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ABSTRACT

Despite it being a popular sample preparation technique, the optoelectronic effects of thinning bulk samples into lamella using a Ga-based
focused ion beam (FIB), as is commonly performed for studies in a transmission electron microscope, have been seldom studied systemati-
cally. In this work, we confront this using correlative cathodoluminescence spectroscopy to investigate the optical properties of high In con-
tent c-plane InGaN/GaN quantum wells (QWs), fabricated including a growth-interrupting step that forms regions of quantum disk InGaN
islands that behave as localized emitters and, furthermore, reduce the strain-induced quantum Stark effect present in the majority of such het-
erostructures. Using picosecond electrostatically beam-blanked electron pulses, we measured the decay transients as a function of position
and wavelength. The sample was studied before and after undergoing preparation as a lamella, demonstrating that FIB preparation affects
both the spectral and temporal luminescence properties despite measures undertaken to protect the sample during fabrication. Non-radiative
defects introduced by the ion beam quenched the luminescence as well as reduced the lifetime of emission, with the QW luminescence com-
ponent particularly affected due to the emission being weakly localized and hence allowing carriers to migrate to defect areas. These findings
underscore the importance of correlating bulk and lamella properties to accurately interpret optical measurements.

© 2025 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license (https://
creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0283025
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Lamella preparation using focused ion beam (FIB) milling is a
powerful technique in materials science, enabling the fabrication of
electron-transparent and site-specific samples for atomic-scale analysis
within a transmission electron microscope (TEM). This method has
been applied to understand the structural and chemical features of a
variety of material systems. Due to its nanoscale spatial resolution and
keV energy regime, cathodoluminescence (CL) has emerged as an ideal
tool for optical characterization of wide bandgap materials, such as
GaN, far beyond the optical diffraction limit." * Such measurements
are routinely performed in TEMs on GaN devices," * as well as other
materials.”' These CL-TEM studies enable the correlation of radiative
properties and defect-related emission with the structure of the mate-
rial at the nanoscale.

However, it is well-known that the FIB can also introduce arti-
facts. The ion beam has been shown to cause localized damage such as
ion implantation, sputtering, amorphization, point defect creation,
including vacancies, and damage from thermal effects. As these arti-
facts are linked to the interaction volume of the ion beam within the
material, the FIB leaves a damaged layer of several tens of nm thick,'!
depending on the energy of the ion beam.'” Hence, a large body of
work has been performed to mitigate these issues and optimize the FIB
parameter space.” This includes reduction of ion beam energy,"*
thereby reducing the collision cascade, the deposition of platinum or
tungsten protective layers, utilization of chemically inert plasma beams
such as Xe,'” and post-thinning annealing to restore the crystal
structure.'®

Appl. Phys. Lett. 127, 222101 (2025); doi: 10.1063/5.0283025
© Author(s) 2025

127, 222101-1


https://doi.org/10.1063/5.0283025
https://doi.org/10.1063/5.0283025
https://doi.org/10.1063/5.0283025
https://www.pubs.aip.org/action/showCitFormats?type=show&doi=10.1063/5.0283025
http://crossmark.crossref.org/dialog/?doi=10.1063/5.0283025&domain=pdf&date_stamp=2025-12-01
https://orcid.org/0009-0002-8545-5735
https://orcid.org/0000-0003-3998-9912
https://orcid.org/0009-0006-5314-8780
https://orcid.org/0009-0008-1586-7148
https://orcid.org/0000-0003-4448-170X
https://orcid.org/0000-0001-5252-5309
https://orcid.org/0009-0002-7509-2424
https://orcid.org/0000-0002-5078-8946
https://orcid.org/0000-0002-9976-999X
https://orcid.org/0000-0001-6522-4484
https://orcid.org/0000-0002-0322-0864
https://orcid.org/0000-0002-0685-3886
https://orcid.org/0000-0001-8511-9972
mailto:vnielen@amolf.nl
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1063/5.0283025
pubs.aip.org/aip/apl

Applied Physics Letters ARTICLE

Nonetheless, some studies are emerging indicating that despite
the measures undertaken to mitigate ion-induced damage, FIB lamel-
lae often do not replicate the radiative emission characteristics of their
bulk counterparts.'”'® These differences cannot be attributed solely to
the reduction of the material dimensions via thinning (possibly modi-
fying strain). While the implications of this research are crucial for
TEM-based CL studies, where conclusions about the bulk material
may be deduced from optical measurements on lamella, correlative
measurements on the same material in both configurations are yet to
be demonstrated.

