
a purely cross-sectional workflow, accessing such in-plane

Fig. 3. Plan-view HAADF-STEM of a porous GaN DBR, determined to be
comparable in porous morphology to the 15-pair porous GaN DBR Vj;
here, image contrast is thickness-dependent.
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information is difficult. In a further study applying this meth-
odology for atomic resolution, Massabuau et al. (2020a)
showed that for mesoporous DBRs akin to Vj, the etchant ac-
cesses doped layers via nanopipes (Fig. 3.ii) that form at the
cores of etched threading dislocations, which then act as ver-
tical channels for the etchant and etch products.

As a proof-of-concept, plan-view sub-surface, BSE-SEM was
conducted on the 15-pair porous GaN DBR V), with a 20 keV
LE. In Figure 4a.i, we observe nanoscale pores branched in a
distinctly dendrite-like morphology (Winsche et al., 2013).
These branches radially emanate from central black dots as
highlighted in Figure 4a.ii. Lastly, Figure 4a.iii features well-
defined boundaries between discrete Voronoi-like porosity do-
mains. BSE imaging intensity is typically defined by Z-contrast
and, therefore, can be considered to be compositionally sensi-
tive; however, the imaged samples consist solely of GaN with
almost certainly no chemical species variation. Therefore, the
contrast in Figure 4a can be described as being material
density-contrast dominated. When comparing the BSE-SEM
and HAADF-STEM modalities, we can identify high-density
(white, GaN), medium-density (gray, sub-surface pores), and
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Fig. 4. Plan-view sub-surface BSE-SEM of 15-pair porous GaN DBRs Vj
and Vp + 5 V. The micrographs are material density-contrast dominated:
high-density (white, GaN), medium-density (gray, sub-surface pores),
and low-density (black, open volumes at threading dislocation cores).
(@) Voand (b) Vo +5 V.
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low-density (black, open volumes at threading dislocation
cores) regions.

Thus, the imaging conducted using plan-view BSE-SEM can
reveal many of the same structural features as HAADF-STEM
and can provide sufficient information to conclude that the
HAADF-STEM imaged porous GaN DBR is broadly analo-
gous to the observed porous morphology in the BSE-SEM of
Vo—-captured non-destructively with only a fraction of the
microscope capital cost.

Increasing the ECE voltage to Vo + 5 V produces the morph-
ology BSE-SEM imaged in Figure 4b. A dramatic loss of
Voronoi-like domain structure and radially aligned branched
porosity is seen. Through the outlines of Figure 4b.i, we can
identify the micron-scale voids previously highlighted in
Figure 2b by comparison of cross-sectional and plan-view mi-
croscopy. The circled black dots (Fig. 4b.ii) are often at the cen-
ter of the etch fields, congruent with the known mechanism for
defect-driven ECE. Furthermore, their density is within the
threading dislocation density range for GaN on sapphire (ca.
1.1 x 10° cm™2) (Serafinczuk et al., 2020). Lines of black dots,
such as that centrally located in Figure 4b, correspond to the ar-
rays of dislocations commonly seen in GaN on sapphire (Oliver
et al., 2006). These black dots associated with etched threading
dislocations have increased in diameter relative to V, and are
discussed in more detail later through correlative microscopy.
Finally, between the gray petals of the voids, the previously re-
marked nanoscale porosity is observed, with narrow, elongated
pores (Fig. 4b.iii).

As seen in the Figure 1a schematic, the extent of the first por-
ous layer is approximately 45 nm to 108 nm below the sample
surface and likewise 153 nm to 216 nm for the second porous
layer. In both 15-pair porous DBRs, at a minimum, the upper-
most NID GaN cap (ca. 45 nm) is being imaged through to ac-
cess information from the first porous layer. Therefore, the
maximum cap thickness through which such information
can be probed and the extent to which there is multi-porous
layer convolution are now critical investigation points.

These results demonstrate that BSE-SEM may be valuable to
the efficient characterization of pore morphologies in studies
assessing the impact of changing etch conditions. Indeed, the
differences between etching at two different voltages are evi-
dent in the datasets presented so far. Next, further examin-
ation of Vi + 5V through the impact of the SEM LE and
comparison to other microscopy techniques will aid an inter-
pretation of the observed contrast.

Correlative Microscopy

Next, we use a correlative microscopy approach (Ando et al.,
2018) (also known as multi-microscopy O’Hanlon et al., 2020)
for a comparison between the BSE imaging methodology intro-
duced above and three standard techniques, thus identifying
the unique structural information or image characteristics attain-
able using BSE-SEM. Datasets in the same ROI were initially cap-
tured using non-destructive PeakForce Tapping AFM and SEM
using in-column SE and annular BSE detectors. Afterwards,
tomographic FIB-SEM was conducted there using an in-column
SE detector. Together, these techniques allow for comparing sur-
face, near-surface, and sub-surface imaging. The images are
shown in Figure 5 and presented in the order captured.

The DBR etched at Vy + 5V was used for these investiga-
tions because the DBR etched at V; is dominated by
nanopores, presenting a spatial resolution challenge for
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tomography. Furthermore, etching at V) leaves the sample’s
surface almost unaltered relative to the as-grown sample
(Zhu et al., 2017). The surface is subsequently very smooth,
which makes identifying the same ROI across multiple micro-
scopes difficult. The DBR etched at Vy+ 5V, on the other
hand, has larger pores (as has been established through the pri-
or cross-sectional and plan-view imaging) and also (as will be
shown below) has surface features which have arisen as a con-
sequence of etching, which allow easier ROI identification.

