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GaN is rapidly gaining attention for implementation in power electronics but is still impacted by its
high density of threading dislocations (TDs), which have been shown to facilitate current leakage
through devices limiting their performance and reliability. Here, we discuss a novel implementation

of photoluminescence (PL) imaging to study TDs in regions within vertically structured p-i-n GaN

(PIN) diodes consisting of metalorganic chemical vapor deposition (MOCVD) epitaxial layers grown on
ammonothermal GaN (am-GaN) substrates. PL imaging with a sub-bandgap excitation energy (3.1 eV)
reveals TDs with excellent clarity in three dimensions within the am-GaN substrate. Galvanometric-
driven PL imaging allows the microstructure of hundreds of devices to be characterized in a single
session, enhancing the screening process through the addition of device specific TD location tracking
and density mapping. The visibility, structural characteristics, luminescent nature and evolution of TDs
through the GaN growth process are described, potentially providing the ability to define TD structures
associated with leakage current.

Gallium nitride (GaN) is a binary III-V, wide bandgap semiconductor which has attracted significant interest
regarding its application as a next generation material for high-power electronics. However, GaN fabrication
technologies are not yet mature resulting in inconstant wafer quality and an elevated risk of performance
limiting defects. Threading dislocations are of interest as they have been shown to promote leakage
current'™, and contribute to premature device breakdown®. State of the art fabrication techniques such as
the ammonothermal (am) method yield threading dislocation densities on the order of ~10* cm™°, but leave
room for improvement when compared to similar materials such as SiC which have shown densities an order
of magnitude lower!®. Clarifying relationships between the GaN growth process and resulting TD structures
and electrical characteristics could improve material quality and reliability as the fabrication process could be
tailored to limit TD inclusions. Thus, the ability to comprehensively characterize TDs on the wafer scale and link
their features to growth conditions as well as electrical performance is crucial to not only inform the growth
process but also to enhance wafer screening and performance prediction capabilities.

The most direct method employed to study relationships between TD structure and behavior is to pair
TEM analysis with techniques such as kelvin probe microscopy'!, conductive atomic force microscopy!''"15,
or emission microscopy>”!%-1%. However, TEM sample preparation is expensive, destructive, and spatially
limited. Non-destructive imaging techniques capable of imaging TDs in GaN such as synchrotron X-ray
topography®!°-22, Raman Spectroscopy*"**?*, Cathodoluminescence?>~%’, and photoluminescence (PL)?»27-3!
have also been demonstrated, but often have their own limitations. For example, Raman Spectroscopy is only
capable of detecting TD structures with an edge-type component, while cathodoluminescence requires an SEM
which is not cost effective or fast enough to implement across significant areal scales. X-ray topography may be
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used to map TDs across large surface areas with high resolution and can be considered the current state of the
art in this respect but is surface limited and requires access to a synchrotron-radiation facility which is expensive
and not readily available. PL imaging has gained broad acceptance to study TDs in SiC!**!-34, but has not been
implemented with the same degree of success in GaN. This is primarily attributed to the high concentration
of non-radiative defects in GaN which extinguishes contrast between TDs and the bulk. Therefore, traditional
above-bandgap excited PL has primarily been employed to image the surface of GaN wafers to provide wafer-
scale defect concentrations*»*. More recently, two photon excited PL (2PPL) and multi-photon excited PL
(MPPL) has been used to characterize GaN with femtosecond lasers at a wavelength that is transparent to the
GaN bulk?#2830:31, By employing high numerical objective lenses, the intensity level is increased to two photon
absorption at the focal point, enabling three-dimensional imaging. However, this approach limits the laser
wavelength and objective lens selection. Alternatively, sub-bandgap excitation at 405 nm or 3.1 eV achieves
imaging capabilities on par with 2PPL and MPPL without the same limitations allowing a broader application
for GaN inspection.

In this work we show how sub-bandgap excitation can be used to image bulk am-GaN substrates across large
areal scales in locations corresponding to vertically structured PIN diodes. Within the imaged microstructure
TDs are clearly observed enabling device specific TD densities to be tracked and compared with device
performance. The high clarity of the TD structures allows characteristics such as their radiative nature and
inclination angles to be captured and categorized. Consequently, we discuss how extensively tracking individual
TDs provides the ability to screen entire wafers in device locations for TD structures synonymous with leakage
current to significantly enhance cumulative wafer/device performance and reliability metrics.

