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ABSTRACT: The development of complex optoelectronic devices
often necessitates efficient and high-quality visible light sources.
The gallium nitride (GaN) material family, widely used in
constructing light-emitting diodes for general lighting, is an
obvious choice for this purpose, but the highest quality devices
need to be obtained on native substrates. In this study, we
demonstrate the fabrication of LEDs on bulk GaN substrates,
which are compatible with microtransfer printing (uTP)
technology, enabling integration onto foreign wafers. The
structures are grown on a heavily doped n-type sacrificial
underlayer realized through plasma-assisted molecular beam
epitaxy. Fully processed LEDs are undercut by using electro-
chemical etching to selectively remove the underlayer, resulting in a
thin-ilm structure with a smooth bottom surface. This smooth surface facilitates the easy integration with foreign wafers. A
successful transfer using a micromanipulator and uTP setup was conducted, showing an electrical performance similar to that of the
original devices. This work underscores the potential of GaN-based light emitters for advanced optoelectronic applications in
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etching

Micro-transfe
Printing

integrated circuits and highlights the role that 4TP plays in achieving heterogeneous integration.
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1. INTRODUCTION

The integration of gallium nitride (GaN)-based structures into
more complex optoelectronic systems offers new function-
alities,' enabling applications, such as high resolution” or
flexible displays,”* high-performance sensors, and power
electronics.” Traditional growth and processing methods for
GaN structures, while robust, face limitations in achieving
heterogeneous integration across dissimilar, particularly non-
crystalline substrates. Microtransfer printing (4TP) has
emerged as a versatile solution to these challenges, facilitating
the precise assembly of GaN-based microstructures onto
various substrates with a high spatial accuracy. This technique
involves the transfer of prefabricated microdevices from their
source wafers to target substrates, allowing for the combination
of materials with differing properties.®

UTP requires, in the first step, the delamination of
prefabricated structures from their source substrates. This
process is referred to in the literature as epitaxial lift-off (ELO)
and it can be realized in several different approaches that have
been recently reviewed for Ill-nitride materials and devices, in
particular in light of microLED displays.”® One of the most
exploited techniques is laser lift-off (LLO), in which a high-
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power laser passes through the transparent sapphire and upon
light absorption at the interface with GaN, local heating and
interface decomposition can occur to enable substrate
removal.”™"? The careful optimization of the LLO process
parameters is required to control the interface roughness'"'*
and avoid issues with cracking, buckling, thermal shock, etc.
Despite several advantages of LLO, such as high speed, area-
selectivity, and high yield, it cannot be easily adopted to the
structures and devices grown on native bulk GaN substrates
due to the absorption of the laser wavelengths in the substrate.

The second widely used method is chemical lift-off (CLO)
using a release layer that can be selectively wet etched,” ™"
resulting typically in higher backside smoothness than LLO.®
CLO has been widely investigated and successfully applied for
11—V materials, such as GaAs and InP, for which AlAs'® and
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InGaAs'” layers, respectively, are sacrificially removed. Due to
the high selectivity between nitrides and silicon, releasing thin
films of IIl-nitride heterostructures grown on Si can be
performed easily using wet etching, for example, in HF
solution leaving GaN intact.”® However, for other substrates,
e.g., sapphire, SiC, and native GaN, selective chemical etching
is difficult to achieve.”’ CLO techniques for GaN have utilized
release layers based on Zn0,”*** CrN,** Nb,N,** and other
such as SiO, strips.”® The gentle removal of a sacrificial layer
without thermal stress can be considered advantageous for
CLO, but its production efficiency may require solutions to
speed up the process, e.g, by patterning the sacrificial layer.””
Additional benefits can be achieved by photoelectrochemical
etching (PEC)***” and electrochemical etching (ECE).**™
Then, electron—hole pairs are generated by either UV
illumination or an external bias, enhancing oxidation and
dissolution of a sacrificial layer.

The third concept enabling the transfer of nitride structures
is remote epitaxy or van der Waals epitaxy on graphene,”””* h-
BN, or other 2D materials. It is very appealing and paves the
way to the heterogeneous integration of highly mismatched
material systems. Moreover, the released epilayer can be
transferred onto an arbitrary substrate, and the host substrate
can be reused after exfoliation, reducing the overall
manufacturing overall cost. However, there are still some
challenges to address such as the availability of suitable 2D
material substrates in large areas, the fabrication of devices on
large-area wafers without material delamination at the weak 2D
layer interface, a reliable large-area exfoliation method, and the
development of a crack-free transfer process.”® The question
about the defect density in the nitride layer grown on a 2D
material remains open.