In this work, we use scanning electron microscope (SEM)-CL to
investigate the optical properties of the same region of an InGaN/GaN
quantum well (QW) heterostructure in both its bulk form and as an
FIB-prepared lamella. The heterostructure in our case study is com-
posed of single quantum well (QW) and quantum disk (QD) active
regions, resulting in a significant spectral variation of the CL signal
with position across the sample and enabling the identification of the
same region at the nanoscale before and after lamella preparation. By
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employing hyperspectral CL, we capture the spatially resolved emis-
sion spectra to evaluate changes in radiative spectral properties, while
time-resolved CL (TR-CL) provides insight into recombination
dynamics. We find that FIB preparation affects both these properties,
emphasizing the need to understand its impact to be able to retrieve
the bulk properties from the TEM-CL study.

The sample was grown, as demonstrated graphically in Fig. 1(a),
by metalorganic vapor phase epitaxy (MOVPE) on a (001) sapphire
substrate using a custom Dragon family horizontal-flow episystem with
an inductively heated susceptor and standard precursors.'” Growth
started from a low-temperature GaN nucleation layer followed by thick
high-temperature GaN growth to reduce dislocation density.
Subsequently, the temperature was lowered, and a 4nm layer of
InyGa; N, where x=25%-30%, was deposited in a hydrogen-free
ambient. Prior to overgrowth with GaN, the InGaN was subjected to a
growth-interruption (GI) step using exposure to a hydrogen-containing
atmosphere. The stoichiometry of the sample was calculated using
strain-state analysis (S1) of (1100) cross-sectional high-angle annular

Max

Wavelength (nm)

FIG. 1. (a) Graphic demonstrating InGaN/GaN QW/QD fabrication. (b) High-resolution 200 keV HAADF-STEM depicting QW (top) and QD (bottom) regions of the sample.
(c) RGB SEM-CL map with pixel size 10 nm at A, = 500 = 37.5 nm of bulk sample. (d) CL spectra corresponding with measurement areas marked in (c). The insets show CL

maps centered at Ac =(i) 475, (i) 500, and (iii) 525 nm, and bandwidth 25 nm.
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dark-field scanning transmission electron microscopy (HAADF-
STEM) images, which were corrected for distortion and calibration
errors by applying the AbStrain procedure.”’** As a result of the GI
step, the InGaN layer is etched, transforming the homogenous layer
into areas of 2D InGaN QWs, as shown in the HAADF-STEM image
in Fig. 1(bi), and 3D InGaN QDs with a lateral confinement on the
order of tens of nm, Fig. 1(bii). Although this is larger than the Bohr
radius in InGaN (which, depending on the stoichiometry, is between
approximately 3nm for GaN”’ and 8 nm for InN**), InGaN QDs of
similar length scales have demonstrated blue shifting due to lateral
confinement.””° This fabrication approach was originally developed to
promote confinement of carriers within QD regions of the sample, mit-
igating carriers from migrating in the QW plane to defects and
dislocations,” and ensuring a higher EQE of resulting devices;'” how-
ever, it additionally prevents indium phase segregation” and reduces
the strain-induced quantum confined stark effect (QCSE) present in
the majority of such structures (as evidenced in data further in the
manuscript).

After full optical characterization of two identified areas on the
bulk sample, we extracted two lamellae from these areas: one in cross
section and another in plan view. These preparations were carried out
using a gallium ion source on a ThermoFisher Helios Nanolab 600i
dual-beam FIB/SEM microscope at 2 x 10~¢ mbar. To protect the sur-
face, two layers of carbon and platinum (a few hundred nanometers
thick) were deposited by focused electron beam induced deposition,
followed by a ~1 pm layer of platinum deposited by focused ion beam
induced deposition. The thick lamellae were then cut and extracted
using a micromanipulator (Omniprobe 200) and mounted on a TEM
grid. Final thinning to a thickness of around 200 nm was performed
using a graded voltage procedure to reduce the damage caused by the
FIB. The Ga beam acceleration was sequentially reduced: initially at
30keV and 430 pA at a +1° angle, followed by 16 keV at 50 pA (42°),
8keV at 20 pA (+3°), 5keV at 15 pA (+3°), and finally 2keV at 20 pA
(44°). Each milling step was monitored live using SEM imaging and
was stopped once the lamella reached the desired thickness and several
tens of nm of material were removed. For the lamellae in plan view,
the protective layers previously deposited on the surface were milled
using the FIB.