Starting with the surface topographic data in the PeakForce
Tapping AFM image: the vertically orientated stripes running
through Figure 5a are the atomic steps that result from step-
flow growth in MOVPE of GaN and which are frequently
seen in the AFM of unetched GaN (Jarman et al., 2019).
Numerous black pits are seen, which we interpret as arising
at threading dislocations (Massabuau et al., 2020a). As a con-
sequence, the pit density is ca. 1.2 x 10° cm™2, which is con-
sistent with the number density of dislocations expected in
such GaN/sapphire samples (Oliver et al., 2006). Moreover,
an array of small pits is observed at the image’s center, a for-
mation typical of dislocation arrays in GaN (Oliver et al.,
2006). Lastly, the interpretation of these pits as dislocation-
related is consistent with our interpretation of black dots in
this DBR’s Figure 4b BSE image as dislocation channels.
These pits are (43 + 1) nm in width and (26 + 1) nm in depth,
whereas, for unetched GaN, these values would typically be
around 20 nm and less than 1 nm, respectively (Oliver et al.,
2006). Hence, the pits have enlarged upon etching, proving
that ECE has occurred. However, no other evidence of poros-
ification is observed. Plasma cleaning was conducted before
imaging, yet debris remains visible on the surface.

Next, we consider the 2 keV LE SE-SEM image of Figure 5b.
Here, dislocation-related pits are once more visible, but the
atomic terraces are no longer resolved. However, the observed
contrast offers no additional information about sub-surface
porosity relative to AFM. Hence, it appears only to contain in-
formation from the topmost 45 nm of NID GaN. The central
array of pits was repeatedly used for microscope adjustment
before image capture. The resulting carbonaceous contamin-
ation is only visible in this SEM configuration. This marker
was later used to identify this ROI for tomographic
FIB-SEM. Almost all visible pits are encircled by a bright ring
not previously seen in AFM. Whether the rings are a charging
artifact or relate to edge effects is unclear (Cizmar et al., 2008).

The ratio of SE; (generated by the incident beam) to SE,
(generated by BSEs), from a 2 keV LE beam-specimen inter-
action, is expected to be dominated by the former (Cazaux,
2012). Additionally, SE;s are known to conserve both the lat-
eral extent of primary electrons within the focused probe as
well as the SE shallow sampling depth, as governed by their rap-
idly decaying escape probability (Goldstein et al., 2017).
Consequently, and also when considering the observed similar-
ities in near-surface information between AFM and 2 keV
SE-SEM in Figure 3, these data suggest that SE; dominate the
contrast observed in the latter (Kumagai & Sekiguchi, 2009).

The 20 keV LE SEM in Figures 5c and 5d was captured simul-
taneously using both SE and BSE signal types. The SE-SEM in
Figure 5c now reveals contrast, which we can identify by com-
parison to the earlier Figure 4 BSE-SEM as being related to por-
osity. The central pit cluster observed in Figures 5a and 5b appear
similar. A gray flower-like area surrounds the cluster, which we
interpret as a micro-scale void, as seen in the prior cross-sectional
FIB-SEM of Figure 2b. Consequently, at high LE, even in
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Fig. 5. Multi-microscopy captured in the same ROI of 15-pair porous GaN DBR V + 5 V, imaged using PeakForce Tapping AFM (a), SE-SEM using the
in-column SE detector at LEs of 2 keV (b) and 20 keV (¢), and BSE-SEM at 20 keV LE using the annular BSE detector (d).

SE-SEM, the spatial resolution and image contrast present are at
least sufficient to distinguish between large pores, regions of fine-
branched porosity, and channels associated with threading dislo-
cations. On the other hand, the image contrast associated with
the different porous morphologies in the sub-surface structure
appears superior in the BSE-SEM image. The dislocation-related
features, which appeared broadly similar in Figures 5a-5¢, now
appear to have larger diameters. Both 20 keV LE images show
significantly less contrast related to surface contamination.

SE;s have a dependency on the local BSE yield generating
them and, therefore, inherit BSE lateral distribution and
depth information characteristics (Goldstein et al., 2017).
Consequently, the SE; signal would be expected to possess
similar morphological information (Cazaux, 2012). At
20keV LE, the overall similarity between SE-SEM and
BSE-SEM in Figure 5 suggests that SE;s dominate the contrast
observed in the former.

Tomographic FIB-SEM

Finally, a FIB-SEM tomograph was captured using conventional
serial block face imaging, in the same ROI as Figure 5 (Cantoni
& Holzer, 2014; Griffin et al., 2020). Voxel dimensions are ap-
proximately (4 X 4 x 10) nm; the FOV is ca. 2.3 um x 1.8 um.

The 10 nm slice thickness facilitates the capture of a larger tomo-
graph but introduces a resolution anisotropy. The first four por-
ous layers of Vy+ 5V have been virtually reconstructed in
plan-view and are shown in Figure 6; however, there are hori-
zontal distortion bands due to data collection instability. Our in-
tention is to reconstruct the central field of porosity that can be
seen across all four reconstructions. Videos of the tomograph
are shown in the Supplementary Material (S1 and S2).

Given the similarities between Figure 3 (showing a single
layer of porous GaN in STEM) and the BSE-SEM of Vj in
Figure 4a, it is tempting to assume that the BSE image is domi-
nated by the first porous layer, 45-108 nm sub-surface.
However, it is essential to confirm this as a convolution of sev-
eral porous layers will complicate interpretation and limit the
accuracy of quantitative measurements. To this end, the tomo-
graph can identify which regions of unetched GaN contribute
to BSE-SEM intensity and from which layer.