Knowing the characteristics of the epitaxial lift-off
techniques, the highest backside surface quality, high
selectivity, and uniformity of the device separation process
can be obtained by ECE. Importantly, it emerges as a viable
route to obtain the selective removal of highly n-type do(}aed
layers and separate devices from the native bulk substrate.’*~>*
Full removal of a sacrificial layer can be achieved by choosing
an appropriately high doping level of a sacrificial layer and
optimum etching bias for a given electrolyte.”’ >’ The main
challenges are (1) obtaining a smooth N-polar surface free of
residuals’”*® and (2) etching only the release layer."' The
latter requires efficient device structure protection, separating
both the device sidewalls and metal layers from being in
contact with the electrolyte,"* and also avoid parasitic etching
through the dislocations.”” GaN membranes and flip-chip
device architectures were demonstrated without parasitic
etching.*” Previously reported conditions for electrochemical
or photoelectrochemical lift-off did not result in the sufficient
backside quality to be compatible with xTP.**

This work focuses on the preparation of GaN-based
structures for TP, utilizing ECE for delamination.” By
leveraging this approach, we aim to advance the integration of
GaN structures epitaxially grown on bulk GaN substrates,
which offer the highest crystalline quality, into next-generation
optoelectronic systems.

2. EXPERIMENTAL SECTION

The epitaxial stacks were fabricated using plasma-assisted molecular
beam epitaxy (PAMBE) on a bulk GaN substrate with threading
dislocation densities at a level of 10* cm®.*® Details on thicknesses and
chemical compositions for all layers can be found in Table 1. The key

4815

Table 1. Layers, Doping, and Composition of LED with the
Release Layer

doping
thickness density
Function (nm) material element (atom/cm?®)
p-type S Ing;4GaggsN Mg 6 x 10%°
40 Ing 0, Gag 9sN Mg 3 x 107
150 GaN Mg 7 x 10"
20 Aly;3Gagg;N Mg 3 x 10"
active region 20 Ing3GagesN UID 5% 10
2.6 Ing,,Gay7sN
0.5 Ing,;Gagg3N
30 Ing 03Gag ;N
n-type 1000 GaN Si 5% 10
release layer 40 Ingo3Gag o, N Ge 6 x 10%°
260 Ing 0;Gag.9;N Ge 2 x 107
buffer 100 GaN Si 5% 10"
substrate GaN (¢} 1 x 10¥

point of the growth process is the heavily doped release layer,
comprising a 260 nm-thick Ing;Gago;N:Ge layer doped with Ge at a
concentration of 2 X 10> atoms/cm?®, followed by a 40 nm thick layer
doped at 6 X 10% atoms/cm® While these thicknesses and
concentrations could be further adjusted, the thicker InGaN layer
accumulates additional stress within the structure, which can be
detrimental for longer-wavelength emitters requiring high In-content
active regions. InGaN:Ge was used as it allows for the highest carrier
concentration without significantly deteriorating surface morphol-
ogy.” Growth itself of such heavily doped layers could pose
significant challenges in temperature stability,** which we address
by frequent and periodic growth interruptions every 20 nm. During
each step, we monitor the metal desorption time to ensure a similar
average growth temperature during the period. The release layer
growth was followed by a 1 pum GaN:Si layer doped at 2 X 10'
atoms/cm®. The relatively low doping concentration used here
ensures that the layer remains unaffected by ECE, while
simultaneously providing adequate contact resistivity and current
spreading in the lateral injection. A single quantum well (QW) LED
structure was subsequently grown following conditions described in
ref 49. The layer thicknesses compositions doping and unintentional
doping (UID) densities are indicated in Table 1.