Experimental method

GaN wafer fabrication

In this work we investigate bare am-GaN as well as am-GaN wafers with epitaxial device layers. Bulk am-GaN
crystals fabricated by the near-equilibrium ammonothermal (NEAT) method®” are grown on hydride-vapor
phase epitaxy (HVPE) seed crystals. Samples with vertical GaN p-i-n APD epitaxial layers are grown on the
(0001) Ga-face of the am-GaN substrates via the MOCVD method?®. The wafer back surfaces were polished but
were slightly roughened in a hot acid cleaning step prior to MOCVD growth. The substrates had an average TD
density of ~5X 10° cm~2 The n-GaN drift layer, and p-GaN layers are grown at ~ 1000 °C for about 320 min in
total including growth interruptions between the adjacent layers and then annealed at ~ 850 °C to activate the
Mg acceptor in the p layer.

Photoluminescence imaging for material screening

The PL confocal microscopy optical layout is shown in Fig. 1. Imaging is performed by galvo scanning a 405 nm
ps laser modulated at 50 MHz with an output power ~5 mW through a 50x objective (NA 0.95). On the return
path the backscattered (BS) 405 nm laser is separated from the PL signal with a long pass filter that has an
optical density greater than 5 in the rejection region. The BS signal primarily carries information from the
sample surface and is useful for identifying surface morphologies such as pits, ridges, and hillocks. Single photon
avalanche photodiodes (SPAD) detect the signal from both PL and BS channels. The detectors are Micro Photon
Devices that detect light from 375 nm to 1000 nm. With a peak photon detection efficiency of 49% at 550 nm.

Motorized optical translation stages are used to move the sample into position while galvanometer scanning
is used to rapidly raster the focused beam across local regions set by the translation stage. Multiple local images
can be stitched together to form a mosaic image of larger regions as shown in Fig. 1c. Each scan is defined by its
area, number of pixels and residence time per pixel. Typical parameters for a high-resolution scan are between
0.5 and 1.0 ms/pixel and 3-5 pixels/um. In this regime a high-resolution scan of a 100X 100 um area takes
between 45 s and 5 min.

Figure 1b shows a section of the designed device array layout composed of Au fiducial marks patterned
across the wafer surface after epitaxial growth to provide precise location information for imaging and device
fabrication. Each 1 cm? grid contains 400 total devices with alternating rows having either 100-200 pum diameter
devices with a 500-um pitch. To capture PL information from the entire region, local galvanometer scans are
stitched together creating a mosaic image. Figure 1 shows the fiducial and device layout as well as the mosaic
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Fig. 1. (a) Photoluminescence imaging experimental setup. (b) A section of the device array layout showing
the designed fiducial grid (red crosses). Each array is identified by a letter-number combination. In this image,
array C3 is shown. Fiducial rows and columns are numbered from 0 to 20. Devices are centered between each
set of fiducials. (c) A mosaic PL intensity map of a section of device array C3 on an imaged sample.
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PL image from the center grid of a studied wafer with epitaxial layers prior to the final device fabrication and
processing.

For each device array the characterization process is initiated by imaging the entire array area to produce
a mosaic image from which fiducial and device locations are registered. After registration, the high-resolution
imaging sequence in specific device locations is performed. Three-dimensional imaging is performed by moving
the vertical translation stage relative to the focal plane. Prior to each high-resolution scan, the local surface
coordinate is established by performing an imaging sequence starting above the sample surface and moving
through the depth. The plane with the highest BS signal is set as the surface coordinate. Each high-resolution
image has its background subtracted for straightforward comparison of defects on a local scale. Local defects
such as TDs are segmented from the bulk through a batch process implementation of ImageJ’s trainable Weka
segmentation machine learning classifier algorithm?.

Results and discussion

TD imaging

Characterization of GaN with PL is typically performed with photons having an energy higher than its bandgap
(3.38 eV)1227:2940 However, in this regime GaN is highly absorptive and the excitation volume is confined to the
sample surface. In contrast, 405 nm (3.1 ev) photons provide the capability to image through the bulk while also
providing sensitivity to sub-band gap defects.