The reconstruction of the first porous layer in Figure 6a sug-
gests that the SEM contrast seen in Figures Sc and 5d is domi-
nated by the morphology here. An example is annotated in
Figures 5d.i and 6a.i, relating to the bottom of the large gray
flower-like area surrounding the central cluster of pits. We ob-
serve the well-defined interface between the micron-scale void
and the unetched GaN. Likewise, a region of branched
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Fig. 6. Reconstructed plan-views of 15-pair porous DBR Vg + 5 V, as derived from tomographic FIB-SEM; dataset is captured in the same ROl as Figure 5
for correlative microscopy. Voxel dimensions are approximately (4 x 4 x 10) nm with cubic interpolation between slices; the field of view is ca.
2.3um x 1.8um. (a) First porous layer, (b) second porous layer, (¢) third porous layer, and (d) fourth porous layer.

nanopores is highlighted in both Figures 5d.ii and 6a.ii and
can also be directly correlated between the two images.
Consequently, features observed in BSE-SEM that are resolved
with a high contrast or spatial resolution are also seen in the
tomographic reconstruction of this layer. Very few features,
if any, in the BSE image are absent from this reconstruction.
The reconstruction of the second porous layer is shown in
Figure 6b.iii. It reveals a vertical strip of unetched GaN directly
beneath a large void in the first porous layer. This strip of GaN
can also be seen in Figure 5d.iii but appears blurry with low
contrast. Identifying structural details in the BSE image, such
as the protrusion nearly halfway down the strip, is impossible.
Figures 6¢ and 6d depict the third and fourth porous layers, re-
spectively. However, we have not identified features in these re-
constructions that can be directly correlated to BSE-SEM.
The virtual camera can also reconstruct the sub-surface
morphology of the black pits. The transition through the first
ca. 45 nm of NID GaN can be described as a gradual increase
in diameter, as shown in Figure 7; they then vanish in the first
reconstructed porous layer in Figure 6a. Only to reappear in
the next NID GaN layer, open with depth, and then vanish in
the second reconstructed porous layer in Figure 6b. This oscil-
lation repeats throughout the DBR. Therefore, the increased pit

diameter when comparing 20 keV BSE-SEM to 20 keV SE-SEM
reflects the former containing more information about the evo-
lution of pit morphology through the first NID GaN layer.

These correlative microscopy results show that in our 20
keV LE BSE-SEM approach, images of the porous GaN
DBR etched at Vy + 5 V are dominated by the features in the
first porous layer with low contrast and highly diffuse contri-
butions from the second layer.

Primary Electron Landing Energy

This section addresses the optimized BSE-SEM parameters for
imaging sub-surface porosity in these DBRs. We will identify
the optimal signal type and primary electron landing energy by
experimental quantification of image contrast and spatial
resolution.

In Figure 8, we display split images captured simultaneously
using BSE (left) and SE (right) signal types in the same ROIL.
Additional microscope parameters are held constant, which
include: 3.5 mm working distance, 30 um aperture size, 50
ns pixel dwell time, and 0.7 nm raster scan pixel size. The
two lattermost parameters combine for a ca. 11 minute scan
time across (1.4 x2.1)um. Each dual-signal image should
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Fig. 7. Reconstructed plan-views of 15-pair porous DBR V4 + 5 V, as derived from tomographic FIB-SEM. Virtual images show the sub-surface evolution
of etched black pits associated with threading dislocations in the topmost ca. 45 nm of GaN. (a) 20 nm sub-surface, (b) 25 nm sub-surface, (¢) 30 nm

sub-surface, and (d) 35 nm sub-surface.

predominantly differ by LE, with images for 10 keV, 15 keV,
20 keV, and 25 keV displayed in Figures 8a—8d, respectively.
Using a Faraday cup, measured probe currents are around
180 pA, 230 pA, 280 pA, and 250 pA, respectively.

Initial inspection shows that BSE-SEM reveals more of the
nanoscale branched porosity that permeates the white regions
of minimally etched GaN as the LE increases. This impression
is most apparent when considering Figures 8a and 8b, as mov-
ing from a LE of 10 keV to 15 keV provides what appears to be
the most discernible improvement in image contrast.
Furthermore, when examining 20 keV and 25keV LEs, as
shown in Figures 8c and 8d, a further increase in image contrast
over 15keV is observed. However, distinguishing between
20 keV and 25 keV now necessitates a quantitative approach.

Next, let us consider SE-SEM. Firstly, the image contrast
produced with a 10 keV LE (Fig. 8a) appears more substantial
than that produced in BSE-SEM. Also, the image contrast ap-
pears to deteriorate as the LE increases to 15 keV (Fig. 8b) and
20 kV (Fig. 8c). Finally, a near-total loss of image contrast was
observed at 25 keV (Fig. 8d).

For LEs < 20 keV, the Zeiss GeminiSEM 300 uses an add-
itional in-column accelerating potential (between the ‘beam

booster’ and polepiece) (Jaksch & Martin, 1995; Zhang
etal., 2023). This behavior improves spatial resolution and at-
tracts and accelerates generated SEs back up the column to-
wards the in-column SE detector (Tandokoro et al., 2018).
However, the beam booster is switched off at higher LE val-
ues, significantly reducing the in-column SE signal collected.
Our subsequent quantification of SE-SEM is necessarily lim-
ited to 10 keV, 15 keV, and 20 keV LEs.

Quantification—Image Contrast

The principle information sought through BSE-SEM is the
contrast between porous and non-porous regions, with suffi-
cient spatial resolution to resolve nanostructure. The follow-
ing equation defines the contrast-to-noise ratio (CNR). This
measure omits normalization to a background signal, allow-
ing quantification using solely the information provided in sin-
gle micrographs:

CNR = Contrast _ [ty = 15 1)

Noise /0_%4_0_%.
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Fig. 8. BSE-SEM and SE-SEM as a function of LE, in the same ROI of 15-pair porous DBR V + 5 V. LE values range between 10 keV and 25 keV. The BSE
signal appears on the left side of each image, with the SE signal on the right side. (a) 10 keV, (b) 15keV, (¢) 20 keV, and (d) 25 keV.
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Fig. 9. CNR as a function of LE and signal type. Higher CNR values are
correlated with improved image quality. Dotted splines are drawn
exclusively to guide the eye.