The proposed process flow for the preparation of the yTP-ready
LED coupons is schematically illustrated in Figure 1. After the
epitaxial growth shown in Figure la, LED processing is performed
(see Figure 1b). The samples were first cleaned, and a Ni/Au/Pt (25/
75/60 nm) contact to p-type layers was blanket deposited.
Photolithography was then performed to define nearly rectangular
p-contacts of the size 50 X 50 um’. In the subsequent reactive ion
etching (RIE) process, both the metallization using Ar and the LED
mesa using Ar and CI mixtures were etched, with the etching depth
reaching the top of the 1000 nm GaN:Si cap layer. After the process,
chlorine was removed from the water. This step concluded with a
rapid thermal annealing process at 500 °C for 10 min in an N, and O,
mixture (7:3). Then, second photolithography was used to define the
placement of the Ti/Al/Ni/Au (30/60/40/75 nm) contact pad using
the lift-off process. Contact was positioned S ym away from the LED
mesa on the GaN:Si layer. The same metal stack, which is placed on
the edge of the wafer, is used to bias the sample during the ECE
process. The third step involved photolithography to define device
separation and coupon mesa. RIE was used to etch through all of the
epitaxial layers, reaching the substrate and exposing the sidewalls of
the release layer. The sample at this stage is illustrated in Figure 1b.
Now, a dielectric stack of 100 nm SiO,/1000 nm SiN/100 nm SiO,
was blanket deposited. Photolithography and RIE utilizing SF¢ were
then applied to shape the dielectric into designed tethers while also
fully covering the metal contacts (Figure 1c). In the final
photolithography step, a thick photoresist was used to cover two

https://doi.org/10.1021/acsaelm.5c00259
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Figure 1. Simplified process flow illustrating (a) epitaxial growth, (b) LED processing with an extra metal contact on a side for ECE, p-type contact
consist of Ni/Au/Pt (25/75/60 nm) stack and n-type contact of Ti/Al/Ni/Au (30/60/40/75 nm), (c) device encapsulation, (d) protective
photoresist deposition, (e) electrochemical etching of entire wafer submerged in oxalic acid, and (f) photoresist removal resulting in suspended and

encapsulated LED coupons ready for transfer onto foreign substrates.

neighboring coupons and leave only one side of the release layer
exposed (Figure 1d). This restricted the ECE from proceeding in only
one direction for each coupon. As an electrolyte in the process, we
used oxalic acid, which has low toxicity and is biodegradable.*
Etching was conducted in a standard three-electrode setup with the
whole sample submerged in a 0.3 M solution at the 3 V bias applied to
the anode for 8 h (see Figure 1e).”® Etching time was chosen based
on confirmation that it results in the full release of the structure,
rather than optimizing for the shortest process, which could be
imperative for future applications. The n-type electrode outside the
LED coupons was not submerged in the electrolyte, and the sacrificial
layer underneath remained unetched. After the ECE process, the
photoresist was removed using an oxygen plasma, and the LED
coupons were held in place only by the SiO,/SiN/SiO, protective
cover, as illustrated in Figure 1f. In Figure 2, LED coupons after ECE
are presented. Optical microscopy (Figure 2a) and scanning electron
microscopy (SEM) (Figure 2b) are compared. To clearly indicate
electropolishing (complete removal of the release layer) in the ECE
process, a larger magnification SEM image is presented in Figure 2c.
The optimized procedure of ECE allows the selective removal of the
sacrificial layer without affecting the coupon facets.

3. RESULTS AND DISCUSSION

The crucial aspect of the preparation of coupons for
heterointegration is the flatness of the coupon after the
etching process.”””" Figure 3ab shows atomic force micros-
copy (AFM) images measured on 10 X 10 and 2 X 2 yum® area,
respectively, for the InGaN:Ge/GaN:Si release layer grown on
a calibration sample. Figure 3c shows the respective sample
schematics. Figure 3d,e presents AFM images of the backside
of an LED coupon after ECE delamination from the substrate
by using adhesive tape. The respective sample schematic is
shown in Figure 3f. The calibration sample shown in Figure
3a—c is grown using identical growth conditions as the release
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Figure 2. LED coupon with an etched release layer covered by SiO,/
SiN/SiO, as obtained by (a) optical microscopy and (b) scanning
electron microscopy. In (c) zoomed-in part of the coupon indicating
separation from the substrate is shown.

layer grown under LED. The root mean square (RMS)
roughness of the release layer after epitaxy is 0.6 nm, measured
on both 2 X 2 um® and 10 X 10 um® (Figure 3a,b,
respectively). The RMS roughness on the backside of an LED
is 0.6 nm; see Figure 3d. Note that using a low voltage of 3V,
we were able to obtain coupons with an extremely flat bottom
surface, comparable with the roughness of the release layer.

https://doi.org/10.1021/acsaelm.5c00259
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Figure 3. Atomic force microscopy images of (a,b) surface of InGaN:Ge release layer taken on a calibration sample and (c) corresponding sample
schematics, and (d,e) surface morphology of the backside of an LED coupon after removal of the release layer by ECE with (f) the corresponding

sample schematics.