Figure 2 shows high-resolution PL intensity images taken at multiple focal depths through MOCVD epitaxial
layers grown on an am-GaN substrate, as well as the GaN layer structure and approximate focal depth of each
image. The top row of images in the sequence are taken in 2.5 pm depth increments varying from the epitaxial
MOCVD surface to the underlying am-GaN surface. The bottom row of images has 25 um depth increments
and provide a view of TD evolution through the am-GaN substrate. The entire imaging sequence traversing
200 pm with 25 pm focal depth increments is shown in the supplemental video provided. TDs are difficult to
identify in the p-GaN layers, become barely discernable in the #-GaN layer, and are clearly visible in the am-
GaN substrate where they are characterized by a ring of elevated intensity surrounding a non-radiative core.
TEM imaging confirms that the non-radiative regions observed in the high-resolution images correspond with
threading dislocations. More information can be found in the supplemental material.

Imaging an am-GaN substrate before and after MOCVD growth shows a significant change in TD visibility
and characteristics. In the unprocessed am-GaN substrates, TDs are observed as barely distinguishable dot-like
features while after MOCVD growth TD visibility is significantly enhanced. For further insight, both plan-view
and cross-sectional images of an unprocessed am substrate before and after annealing from the same wafer are
compared with those of an am-GaN +MOCVD sample from a different wafer as shown in Fig. 3. The bare am-
GaN wafer was annealed for 10 min at typical MOCVD growth temperature (1016 °C) and pressure conditions
with ammonia overpressure to prevent GaN decomposition. The PL intensity variation through the depth taken
along the cross-section of the first 80 um of each sample is found by calculating average PL intensity of each
column of pixels in Fig. 3a—c and then plotted in Fig. 3g. As shown, annealing the bare am-GaN for 10 min
significantly enhances the measured PL response. The increase in bulk intensity is accompanied by a change
in TD appearance, as the barely distinguishable dot-like features observed in unprocessed am-GaN expand
significantly and display an elevated PL intensity. The fully processed sample with epitaxial layers and a much
longer annealing time shifts the PL intensity curve lower and displays a more refined TD structure characterized
by non-radiative cores extending throughout the entire depth of the ~300 um thick am-GaN substrate. TD
features observed in the cross-sectional images remain consistent through the depth and often propagate with
some angle relative to the growth axis.

It is well known that luminescence properties of GaN are directly related to defect complexes containing
gallium vacancies, hydrogen and oxygen*'~*, which have been shown to form defect complexes associated with
several PL bands, are highly mobile at elevated temperatures and readily interact with TD’s'®. In unprocessed
am-GaN the dominant defect complexes do not significantly contribute to PL in the visible spectrum*4. However,
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Fig. 2. A high-resolution z-stack imaging sequence through MOCVD epitaxial layers grown on an am-
GaN substrate. Images (a-e) are taken with focal depth increments of 2.5 pm through the epitaxial layers to
the top of the bulk am-GaN substrate while (f-j) are taken every 25 pm within the bulk am-GaN substrate.
Approximate scan locations are shown in k).
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Fig. 3. Cross-sectional images of (a) bare am-GaN, (b) annealed am-GaN and (c) fully processed am-GaN
with MOCVD epitaxial growth, along with their (d-f) plan view counterparts and (g) a plot of the average PL
intensity of each sample within its first 80 pm. The red line in (c) indicates the boundary between am-GaN and
the epitaxial layer.

after annealing above typical MOCVD growth temperatures the defect structures are altered such that the non-
radiative defects disassociate, and new defects associated with bright PL bands emerge*’. Contrast in the TD
region is further amplified during annealing as both gallium vacancies and hydrogen interstitials are expected
to be mobile in GaN at elevated temperatures. Furthermore, both theoretical**~*” and experimental'® work has
shown that defects formed during growth are attracted to and interact with TDs and their strain field. Thus, we
surmise that the change in the appearance of TD’s after thermal processing is directly related to changes in GaN’s
microstructure rather than other processes such as pipe diffusion of elements typical to the growth process.
For example, magnesium®*>#, silicon®, and oxygen®® are common impurities which have shown enhanced
transport capabilities along TDs in GaN but have diffusion depths limited to the first several microns from
the surface or interface introduced due to a discontinuity in the growth process and should not impact the PL
signature deep within the bulk as shown in Fig. 3.