A 2 x 2 um? region of the bulk sample was characterized using
cathodoluminescence experiments performed within an SEM
equipped with a parabolic mirror for high-NA light collection and
redirection to an optical spectrometer (see the supplementary meth-
ods). The SEM was operated at 5keV to minimize the penetration
depth and size of the electron cascade within the sample, thereby
achieving a higher spatial resolution (see S2 for CASINO Monte Carlo
simulations””). The electron beam current was set to 10 pA to mitigate
damage by the electron beam.

Figure 1(c) shows the measured CL map centered at A,
=500 = 37.5 nm, fitted to false-color RGB values by splitting the
wavelength range into three 25 nm channels. The spectra in Fig. 1(d)
corresponding to the highlighted pixels in the RGB consistently form
two discrete bands, resulting from quantum confinement effects in the
inhomogeneous InGaN layer. For 4. < 500 nm, we observe spatially
localized emission [blue region in Fig. 1(di)] that we associate with the
QDs. Despite their physical size, the emission from the QDs is local-
ized to emission spots of around a hundred nanometer diameter, lim-
ited by the electron cascade and charge carrier diffusion (S2). For

ARTICLE pubs.aip.org/aip/apl

A > 500 nm, the broader, less localized features [green and red colors
in Figs. 1(dii) and 1(diii)] are associated with the QW emission.

The strong localization of the 4. < 500 nm band is more clearly

observable in STEM-CL measurements on a cross-sectional lamella
from the same sample growth (Fig. 2) performed in a dedicated STEM
Nion at 60keV and liquid nitrogen temperatures, which achieves
higher spatial resolution than SEM-CL. The position-dependent CL
spectra in Fig. 2(a) feature the same two bands observed in SEM-CL,
and the CL maps filtered for A, =425 *5nm and (d) A. = 500
+ 50 nm in Figs. 2(c) and 2(d) clearly show the spatial separation of
the two bands. Furthermore, the lack of band-bending related red-
shifting under electron beam excitation away from the QW,” " result-
ing in a lower excitation density, suggests that the QCSE is minimal
and that any internal electric fields are largely unscreened and do not
dominate the recombination dynamics. More hyperspectral measure-
ments at room temperature and time-resolved TEM-CL for direct
comparison to subsequent SEM-CL results are available in S3.

Next, we repeat the SEM-based hyperspectral CL experiments on
the lamella sample; the SEM was now operated at 30keV to achieve
the highest spatial resolution, and a current of 10 pA was maintained.
A representative false-color RGB CL map is shown in Fig. 3(b) with
corresponding spectra in Fig. 3(c). These measurements show that the
InGaN layer remains luminescent after lamella preparation; however,
the integrated count rate is significantly reduced. This is an anticipated
feature considering that the energy deposited per electron changes by
an order of magnitude as most electrons are being completely trans-
mitted through the sample (S2). However, the counts still drop by an
additional five orders of magnitude, indicating that quenching due to
defect creation has occurred, primarily affecting the QW emission.
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FIG. 2. Hyperspectral TEM-CL measurements on cross-sectional lamella at 60 keV.
(a) CL spectra from different positions along the InGaN layer, as seen in the dark-
field TEM image in (b), with CL measurement positions marked in the inset. CL
maps of pixel size 0.6 nm at (c) 1, = 425 = 5 nm and (d) /4, = 500 = 50 nm. The
dotted lines indicate the position of the InGaN layer.
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FIG. 3. (a) SEM image of the plan view lamella sample. (b) False-color RGB SEM-CL map with 4, = 500 = 37.5 nm, with spectra corresponding to marked positions plotted
in (c). (d) and (e) CL maps with 2 = 430 = 5nm of bulk and lamella sample, respectively, with pixel sizes of 10 and 25 nm. The orange box in (d) indicates the scan area in
(e). The spectra from the same two positions of the bulk and lamella sample are plotted in (f) and (g).