Pronounced surface undulations seen in the images in Figure
3a,d support that the obtained backside LED surface roughness
is limited by the release layer morphology rather than the ECE
procedure. The RMS roughness on a 2 X 2 um? area of the
backside of the coupon presented in Figure 3e is 1.2 nm, which
is likely dominated by smaller residues present at the coupon.
Further optimization of the growth conditions of the release
layer could be promising to improve the smoothness to even
lower values. Obtaining such high doping levels as n = 6 X 10*°
cm™ up to now has only been possible for GaN:Ge in
PAMBE. Silicon doping both in MBE and MOVPE causes a
significant decrease in structural quality above 1 X 10" cm™**
and § X 10" cm™3,>® respectively. Increasing sacrificial layer
doping has been reported to improve the material removal
efficiency after ECE in the nitric acid—based electrolyte,
leading to the GaN membrane N-polar surface roughness
decrease from 8 to 5 nm when doping increased from n = 1 X
10 cm™ to n = 5§ X 10" cm™ and an etching bias was
decreased from 17 to 6 V.* Further improvement was done by
increasing the polarization field, and the RMS roughness of the
backside of the GaN membrane was 0.44 nm as measured on 5
x 5 um?* This concept of polarization-aided ECE
implemented to separate a fully processed device structure,
i.e, a resonant-cavity UV LED, resulted in 1.5 nm RMS
roughness of the N-polar side of AIGaN layer.*” In our case,
the GaN coupon backside RMS roughness reaching 0.6 nm
was obtained thanks to a (i) high-quality epitaxial interface of
initially low roughness and (ii) extremely high doping of
InGaN:Ge n = 6 X 10*° cm™ of the topmost sacrificial layer.

To perform a straightforward test of the robustness of the
LEDs after the ECE process, the whole sample was subjected
to SFg exposing the metal contacts and simultaneously
thinning the holding tethers (Figure 4a). An individual LED
coupon was transferred from the source GaN wafer with many
LEDs (Figure 4b) to a dummy Al,O; carrier wafer (Figure 4c)
by using a micromanipulator equipped with a probe. After the
procedure, when forward biased, a clear sign of the visible light
emission could be resolved. Current density versus voltage (j—
V) characteristics of the coupon are shown in Figure Sa. The
device exhibits comparable j—V characteristics before and after
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LED coupon

Figure 4. (a) Released LED coupon after ECE. Optical microscopy
images of the ultrathin LED (b) stuck to transfer-probe, (c)
transferred onto AL, O; wafer, and (d) under a forward bias, post-
transfer.

the transfer, with only a slight decrease in the on-current
density observed post-transfer. This difference could also be
related to the incomplete removal of the dielectric from the
device, resulting in contact resistance dependent on the
placement of the probe. For the setup used, only a limited
amount of light could be collected. We characterized the
optical performance by using an optical fiber to measure power
and emission spectra. In Figure Sb, the optical power and
external quantum efficiency (EQE) as a function of current
density are compared for the same coupon before and after
transfer. EQE is presented in a normalized form by dividing by
the maximum value of the curve after transfer. Keeping in mind
the unoptimized collection of light and the fact that the EQE
maximum remains at the same current, this indicates a
negligible deterioration of the coupon during transfer.”* The
emission spectra for different injected currents after transfer

https://doi.org/10.1021/acsaelm.5c00259
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Figure S. Characteristics for the ultrathin LED obtained before and
after transfer. (a) Current density vs voltage in semilog and linear
scale and (b) optical output power and external quantum efficiency
normalized by dividing by the maximum value of the curve after
transfer vs current density. (c) Emission spectra for the device after
transfer. The inset presents optical microscopy photos of the device
under a forward current.

are shown in Figure Sc. At low current densities, the LED
emits green light, which blue-shifts toward cyan as the current
increases (visible also for true-color images presented as
insets). This behavior is well described for Ill-nitride QWs and
is caused dominantly by the screening of the built-in
polarization field, which leads to a reduced quantum confined
Stark effect.>