The local electronic behavior of a TD is determined by its structure which broadly may be classified into
three types based off its burgers vector b. Pure edge and pure screw dislocations have b =1/3 <1120>and b=
<0001> respectively, while mixed-type dislocations have b= 1/3 <1123> and exhibit vary degrees of both edge
and screw components'>*. Even though it is possible for edge dislocations to be electrically active®!, enhanced
current leakage through PIN diodes has primarily been associated with mixed and pure screw dislocations>”1417.
However, a more granular characterization of TD structures is necessary as TD sub-structures likely impact their
capacity to transmit electrons and thus further distinguish their behavior. For example, inconsistent leakage
behavior has been reported for screw dislocations, with a primary dependance on whether they have an open
or closed core sub-structure”!*!7. Furthermore, both the structure and electronic behavior of a TD can be
augmented by its local strain-field>! as well as through the introduction of highly diffusive, growth-dependent
species such as Mg®8.

The ability to rapidly image TDs and their associated features in three dimensions with high-resolution across
significant areal scales provides a platform to directly evaluate TD’s and their impacts on device performance.
Here, we show what type of information and metrics can be extracted using sub-gap PL imaging while other
work™ is focused on comparing extracted data with device performance to provide a direct link between GaN'’s
microstructure and performance. To further illustrate what kind of information PL imaging can provide we
discuss and visualize results regarding all 100 pm diameter devices from the center array on a representative
wafer as shown in Fig. 4. As shown in Fig. 4a-c, imaging was performed 25 and 50 pm below the sample
surface within the am-GaN substrate across 200 PIN diode locations. The TDs often had significant eccentricity
as shown in the histograms in Fig. 4d. The TDD for all 200 locations was evaluated and is summarized by
the histogram distribution given in Fig. 4e which includes data for more than 12,000 TDs. Local TD density
information may be used as a criterion regarding site specific processing while also providing a method to
directly compare TD density with device I-V characteristics. Mapping local TD densities across an entire wafer
provides a measure of microstructural homogeneity and can be used to screen GaN wafers during processing
to tune growth parameters, enhancing overall wafer reliability. Dislocation density does not provide a direct
correlation to the number of screw and mixed TD’s which are typically associated with leakage. Thus, to enhance
wafer reliability and performance, it is crucial to identify and match TD features such as their size, propagation
angle and luminescence to a specific type or structure.

The high sensitivities of TDs and their strain field to sub-band gap excitation, as well as the ability to probe
deep into the bulk provides the unique ability to image TDs, classify them into groups based on their unique
features and track their evolution through the growth process. Figure 4a, b shows the microstructure of the first
device in the previously mentioned imaging sequence at both depths for comparison. In this region, 42 TDs, or

Scientific Reports |

(2025) 15:333 | https://doi.org/10.1038/s41598-024-83398-0 nature portfolio


http://www.nature.com/scientificreports

www.nature.com/scientificreports/

¢) Normalized PL Intensity
N 2
0.7 0.8 09 1.0 1.1 1.2

0.25 0.5 0.75
Eccentricity

ERt || |‘“ \
0 -||||| Illllh_._ | A
4 6 8

10
Threading Dislocation Density (x105%)

Fig. 4. High-resolution images of GaN’s microstructure (a) 25 and (b) 50 um beneath the sample surface as
well as (c) a comparison of selected TDs at both depths. Distribution of TD (d) eccentricity and (e) dislocation
densities across 200 imaged sites. (f) Summary of TD inclination direction with each point color-coded by
their degree of eccentricity.

alternatively, a site-specific TDD of 4.2 X 10° /cm? is observed. An enhanced view of the two highlighted TDs at
both depths in Fig. 4a, b (TD la-b & TD 2a-b) with contrasting features are shown in Fig. 4c. TD 2 has a higher
PL intensity in and around its core than TD 1 and becomes more elongated while showing a change in location
in-plane (x-y) as the depth (z) is varied. On the other hand, TD 1 has a significantly less radiative core, is almost
perfectly circular, and maintains its shape and in-plane position as the depth is varied. The measured intensity
range spanned by both TDs is greater at the 50-um focal plane and is indicative of a depth dependent structure.
Eccentric TDs move in the direction of their elongation through the depth as shown in Supplemental section y
indicating a growth inclination angle.