Due to the rich hyperspectral variation across the sample, the disappeared. This may be a result of the FIB milling away the platinum

01:9€:01 §202 Joqwa0aq Z|

hyperspectral maps centered at 4 = 430 = 5nm in bulk and lamella
geometries, as seen in Figs. 3(d) and 3(e), provided a unique spatially
resolved signature that enabled accurate correlation before and after
lamella preparation. The spectra from the same position in the two
sample configurations are plotted in Figs. 3(f) and 3(g). This reveals
the same trend that the QW emission is quenched and the QD emis-
sion is largely preserved. We also observe in the CL map of the lamella
in Fig. 3(e) that some of the localized QDs over the scan area have

protective layer at an angle subsequently leaving the sample partially
covered with platinum and partially milling into the InGaN layer.

The optical quenching observed, and thus the decrease in the
quantum yield, is intrinsically linked to the recombination rates of
both radiative and non-radiative transitions in the material.”” Moving
from steady state to TR-CL experiments enables the study of excitation
and recombination dynamics of carriers in a system.”””* To measure
TR-CL in our SEM, the electron beam was blanked using an

Appl. Phys. Lett. 127, 222101 (2025); doi: 10.1063/5.0283025 127, 222101-4
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electrostatic beam blanker,”” and the collected luminescence was
directed toward a time-correlated single photon counting (TCSPC)
module that builds an arrival time histogram.

The measurements on the bulk sample are shown in Fig. 4(a),
where plots i and ii are the TR-CL maps filtered for QD and QW emis-
sion, respectively. The pulsed measurements have a coarser spatial res-
olution because of increased astigmatism from adjusting the gun
column parameters to align the crossover position between the blank-
ing plates.”” However, the same trends we observed in Fig. 1(c) are pre-
sent—the maps filtered for the two bands are complementary, with the
QD emission mostly occupying the perimeter of the scan and the QW
emission localized to the center of the scan window. Figure 4(aiii)
shows the decay trace associated with the same sample position for
both maps. The decay trace from the QDs can be fitted with a single-
exponential decay, convolved with a Gaussian to account for the
instrument response function (IRF), which is limited by the response
of the avalanche photodiodes and the electron pulse width. From our
fits we extract that the bulk QD lifetime is 433 * 1 ps. The decay of the
QW emission, on the other hand, is fit with a biexponential equation,
with a rise time, 7, and two decay components of recombination
rates 71 and 7,

Iqw bui () = Ay * (1 &) wen + A % (1 - ee) 5 em. (1)

The results of the fits give 7, = 125+ 3 ps, 11 = 1.864 = 0.031 ns,
and 1, = 7.495* 0.136 ns. The QW decay additionally has a high
background because of the contribution from the yellow band emission
tail of GaN, which has a lifetime in the us range.”® As a repetition rate of
10 MHz was used to maintain a high CL signal, the yellow band does
not fully relax into its ground state. Most studies fit InGaN QW recom-
bination with a biexponential function with a fast and slow decay com-
ponent, associated with the recombination of free or weakly localized
excitons and strongly localized excitons, respectively.” ™ While these
studies were performed at low temperatures where emission is excitonic,
at room temperature recombination is dominated by free carriers.
Similarly, the rise time of the QW peak has been previously attributed to