Source wafer with devices covered by dielectric and after
ECE (at the stage presented in Figure 2) was shipped to Ghent
University-imec for yTP tests. This transfer procedure was
carried out according to the scheme presented in Figure 6. The

4818

free-standing LEDs were picked, breaking the tethers, from the
source wafer by using a polydimethylsiloxane (PDMS) stamp,
Figure 6b. An optical microscopy image of the topography of
the bottom surface of the picked coupons can be seen in Figure
6¢. Subsequently, the LEDs were transferred onto a silicon
substrate, which was spin-coated prior to a 40 nm adhesive
divinylsiloxane-bis-benzocyclobutene (DVS-BCB, or BCB)
layer. The printing (Figure 6d) took place at an elevated
temperature of 80 °C. With multiple LED coupons integrated
onto the target wafer (Figure 6e), BCB curing was performed
at 270 °C. An exemplary optical microscopy image of six LED
coupons after subsequent transfer procedures and curing is
presented in Figure 6f. The presence of dielectric encapsula-
tion at this point is confirmed by a few tethers that were
transferred together with the coupon. To electrically character-
ize devices at this point, the SFy blanket etching was used to
remove the SiO,/SiN/SiO, dielectric. Microtransfer-printed
coupons from the same process characterized in Figure §
exhibit similar I-V characteristics, as confirmed by exemplary
j—V characteristics for 11 coupons presented in Figure 7. Nine
LED coupons, each of the same size as before, were also
transferred to a separate wafer, where after dielectric removal,
350 nm thick SiN was deposited for device isolation using
plasma-enhanced chemical vapor deposition. Then, openings
in that dielectric were etched in the middle of each LED
contact using SF¢ and additional metallization (40 nm/1 pm,
Ti/Au) was deposited to connect LEDs into a parallel circuit.
As shown in the inset of Figure 7, under the same bias, they
emitted light at comparable intensities with some random
variations also visible in j-V characteristics measured for
separated devices presented in Figure 7.

4. CONCLUSIONS

The presented data demonstrate the successful delamination of
ultrathin LEDs from bulk GaN substrates. Devices could then
be transferred to foreign substrates without significant
degradation in performance. ECE has proven to be a reliable
technique for producing freestanding pTP-ready thin-film
LEDs. By optimizing the ECE conditions, a uniform removal
of the release layer was achieved, resulting in an exceptionally
smooth backside of the coupons, which ensured excellent
adherence to foreign substrates. The dielectric tethers used
were stiff enough to keep the coupons in place during sample
shipment and thin enough to release the device during transfer.

The use of high-quality bulk GaN substrates enables the
creation of structures with threading dislocation densities
below 10° cm™2 that can be integrated onto foreign substrates,
which is important for applications relying on a high current
density operation. ECE offers a unique possibility to
delaminate such structures. Additionally, because the source
wafer is not destroyed in the process, such substrates can be
recycled, substantially reducing the costs of their use in
production.

The presented approach also has its challenges. The high
selectivity of the ECE process is ensured by a large difference
in doping concentrations within the structure, which leads to a
more demanding and longer epitaxial growth process.
Additionally, the more complicated device processing,
including the long ECE process, could prove challenging for
large-area samples. We believe that further optimization of the
ECE conditions, such as the electrolyte concentration and
process temperature, should result in a more industrially
compatible process flow.
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Figure 6. Scheme showing microtransfer printing procedure. (a,b) Coupon pick-up procedure is shown, while (c) a corresponding optical
microscopy image of LED coupons on a transfer-printing stamp. The printing procedure (d) with the final stage presenting the scheme and real-life

optical microscopy image after transfer (e,f), respectively.
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Figure 7. Current density as a function of voltage for 11 coupons after
the microtransfer printing procedure is shown in Figure 6. The inset
shows the operation of an LED array of nine devices connected in
parallel.

The presented results were obtained for PAMBE-grown
structures to ensure high germanium doping in the release
layer. Here, for simplicity, the same growth technique was used
to realize the LED structure on top of it. In future applications,
heavily doped templates prepared by one technique could be
used for the subsequent growth of light emitters in a separate
process realized by a different growth technique. Alternatively,
lower doping concentrations of the release layer could suffice
for optimized ECE etching conditions, leading to an even
smoother back surface of the transferred devices.