The relatively low TD density found in the imaged samples enables features from individual TDs such as their
shape, size, intensity, and propagation inclination directions to be tracked and categorized, which should enable
specific TD types or structures to be classified based on their PL features. For example, due to the enhanced
mobility of radiative defects in am-GaN at elevated temperatures and their propensity toward attraction to TDs
we surmise that the relatively high intensity regions surrounding the non-radiative TD cores may provide strain
field characteristics often used with high confidence to determine TD type in X-ray based imaging®*??. Other
work has also provided strong relationships between characteristics such as the nonradiative nature®*>* of TD
cores as well as their propagation inclination directions?**! with distinct TD types. Here, TD core and strain
field size and intensity characteristics are easily found and tracked with Image]J. The degree of TD circularity or
deviation thereof is performed through a calculation of its eccentricity e given in Eq. 1. This measure was chosen
as it most accurately tracks TD shape variability. Image] has particle ellipse fitting capabilities that provide the
TD semi-minor and semi-major axis lengths referenced as a and b respectively in Eq. (1). An eccentricity of
0 indicates a perfect circle while a value approaching 1 indicates a high degree of lateral elongation. Figure 4d
shows a cumulative histogram distribution TD eccentricity 25 and 50 um below the sample surface. Closer to the
surface, a near normal distribution of eccentricity is observed while a more pronounced bi-modal distribution is
observed at 50 um. The change in eccentricity with depth is not well understood but could be due to an increase
in the inclination angle with depth which would manifest as a more elongated oval when viewed from above. An
example of this behavior is shown in Fig. 3b where the center TD’ inclination angle is clearly increasing with
depth. However, the full extent of the inclination may not be shown as the orientation of the plane of the cross
section is not known.
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The lateral movement due to TD inclination through the 25-um thick GaN segment relative to the c-axis
of all ~12,000 TDs is shown in Fig. 4f where the GaN a-plane and m-plane are given by the red and blue
arrows respectively. The circles representing a 1, 2 and 3 pum displacement through the 25 pm layer represent
an inclination angle off the c-axis of 2.29°, 4.57° and 6.84° respectively. Each TD is color coded according to
its eccentricity. There are more than 15 preferred inclination directions with highly eccentric TDs showing
preference to three unique inclination directions. Overall, the observed TD inclinations do not show a strong
preference toward crystallographic planes even though symmetry is found across the m-plane designated by the
blue dashed line. A preference for TD inclinations in the direction of the designated m-plane could indicate the
step flow growth direction. Similar behavior has been observed in 4 H-SiC where it has been shown that TD
inclinations prefer growth along the step flow direction with a high degree of symmetry’'. However, further
research in this area would provide more answers as TD inclination behavior is not well understood and is
influenced by a myriad of energetic and kinetic factors such as crystallographic strain and wafer bowing, wafer
offcut angle, and step-flow direction.

Conclusion

We have demonstrated the ability to rapidly image and screen GaN’s microstructure via PL across large areal
scales as well as with sub-micron resolution in precise locations corresponding with vertically structured PIN
diodes. The mosaic PL images capture defects at the wafer scale while high-resolution PL imaging captures
a diverse range of TD features. We show the visibility of TDs in am-GaN is highly dependent on the growth
parameters and shows a significant enhancement driven through a thermally induced transformation of the
bulk defect structure. Since TDs have shown the capability to severely impact device performance, we provide
the ability to directly compare the dislocation density or exact number of TDs contained within each device with
I-V metrics. It is well known that the leakage response of TDs varies significantly and is determined by their
structure. Thus, we provide a framework to track and segregate TDs based on their structural characteristics
as viewed by their PL response. Future work should link the imaged characteristics directly to known TD
structures. This would shed further insight on TD activation and significantly enhance the ability to predict
device performance and lifetime.

Data availability
The data that support the findings of this study are available from the corresponding author upon request.
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