In general, 4y, 4, 01, 02 here are the respective expectation val-
ues and standard deviations of two different signals contained
within a single micrograph (Welvaert & Rosseel, 2013;
Timischl, 2014; Bergin et al., 2019). Here, we consider the sig-
nal within the pores, u;, and compare it to the signal from un-
etched GaN, u,, when considering the noise in each, o1 and a,,
respectively (Jonsson & Bjork, 2020).

To estimate CNR, local samples of 1,000 pixels were cap-
tured in gray porous image regions and white non-porous re-
gions. Each sample is associated with a mean intensity, u, and
corresponding standard deviation, taken as a measure of the
noise, g, as described in equation 1. To characterize the porous
signal within an image, u,, through a singular expectation val-
ue, six samples are averaged; the process is repeated for the
non-porous signal, #, (Heo et al., 2022). CNR is plotted for
each signal type and LE configuration in Figure 9.

A statistically significant CNR improvement with increasing
LE is observed for BSE-SEM, peaking at 20 keV with a CNR of
6.5+ 0.5. A slight decrease from this value occurs at 25 keV.
The larger interaction volume here may yield more signal
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from the second porous layer and contribute additional noise.
This evolution in CNR is more significant than expected based
solely on the measured increase in probe current. However,
SE-SEM has a CNR that is almost invariant or perhaps decay-
ing with LE. The highest CNR occurs at 10 keV with a 3.3 +
0.9 value. The relative contrast illustrates that the SE signal
provided a superior CNR at 10 keV, fell behind the BSE signal
at 15 keV and fell further behind at 20 keV. By this point, the
BSE CNR is nearly three times greater than the SE CNR.

Quantification— Spatial Resolution

Next, we develop a metric for the change in spatial resolution
with SEM configuration. Throughout this LE dataset, it is pos-
sible to observe filaments of unetched GaN with nanoscale
width. Line profiles can be extracted at these locations, where
the peak intensity corresponds to a white GaN filament
against a gray porous background. These peaks can be fitted
with a Gaussian function, and an associated full width at
half maximum (FWHM) can be extracted.

These results are plotted in Figure 10, where a reduction in
FWHM implies improving spatial resolution. For BSE-SEM, a
statistically significant spatial resolution improvement with
increasing LE is observed, with an optimum observed at
20 keV with an FWHM of (25 + 1) nm. Mirroring the CNR
analysis, the spatial resolution worsens at 25keV. For
SE-SEM, a statistically significant spatial resolution improve-
ment with increasing LE is also seen, with the best value
achieved at 20 keV with an FWHM of (32 + 1) nm. These re-
sults illustrate that both signal types produce images that
sharpen with LE. Moreover, and essentially matching the
trends established through CNR quantification, not only
does the BSE signal produce a sharper image of the sub-surface
structures at each LE, but the improvement over SE imaging
also increases with LE.

In summary, these data suggest that the optimum combin-
ation of LE and signal type when pursuing maximal image
contrast and spatial resolution of sub-surface porosity in this
Vo + 5V DBR is an SEM operating at or near a 20 keV LE
and BSE imaging. The rationale for these observations will
be discussed in Discussion section.
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Fig. 10. Spatial resolution quantification: GaN filament intensity profile
FWHM as a function of LE and signal type. Lower values are correlated
with improved image quality. Dotted splines have been drawn
exclusively to guide the eye.

217

5-Pair Porous DBR

Next, we address the depth below the surface at which obtaining
an image with meaningful spatial resolution and image contrast
is still possible. This notion may be described as assessing the
“information depth”. In the literature, information depth has
been used to address to what depth a buried object within a
host matrix can be resolved or down to what depth an interface
between two materials can be distinguished (Rau & Reimer,
2001; Goldstein et al., 2017). With spatial resolution and image
contrast quantified for the BSE-SEM of porous DBR morph-
ology, our final experimental investigation addresses the max-
imal achievable information depth (Pirios et al., 2017).

The 5-Pair, porous GaN DBR with ca. 1,000 nm GaN over-
growth investigated here is schematically illustrated in
Figure 1b and imaged via cross-sectional FIB-SEM, as depicted
in Figure 11. Five porous layers are observed, as well as the over-
grown GaN. Uniformity is poor, with the fourth and fifth layers
seemingly less porosified than those above. Furthermore, many
pores intrude into nominally NID GaN regions.

FIB nanomachining was used to mill four trenches of re-
duced GaN cap thicknesses into the as-etched surface. This ap-
proach allowed the same porous layers to be imaged through
different cap thicknesses. As this was conducted in a top-down
perspective whereby the ion beam is perpendicular to the sam-
ple surface, there will be considerable implantation, amorph-
ization, and redeposition, which will contribute to altering
the newly exposed material, particularly as this was performed
with a 30 kV Ga* ion beam (Volkert & Minor, 2007).

Surface, Near-surface, and Sub-surface Microscopy

Once more, AFM, BSE-SEM, and tomographic FIB-SEM were
applied in concert. Figure 12 shows a PeakForce Tapping
AFM image of the region in which the GaN cap thickness
has been reduced by FIB milling. Four rectangles are observed,
with the bright white area between them denoting the
as-overgrown (unmilled) surface. Each rectangle is a milled
area, with the black region relating to the deepest milling or
thinnest cap. By measuring the depths of these trenches in
AFM, we calculate that the GaN cap thickness progresses

Fig. 11. Cross-sectional FIB-SEM of the 5-Pair, porous GaN DBR with ca.
1,000 nm GaN overgrowth. In addition to the periodic porosity, a topmost
layer of protective Pt is seen. The image contrast is dominated by
sectional topography but with additional contributions from charging and
the pore-back effect.
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712.7 nm