B ASSOCIATED CONTENT

Data Availability Statement
The data underlying this study are openly available in the
Repository for Open Data RepOD at 10.18150/KGI4NU.

B AUTHOR INFORMATION

Corresponding Author
Henryk Turski — Institute of High Pressure Physics Polish
Academy of Sciences, PAS, 01-142 Warsaw, Poland; School
of Electrical and Computer Engineering, Cornell University,
Ithaca, New York 14853, United States; ® orcid.org/0000-
0002-2686-9842; Email: henryk@unipress.waw.pl

Authors

Mikolaj Chlipata — Institute of High Pressure Physics Polish

Academy of Sciences, PAS, 01-142 Warsaw, Poland;
orcid.org/0000-0001-9922-0174

Konstantinos Akritidis — Photonics Research Group, INTEC
Department, Ghent University—Imec, 9052 Ghent, Belgium;
IMEC, 3001 Leuven, Belgium

Iryna Levchenko — Institute of High Pressure Physics Polish
Academy of Sciences, PAS, 01-142 Warsaw, Poland

Krzysztof Gibasiewicz — Institute of High Pressure Physics
Polish Academy of Sciences, PAS, 01-142 Warsaw, Poland

Tara Brstilo — Institute of High Pressure Physics Polish
Academy of Sciences, PAS, 01-142 Warsaw, Poland

Maximilien Billet — Photonics Research Group, INTEC
Department, Ghent University—Imec, 9052 Ghent, Belgium

Pol Van Dorpe — IMEC, 3001 Leuven, Belgium

Natalia Fiuczek — Institute of High Pressure Physics Polish
Academy of Sciences, PAS, 01-142 Warsaw, Poland

Marta Sawicka — Institute of High Pressure Physics Polish
Academy of Sciences, PAS, 01-142 Warsaw, Poland;

orcid.org/0000-0002-8039-8084

Bart Kuyken — Photonics Research Group, INTEC

Department, Ghent University—Imec, 9052 Ghent, Belgium

Complete contact information is available at:
https://pubs.acs.org/10.1021/acsaelm.5c¢00259

https://doi.org/10.1021/acsaelm.5c00259
ACS Appl. Electron. Mater. 2025, 7, 4814—4821


https://doi.org/10.18150/KGI4NU
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Henryk+Turski"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-2686-9842
https://orcid.org/0000-0002-2686-9842
mailto:henryk@unipress.waw.pl
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Miko%C5%82aj+Chlipa%C5%82a"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0001-9922-0174
https://orcid.org/0000-0001-9922-0174
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Konstantinos+Akritidis"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Iryna+Levchenko"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Krzysztof+Gibasiewicz"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Tara+Brstilo"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Maximilien+Billet"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Pol+Van+Dorpe"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Natalia+Fiuczek"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Marta+Sawicka"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-8039-8084
https://orcid.org/0000-0002-8039-8084
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Bart+Kuyken"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/doi/10.1021/acsaelm.5c00259?ref=pdf
https://pubs.acs.org/doi/10.1021/acsaelm.5c00259?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsaelm.5c00259?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsaelm.5c00259?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsaelm.5c00259?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsaelm.5c00259?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acsaelm.5c00259?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acsaelm.5c00259?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acsaelm.5c00259?fig=fig7&ref=pdf
pubs.acs.org/acsaelm?ref=pdf
https://doi.org/10.1021/acsaelm.5c00259?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Applied Electronic Materials

pubs.acs.org/acsaelm

Funding

The work was supported by the European Union under
HORIZON EUROPE (VISSION ID:101070622) and (CSOC
ID: 101047289).

Notes
The authors declare no competing financial interest.

B REFERENCES

(1) van Deurzen, L.; Kim, E.; Pieczulewski, N.; Zhang, Z;
Feduniewicz-Zmuda, A.; Chlipala, M.; Siekacz, M.; Muller, D,
Xing, H. G.; Jena, D.; et al. Using both faces of polar semiconductor
wafers for functional devices. Nature 2024, 634 (8033), 334—340.

(2) Ryw, J. E; Park, S.; Park, Y.; Ryu, S. W.; Hwang, K.; Jang, H. W.
Technological Breakthroughs in Chip Fabrication, Transfer, and
Color Conversion for High-Performance Micro-LED Displays. Adv.
Mater. 2023, 35 (43), No. e2204947.