Cnts/pA/s

0.0 25 50 75 10.0
Times (ns)
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carrier transport from weakly to strongly localized states.””"" Our time-
resolved measurements performed at liquid nitrogen temperatures (S4)
also show that the lifetimes of both the fast and slow decay components
increase, and by extension the rise time. In contrast, the QD emission
exhibits no measurable rise time, consistent with carriers being localized
within strongly confined potential minima. However, we note that due
to the convolution with the IRF, a small rise time component cannot be
precisely resolved. The single-exponential QD emission implies a more
uniform localization of carriers, with their smaller size increasing the
e-h overlap and possibly leading to a reduction in the radiative
lifetime.*>* Conversely, the increased influence of the GaN surface in
QDs, which has been demonstrated as a source of non-radiative defects,
may also play a role in increasing the recombination rate of the QD.**
The time-resolved measurements following lamella preparation,
filtered for QD and QW emission, are plotted in Figs. 4(bi) and 4(bii),
with corresponding decay traces plotted in Fig. 4(biii). The QD emis-
sion can still be fitted with a single-exponential decay and shows a
reduction of lifetime to 320 = 20 ps. The rise time of the QW emission
was reduced below the time resolution of the experiment and therefore
could be fitted with a standard biexponential, resulting in fit parame-
ters of about 7, = 111 = 7 ps and 7, = 550 * 113 ps. The decrease in
lifetimes of both emission components is indicative of the introduction
of non-radiative defects that quench and decrease the decay time of
excited-state populations. FIB is known to introduce point defects,
such as vacancies and interstitials, that are believed to generate deep-
level trap states that promote non-radiative Shockley-Read-Hall
recombination and quench luminescence.”” The more pronounced
quenching of QW emission, compared to QDs, can be attributed to
different carrier confinement characteristics. QWs allow for lateral car-
rier diffusion, enabling carriers to migrate into nearby FIB-induced
non-radiative recombination centers, and QDs exhibit three-
dimensional confinement, localizing carriers and shielding them from
defects. Despite the overall reduction in lifetime, these values still vary
along the sample, as shown in the fitted lifetime maps in S5. These var-
iations are not strongly correlated with intensity, particularly for the
fast QW decay, that could suggest that carrier recombination through
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FIG. 4. Comparing SEM-CL lifetime measurements of sample in (a) bulk and (b) lamella configuration. Intensity maps of 35 nm pixel size filtered for (i) 4 = 450 = 20 nm and
(i) 4 = 550 = 20 nm emission, with markers representing positions of decay transients plotted in (iii). The scale bars are 500 nm in all images.
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non-radiative defects is shortening lifetime even in regions of high
emission intensity.

We repeated our measurements on a cross-sectional lamella and
tested if the optical properties are further influenced by the GaN/vac-
uum interface. By directly comparing the same area before and after
lamella preparation (S6), we observed consistent results, with both
plan- and cross-view configurations demonstrating the similar sup-
pression of the QW component in hyperspectral CL measurements as
well as comparable reduction in lifetime of both QD and QW emission
components. However, nominally identical FIB parameters do not
always exhibit identical changes in optical properties. Another plan-
view lamella prepared from the same InGaN heterostructure under the
same target environmental conditions, milling angles, and beam set-
tings showed less quenching of the QW emission and different average
recombination lifetimes (S7). This discrepancy highlights the sensitiv-
ity to subtle, uncontrollable factors, primarily the precision of sample
and milling box alignment by FIB operators,”” and drift caused by
beam and vacuum instability and sample charging -effects.
Interestingly, time-resolved photoluminescence (TR-PL) measure-
ments on the lamella also filtered for QD and QW emission (S8) show
a shorter lifetime than measured using CL. This discrepancy likely
arises from differences in the excitation profile and carrier densities;
the electron beam excites carriers throughout the GaN bulk that diffuse
into the InGaN,"” whereas TR-PL at A = 397 nm excites carriers
directly within the InGaN.

In conclusion, this study demonstrates a nanoscale correlation of
spectral and time-resolved luminescence properties of an InGaN/GaN
quantum well sample in both its bulk configuration and as FIB lamel-
lae. We observed that the spectra from the bulk sample demonstrate
two emission components, arising from the QWs and QD structures
formed by the etching of the InGaN layer during fabrication. Our mea-
surements demonstrated that while the QD emission is largely pre-
served, the QW emission is strongly quenched by lamella preparation,
with a significant reduction in lifetime. This effect is attributed to non-
radiative defects introduced by the ion beam, which predominantly
affect the QW emission due to the weak localization of carriers. Our
further analysis of other lamellae prepared under nominally identical
conditions of the same bulk sample reveals variable levels of optical
quenching, emphasizing the irreproducibility of the artifacts intro-
duced by the FIB. Future work should be wary of optically characteriz-
ing materials prepared as lamellae without comparison to their bulk
properties.

See the supplementary material for additional details on experi-
mental methods, strain state mapping, Monte Carlo simulations
(CASINO), time-resolved and hyperspectral TEM-CL mapping at
room temperature, time-resolved SEM-CL measurements at 80 K, cor-
relative SEM-CL measurements on a cross-sectional lamella, SEM-CL
measurements on another plan-view lamella, and time-resolved photo-
luminescence data.
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