Fig. 12. PeakForce Tapping AFM, imaging of a quartet of GaN cap
thicknesses FIB nanomachined into the 5-Pair, porous GaN DBR with ca.
1,000 nm GaN overgrowth. From bright to dark, the contrast progression
of GaN cap thickness is 474 nm, 383 nm, 295 nm, and 190 nm,
respectively. The white area denotes the as-overgrown surface.

|
500 nm

Fig. 13. Plan-view sub-surface BSE-SEM of the 5-Pair, porous DBR with
ca. 1,000 nm GaN overgrowth, with a FIB nanomachined quartet of GaN
cap thicknesses. The left-to-right GaN cap depth progression is 474 nm,
383 nm, 295 nm, and 190 nm, respectively.

from approximately 474 nm to 383nm to 295 nm and to
190 nm, as the trenches get deeper. As can be seen from the
uniform shade across the bottom of each trench, the nanoma-
chining process has achieved a uniform depth and a flat bot-
tom to the trenches. No significant variations in trench
depth are observed, which would be sufficient to compromise
later BSE-SEM interpretation.

Figure 13 shows the rectangles of different GaN cap thick-
nesses imaged through the previously optimized 20 keV LE
BSE-SEM methodology. BSE imaging in the top-left rectangle,
with the thickest GaN cap (ca. 474 nm), yields no nanoscale
contrast variations. Still, it does produce the expected reduc-
tion in intensity relative to the as-etched surface. Imaging
through ca. 383 nm of GaN (top-right) yields a similar result,
with minimal nanoscale contrast but a further reduction in in-
tensity. Nanostructure, which we attribute to porosity, is first
observed at a ca. 295 nm cap thickness (bottom-left); the
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Fig. 14. Reconstructed plan-views of the 5-pair, porous GaN DBR with
ca. 1,000 nm GaN overgrowth, as derived from tomographic FIB-SEM.
Voxel dimensions are approximately (2 x 2 x 10) nm with cubic
interpolation between slices. The scale bar represents a width of 500 nm.

contrast is poor, and image features are diffuse. Lastly, in-
specting the rectangle with a cap thickness of ca. 190 nm
(bottom-right) reveals a less blurry nanostructure with greater
contrast.

To check that the nanostructure observed with BSE-SEM is
consistent with the pore structure in the first porous layer,
tomographic FIB-SEM was performed in a different ROL.
Depicted in Figure 14 are the five porous layers as recon-
structed plan-views. A distortion band is seen near the top
of each image due to microscope instability. Consistent with
the cross-sectional FIB-SEM in Figure 11, a lack of
layer-to-layer uniformity is observed in the tomograph, par-
ticularly in the fifth layer. The pores in the topmost porous
layer have a spherical-like structure with little branching.
The typical spherical diameter occupies a range of about
50 nm to 150 nm. The branch widths occupy a range of about
20 nm to 40 nm. Both are consistent with the morphology ob-
served in the deepest milled rectangle using BSE-SEM.
Branched porosity is seen in the second, third, and fourth
layers, more akin to the mesoporous DBRs imaged in
Figures 3 and 4a. Here, the critical point is that with the
190 nm cap, 20 keV LE BSE-SEM can image the porosity in
the uppermost porous layer, and there appears to be minimal
influence from the layers further down, consistent with our
earlier results.

Monte-Carlo Simulations

Beam-specimen interactions were simulated using CASINO to
further elucidate BSE-SEM information depth (Drouin et al.,
2007). Such simulations are a function of the AFM-derived
cap thicknesses approximated to be 474nm, 383 nm,
295 nm, and 190 nm, above the 5-pair porous DBR shown
in Figure 1b. Also, the four cap values include the 45 nm of
NID GaN between the 1 um of overgrown GaN and the first
63 nm of porous GaN.

The porosity was estimated from additional cross-sectional
FIB-SEM and set to a constant 30% for each porous layer. The
simulated porosity was approximated as a change in GaN
density, which is set at 6.15 g/cm® and then periodically re-
duced to 4.305 g/cm?3. This approach ignores the unintended
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Fig. 15. CASINO simulations of BSEs as emitted from the 5-Pair porous GaN DBR with 30% porosity. Simulated variable cap thicknesses are derived from
AFM. Plotted normalized histograms are the z-depth of emitted BSEs inside the sample. Graph arrangement matches the associated BSE-SEM. The three
regions of interest are the (variable) GaN cap, porous GaN DBR, and GaN buffer. (a) 474 nm cap, (b) 383 nm cap, (¢) 295 nm cap, and (d) 190 nm cap.

porosification of the NID layers and the specific pore morph-
ology. For each configuration, 10 million incident primary
electrons were simulated, with 20 keV LE and 10 nm beam
radius.

The plotted normalized histograms depicted in Figure 15
show the depth from which BSEs arise and are expressed as
a percentage of the total BSE count. The arrangement of the
four graphs matches the corresponding imaging data in
Figure 13. The three areas of interest are the (variable) GaN
cap, porous GaN DBR, and the GaN buffer below. A key dis-
cussion parameter will be the peak position and its relation to
the first porous layer.

Figure 15a shows the BSE count as a function of depth with-
in the sample for the DBR region with a 474 nm cap; a line de-
notes the interface between the overgrown GaN cap and the
start of the porous DBR structure. Most of the BSEs here ap-
pear to originate from the cap with the peak value at a depth of
ca. 240 nm. The three count dips relate to the first three porous
layers.

Figure 15b shows the 383 nm GaN cap simulation. Here,
the porous layers still do not intersect the peak position, which
appears at a depth of ca. 233 nm, with the bulk of the BSE
counts originating from the non-porous cap. Figure 15¢ shows
the simulation of the 295 nm cap structure for which some sig-
nature of nanostructure was seen in BSE-SEM. Here, the peak
position lies at a depth of ca. 220 nm, and the first porous layer
is starting to overlap with that peak.