(3) Zhang, H.; Rogers, J. A. Recent Advances in Flexible Inorganic
Light Emitting Diodes: From Materials Design to Integrated
Optoelectronic Platforms. Adv. Opt. Mater. 2019, 7 (2), 1800936.

(4) Wang, J.; Hua, Q; Sha, W.; Chen, J.; Dai, X; Niu, J.; Xiao, J;
Hu, W. Flexible GaN-based microscale light-emitting diodes with a
batch transfer by wet etching. Opt. Lett. 2022, 47 (19), 5052—505S.

(5) Zheng, Z.; Zhang, L.; Song, W.; Feng, S.; Xu, H; Sun, J.; Yang,
S.;; Chen, T.; Wei, J; Chen, K. J. Gallium nitride-based
complementary logic integrated circuits. Nat. Electron. 2021, 4 (8),
595-603.

(6) Roelkens, G.; Zhang, J.; Bogaert, L.; Soltanian, E.; Billet, M;
Uzun, A; Pan, B,; Liu, Y,; Delli, E.; Wang, D; et al. Present and future
of micro-transfer printing for heterogeneous photonic integrated
circuits. APL Photonics 2024, 9 (1), 010901.

(7) Chen, F.; Bian, J.; Huy, J.; Sun, N,; Yang, B; Ling, H.; Yu, H,;
Wang, K; Gai, M.; Ma, Y,; et al. Mass transfer techniques for large-
scale and high-density microLED arrays. Int. J. Extreme Manuf. 2022,
4 (4), 042006.

(8) Fu, W. Y,; Choi, H. W. Progress and prospects of Ill-nitride
optoelectronic devices adopting lift-off processes. J. Appl. Phys. 2022,
132 (6), 060903.

(9) Cheung, Y. F.; Li, K. H.; Choi, H. W. Flexible Free-Standing III-
Nitride Thin Films for Emitters and Displays. ACS Appl. Mater.
Interfaces 2016, 8 (33), 21440—21445.

(10) Jaeyi, C.; Youngkyu, H; Yong-Seok, C.; Tak, J.; Jong Hyeob,
B,; Heung Cho, K; Seong-Ju, P. Transfer of GaN LEDs From
Sapphire to Flexible Substrates by Laser Lift-Off and Contact
Printing. IEEE Photonics Technol. Lett. 2012, 24 (23), 2115—2118.

(11) Yulianto, N.; Kadja, G. T. M.; Bornemann, S.; Gahlawat, S.;
Majid, N.; Triyana, K.; Abdi, F. F.; Wasisto, H. S.; Waag, A. Ultrashort
Pulse Laser Lift-Off Processing of InGaN/GaN Light-Emitting Diode
Chips. ACS Appl. Electron. Mater. 2021, 3 (2), 778—788.

(12) Yulianto, N.; Refino, A. D.; Syring, A.; Majid, N.; Mariana, S.;
Schnell, P.; Wahyuono, R. A,; Triyana, K.; Meierhofer, F.; Daum, W.;
et al. Wafer-scale transfer route for top—down Ill-nitride nanowire
LED arrays based on the femtosecond laser lift-off technique.
Microsyst. Nanoeng. 2021, 7 (1), 32.

(13) Ezhilarasu, G.; Hanna, A.; Paranjpe, A.; Iyer, S. S. High Yield
Precision Transfer and Assembly of GaN yLEDs Using Laser Assisted
Micro Transfer Printing. In 2019 IEEE 69th Electronic Components
and Technology Conference (ECTC), 2019.

(14) Ueda, T.; Ishida, M.; Yuri, M. Laser lift-off of very thin AIGaN
film from sapphire using selective decomposition of GaN interlayer.
Appl. Surf. Sci. 2003, 216 (1), 512—518.

(15) Shaban, Z.; Li, Z.; Roycroft, B.; Saei, M.; Mondal, T.; Corbett,
B. Transfer Printing of Roughened GaN-Based Light-Emitting Diodes
into Reflective Trenches for Visible Light Communication. Adv.
Photonics Res. 2022, 3 (8), 2100312.