Finally, Figure 15d shows the simulation of the 190 nm cap
structure corresponding to where porosity was resolved most
clearly. Here, not only is the first porous layer overlapping
with the peak of the curve (at 240 nm,) but a comparison
with Figure 15¢ suggests that one might now expect contrast
from at least one additional porous layer, which may explain
the appearance of additional blurred features in addition to
those that are well-resolved. These results are consistent
with the correlative tomographic FIB-SEM of 15-pair porous
DBR Vi + 5V (Fig. 6), where we identified faint signatures
of the second porous layer observed in sub-surface BSE-SEM
(Fig. 5).

Discussion

To tie together the various sub-surface imaging experiments
explored here, we will consider what expectations of image
contrast, spatial resolution, and information depth can be
derived from commonly used empirical or semi-empirical
expressions—whilst also drawing comparisons with
BSE-SEM studies from the broader literature.

Image Contrast

Rau & Reimer (2001) considered the contrast between Au and
Cu sub-surface regions embedded within an Al host material.
They investigated image contrast as a function of LE and
the embedded depth. Equation 2 is a longitudinal range
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Fig. 16. The longitudinal extent of the normalized electron range, Rxo.
and the BSE maximum escape depth, T4. These are plotted for a bulk
matrix of GaN via equation 2, as a function of LE, Ey.

approximation that describes how the BSE maximum escape
depth, T4, is related to the commonly used normalized elec-
tron range, Rgo, of primary electrons with LE, Ey (Kanaya
& Okayama, 1972; Niedrig & Rau, 1998):

1.67

TAzR%O:O.OBS%. (2)

Here, T4 and Rgo are in units of um, E is in keV, p is the dens-

ity in g/cm3, A is the atomic weight of the bulk material, and Z

is the atomic number. Note that Rxp breaks down at lower

LEs, but such energies are not the concern of this discussion

(Joy & Luo, 1989). Figure 16 plots both T4 and Rk as a func-

tion of LE for bulk GaN and illustrates how their magnitude
increases with depth.

Principally, Figure 16 suggests that when imaging bulk GaN
with a 20 keV LE, the normalized electron range Rgo could be
ca. 2um and subsequently, the maximum escape depth T,
could be ca. 1 um. This extent suggests that up to ten of the
porous layers in our Vy+ 5V DBR might be visible in the
BSE-SEM presented throughout this work. However, through
the correlative microscopy in Figures 5 and 6, we showed that
most of the image contrast relates to features in the first porous
layer.

Rau & Reimer (2001) also used the following equation 3,
which describes the image contrast, K, between a host mater-
ial, A, and a sub-surface inhomogeneity, B:

4
xp(TT’*‘) 3)

For this discussion, A corresponds to GalN, and B corresponds
to pores, i.e. the absence of GaN and thus treated as the vac-
uum. I4 and I denote the BSE signals from the homogeneous
bulk materials A and B, respectively. When calculating the
contrast between A and B, the BSE signal ratio is then ex-
pressed in terms of the relative BSE coefficients, 74 and 75 (as-
sumed as zero), from each material, and an exponential decay
component which includes both the depth, #, of B as well as the
maximum escape depth.

Therefore, equation 3 suggests that image contrast can be
increased in three ways: through having a significant differ-
ence in the BSE coefficients of the two materials, by the inter-
face between the two materials being closer to the sample
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Fig. 17. Image contrast, K, plotted for a 15-pair porous GaN DBR, as
described in Figure 1a, as a function of LE, Eq. This relationship is plotted
parametrically via equation 3 using depth, t, where each black stripe is a
spatially descending layer of periodic porosity.

surface, and by imaging in a host material with a reduced max-
imum escape range. This relationship is plotted as a function
of LE and depth for the 15-pair porous GaN DBR structure
described in Figure 1a, where each black stripe in Figure 17
is related to a porous layer.

The first and most prominent black stripe relates to the con-
trast between bulk GaN and the pores in the first porous layer
located 45 nm to 108 nm sub-surface. When considering a LE
of 20 keV, the maximal contrast value achievable here is 0.84
at the point closest to the surface, and this contrast decays to
0.65 at the bottom of that porous layer. Between 5 keV and
10 keV, this porous layer is associated with a rapidly rising
contrast (especially so for the topmost region), which then ap-
proaches a plateau for higher LEs—this corresponds to our
observations and analysis of Vy + 5 V in Figure 4.4, whereby
the highest CNR was seen at 20 keV. No further improvement
from the first layer was achieved by increasing the LE to
25 keV.

The cross-sectional FIB-SEM of 15-pair porous DBRs in the
Cross-sectional FIB-SEM section highlights that multiple
branching pores may be vertically stacked within a porous
layer. However, the plan-view BSE-SEM presented in the
Plan-view BSE-SEM section does not appear to reflect this,
which may also result from the predicted contrast being domi-
nated by the uppermost region of the uppermost porous layer.

The second black stripe describes the contrast in the second
porous layer, 153 nm to 216 nm sub-surface. There are signifi-
cant limitations on the accuracy of our approach here because
equations 2 and 3 assume only bulk GaN in the material over-
lying the second porous layer and, therefore, do not account
for imaging through regions that are a porous and non-porous
mixture. Nonetheless, we once more consider the behavior at
20 keV, at the top of this porous layer; the contrast has
reduced to 0.54, with a value of 0.42 towards the bottom.
This second black stripe is also narrower, indicating a reduced
contrast difference between the layer’s top and bottom. This
disparity within layers continues to decay with depth.

Whilst not a feature of the hardware available for this work,
BSE energy filtering using either a cutoff value or energy win-
dows is known to be an additional source of contrast improve-
ment (Orlikovsky & Rau, 2011). For example, increasing the
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CNR of the first porous layer of 15-pair porous DBRs may be
possible by filtering out lower energy BSEs originating from re-
gions beyond 108 nm.

The BSE-SEM of a S5-pair porous DBR presented in the
Surface, Near-surface, and Sub-surface Microscopy section
showed that porosity could be detected ca. 295 nm sub-surface,
but with poor contrast. The third black stripe in Figure 17 esti-
mates contrast for bulk GaN and pores 261-324 nm sub-surface
and produces a 0.31 predicted contrast value at 295 nm, which
appears consistent with this observation.

Spatial Resolution

The following discussion builds on the work by Lukiyanov et al.
(2009), which considered the simple empirical or semi-
empirical expressions that can be used to describe the lateral
spread of penetrating primary electrons as they undergo mul-
tiple scattering through a solid matrix—in particular, Au and
Al matrices were used to compare previously published models
and their proposed model. Equation 4 is a commonly known
expression that describes the broadening of an electron beam
with a radius, 7, as a function of depth, ¢, through a material
with density, p, atomic weight, A, and atomic number, Z.

r= 0.625(%) (%)t“. (4)

The authors found that equation 4 provides a radial spread
underestimation when calculating higher depth values, beyond
a certain deviation point, at a fixed 20 keV LE. For Au, this de-
viation occurs from around 100 nm sub-surface; for Al, it occurs
from around 400 nm. The ROl investigated for BSE-SEM spatial
resolution quantification in the Quantification—Spatial
Resolution section was the first porous layer with a longitudinal
extent of up to 108 nm, and hence, equation 4 should be suffi-
cient for this discussion considering that GalN has values of p,
A, and Z that lie between those of Al and Au.

Figure 18 shows plots of radial spread, 7, in bulk GaN for
LE values of 10keV, 15 keV, 20keV, and 25 keV to mirror
those in our experimental quantification. This approach al-
lows us to consider the spread of the electron beam when it ar-
rives at different porous layers, assuming propagation solely
through bulk GaN. Overall, we see an increase in the radial
spread as a function of depth and a decrease in the radial
spread as a function of LE.

In the first 45 nm of material, the electron beam appears to
have a relatively minimal spreading with a LE of 20 keV pro-
ducing an 7 value of 2.2 nm. The beam continues to spread out
as it travels through the material; at 108 nm of depth, the esti-
mated value of 7 is now 8.1 nm. At the onset of the second por-
ous layer, at 153 nm deep, r is now 14.3 nm, which no doubt
reduces the ability to resolve nanostructure and perhaps con-
tributes to the extent to which the top region of the topmost
porous layer dominates sub-surface BSE-SEM.

Therefore, reduced beam broadening through the 45 nm
GaN cap is achieved with a higher LE, consequently promot-
ing spatial resolution as the LE is increased from 10 keV, with
diminishing returns towards the 25 keV. Overall, these 7 esti-
mates appear consistent with the experimental trends in in-
creasing the LE from 10 keV to 15 keV and then to 20 keV,
as set out in the Quantification—Spatial Resolution section.

The work set out by Probst et al. (2012) sought to optimize
BSE-SEM spatial resolution through Monte Carlo simulations
of a C layer 2 nm inside a Au matrix and of a Au layer 2 nm

221
10kV
~ 25
£
£ 0]
- 15 kV
((+]
O 151 20 kV
Q 25 kV
Y 10
8
T s
o
o_ T T T T T T
O 25 50 75 100 125 150

Depth (nm)

Fig. 18. Radial electron beam broadening, r, as a function of depth, t, into
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Fig. 19. Information depth as a function of LE, Eqy. This relationship is
plotted parametrically via equation 5 using contrast K as calculated for
values of 0.84, 0.65, 0.55, and 0.42.

inside a C matrix, at LE values of 1keV, 10keV, and 30
keV. They showed that one should reduce probe size to a simi-
lar extent as the features to be imaged and reduce LE for im-
proved spatial resolution. The conventional advice to
achieve nanoscale spatial resolution at the sample’s surface
is generally to minimize the LE in pursuit of a minimized inter-
action volume (Liu, 2000; Kim et al., 2010). However, our ex-
perimental observations and consideration of beam
broadening in GaN suggest this does not apply to sub-surface
porous nitride layers due to the required sampling depth
(Calkovsky et al., 2022).

Information Depth

Osterreicher et al. (2018) considered information depth in the
BSE-SEM of sub-surface Alj;Mn;FeSi spherical nanoparticles
as embedded into an Al matrix. They simulated micrographs
as a function of diameter (100 nm, 250 nm, 500 nm) and LE
(10keV, 20 keV, 30 keV). The observed contrast was of bright
nanoparticles against a dark background due to the Z difference.
Most pertinently, the nanoparticles took on an increasingly
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diffuse (reduced image contrast) and blurred (reduced spatial
resolution) appearance when deeper within the Al—which cor-
responds to our BSE observations and FIB tomography analysis
of the Vo+35V second porous layer in the Correlative
Microscopy and Tomographic FIB-SEM sections, respectively.

The qualitative appearance of such image features has been
reproduced in other papers that simulate the beam-specimen
interaction using Monte Carlo approaches. In a configuration
with an image contrast of bright objects against a dark back-
ground, which is analogous to the results by Osterreicher et al.
(2018), Yue et al. (2005) simulated line scans of Pt nanopar-
ticles as a function of diameter (5 nm to 20 nm) and as of depth
into a C host matrix (0 nm to 50 nm). These line scans were as-
sociated with reduced BSE yield and thus reduced contrast
against the background, as well as a broadening of the nano-
particle peaks and thus reduced spatial resolution. In a config-
uration with image contrast of dark features against a bright
background, which is analogous to the results in our work, si-
mulated BSE coefficient images of spherical voids, as a
function of diameter (50 to 550 nm) and as of depth (25 to
275nm) into a Ni-based superalloy, were also associated
with the same blurring of image features and degradation of
contrast with depth (Payton & Mills, 2011).

A common rule of thumb invoked for the information depth
is 0.5Rgo or ca. 1,000 nm in our beam-specimen configur-
ation (Wells, 1979; Niedrig & Rau, 1998). Osterreicher
etal. (2018) derived a model to describe the information depth
for their configuration, using Monte Carlo simulations of elec-
tron trajectories in the material and further analysis of the ob-
tained SNR, notably invoking the idea of a threshold SNR. It
was validated through a quantitative determination of
nanoparticle number density and mean diameter from experi-
mental BSE-SEM, which showed good agreement with results
from TEM, pertinently concluding that the 0.5Rgo and
similar estimates are an overestimation of the information
depth.

Revisiting the work of Rau and Reimer yields an informa-
tion depth estimate of 0.2Rgo or ca. 400 nm in our beam-
specimen configuration (Rau & Reimer, 2001). This value is
also higher than that of Osterreicher et al. but remains within
the range of other published estimates such as 0.27Rgo or ca.
540 nm (Pinos et al., 2017). They used equation 5 as an esti-
mate of the information depth, D, as a function of the LE,
which includes the equation 2 BSE maximum escape depth,
T4, the equation 3 contrast, K, and BSE coefficients, 7, and
ng (Niedrig & Rau, 1998).

Th Na— Mg ]
D=""In|—2—2"_]|. N
4 n|:(’7A+’73)K )

This relationship is plotted using K values 0f 0.84,0.65,0.55,and
0.42, which are associated with the top and bottom of the first
porous layer and likewise for the second porous layer, respective-
ly. Firstly, the information depth estimates of ca. 400 nm to 500
nm appear to include the extent of the first and second porous
layers. We have shown in the Tomographic FIB-SEM section
that the first porous layer dominates the 20 keV LE BSE-SEM
of the 15-pair porous DBR V) + 5 V but that slight local contrast
modulations can be attributed to the second porous layer.
Therefore, we suggest that most of our image contrast comes
from higher-energy backscattered electrons undergoing a lower
number of scattering events, originating closer to the surface in
the incident beam vicinity.
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Our inability to detect distinct layers beyond the second,
when considering the information provided in both Figure 17
and the experimental data presented throughout this work, sug-
gests a threshold contrast value of ca. 0.3-0.4. Lastly, we can
now estimate the “high-contrast information depth”, which
for 20 keV LE is much reduced at around 0.05Rko. This ap-
proach allows us to predict optimized LE values for future im-
aging of porous DBRs with different cap sizes.

Conclusions

In this work, three porous GaN DBRs were fabricated via
MOVPE of undoped/doped periodic multilayers, followed by
ECE. This doping-selective porosification of GaN offers a
non-compositional degree of freedom to adjust optoelectronic
material properties. However, plan-view characterization of
the sub-surface nanoscale porosity has previously relied on de-
structive and methodologically challenging HAADF-STEM
and tomographic FIB-SEM. We presented BSE-SEM as a meth-
od for the rapid and non-destructive imaging of porous GaN
DBRs. In mesoporous GaN DBRes, it revealed the same nano-
structure as HAADF-STEM captured with only a fraction of
the sample preparation time and microscope capital cost.

Directly correlated micrographs were obtained in the same
microporous GaN DBR ROI via PeakForce Tapping AFM,
SEM using in-column SE and annular BSE detectors, and
tomographic FIB-SEM. These surface, near-surface, and sub-
surface results revealed that in our 20 keV LE BSE-SEM ap-
proach micrographs were dominated by first porous layer fea-
tures (45 nm to 108 nm sub-surface) with small, highly diffuse
second layer contributions (153 to 216 nm sub-surface).
Additionally, quantification of SE-SEM and BSE-SEM, as a
function of LE, showed the optimized signal type and LE com-
bination when pursuing maximal image contrast and spatial
resolution in a Zeiss GeminiSEM 300 is BSE and at or near
20 keV, respectively.

The optimized BSE-SEM approach detected porosity ca.
295 nm sub-surface in an overgrown porous GaN DBR, albeit
with low contrast. Imaging through a ca. 190 nm GaN cap im-
proved contrast substantially. Such micrographs were domi-
nated by the porosity in the uppermost porous layer with
minimal influence of the layers further down, as verified
through tomographic FIB-SEM. Monte Carlo simulations
suggest that for a ca. 190 nm cap, one might expect contrast
from at least one additional porous layer, which may explain
the appearance of blurred features in addition to those re-
solved with high spatial resolution or contrast. These findings
are consistent with the directly correlated microscopy, where
some signatures of the second porous layer were observable.

Lastly, we considered expectations of image contrast, spa-
tial resolution, and information depth derived from common-
ly used semi-empirical expressions in the broader literature.
Sub-surface image contrast between bulk GaN and pores
and spatial resolution of those pores can be improved with
higher LE, but the improvements plateau at the highest ener-
gies. The image is predicted to be dominated by the uppermost
porous layer’s uppermost region. Most pertinently, informa-
tion depth also increases with higher LE, but its extent is re-
duced when limited to the high-contrast regime of BSE
imaging. These findings echo the experimental analysis con-
ducted in this article.

In conclusion, BSE-SEM can be used to image sub-surface
porosity and hence will be useful in assessing the impact of
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changing etch conditions on the sub-surface pore morphology
in a rapid and non-destructive manner, which can be used to
assess relatively large plan-view material areas. We also note
that we have successfully imaged a range of GaN samples us-
ing these imaging conditions with different porous morpholo-
gies owing to disparities in epitaxial structure, electrochemical
etching potential, chemical species, defect type, and density
but with similar cap thicknesses. Lastly, we expect this im-
aging approach to apply to samples etched via a lithographic
trench approach. Our insights into sub-surface imaging in por-
ous nitrides are also relevant to imaging of other porous and,
indeed, composite materials.
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