(16) Lerner, R.; Eisenbrandt, S.; Fischer, F.; Fecioru, A.; Trindade,
A. J; Bonafede, S.; Bower, C.; Waltereit, P.; Reiner, R.; Czap, H.
Flexible and Scalable Heterogeneous Integration of GaN HEMTSs on

4820

Si-CMOS by Micro-Transfer-Printing. Phys. Status Solidi A 2018, 215
(8), 1700556.

(17) Rae, K;; Manousiadis, P. P.; Islim, M. S.; Yin, L.; Carreira, J.;
McKendry, J. J. D.; Guilhabert, B.; Samuel, I. D. W.; Turnbull, G. A;;
Laurand, N.; et al. Transfer-printed micro-LED and polymer-based
transceiver for visible light communications. Opt. Express 2018, 26
(24), 31474—31483.

(18) Yablonovitch, E.; Gmitter, T.; Harbison, J. P.; Bhat, R. Extreme
selectivity in the lift-off of epitaxial GaAs films. Appl. Phys. Lett. 1987,
51 (26), 2222-2224.

(19) Yang, W,; Yang, H,; Qin, G.; Ma, Z.; Berggren, J.; Hammar, M.;
Soref, R.; Zhou, W. Large-area InP-based crystalline nanomembrane
flexible photodetectors. Appl. Phys. Lett. 2010, 96 (12), 121107.

(20) Shaban, Z.; Li, Z.; Roycroft, B.; Saei, M.; Mondal, T.; Corbett,
B. Transfer Printing of Roughened GaN-Based Light-Emitting Diodes
into Reflective Trenches for Visible Light Communication. Adv.
Photonics Res. 2022, 3 (8), 2100312.

(21) Yonkee, B. P.; SaifAddin, B.; Leonard, J. T.; DenBaars, S. P.;
Nakamura, S. Flip-chip blue LEDs grown on (20\bar{2}1) bulk GaN
substrates utilizing photoelectrochemical etching for substrate
removal. Appl. Phys. Express 2016, 9 (S), 056502.

(22) Rogers, D. J.; Hosseini Teherani, F.; Ougazzaden, A.; Gautier,
S; Divay, L; Lusson, A, Durand, O, Wyczisk, F; Garry, G;
Monteiro, T.; et al. Use of ZnO thin films as sacrificial templates for
metal organic vapor phase epitaxy and chemical lift-off of GaN. Appl.
Phys. Lett. 2007, 91 (7), 071120.

(23) Rajan, A; Rogers, D. J; Ton-That, C.; Zhu, L.; Phillips, M. R;;
Sundaram, S.; Gautier, S.; Moudakir, T.; El-Gmili, Y.; Ougazzaden, A,;
et al. Wafer-scale epitaxial lift-off of optoelectronic grade GaN from a
GaN substrate using a sacrificial ZnO interlayer. J. Phys. D: Appl. Phys.
2016, 49 (31), 315105.

(24) Ha, J. S.; Lee, S. W.; Lee, H. J.; Lee, H. J.; Lee, S. H.; Goto, H.;
Kato, T.; Fujii, K;; Cho, M. W.; Yao, T. The Fabrication of Vertical
Light-Emitting Diodes Using Chemical Lift-Off Process. IEEE
Photonics Technol. Lett. 2008, 20 (3), 175—177.

(25) Meyer, D. J.; Downey, B. P; Katzer, D. S.; Nepal, N.; Wheeler,
V. D.; Hardy, M. T.; Anderson, T. J.; Storm, D. F. Epitaxial Lift-Off
and Transfer of III-N Materials and Devices from SiC Substrates.
IEEE Trans. Semicond. Manuf. 2016, 29 (4), 384—389.

(26) Horng, R.-H,; Pan, C.-T; Tsai, T.-Y.; Wuu, D.-S. Transferring
Thin Film GaN LED Epi-Structure to the Cu Substrate by Chemical
Lift-Off Technology. Electrochem. Solid-State Lett. 2011, 14 (7), H281.

(27) Youtsey, C.; McCarthy, R.; Reddy, R.; Forghani, K; Xie, A;
Beam, E.; Wang, J.; Fay, P.; Ciarkowski, T.; Carlson, E.; et al. Wafer-
scale epitaxial lift-off of GaN using bandgap-selective photoenhanced
wet etching. Phys. Status Solidi B 2017, 254 (8), 1600774.

(28) Hwang, D.; Yonkee, B. P; Addin, B. S, Farrell, R. M,
Nakamura, S.; Speck, J. S.; DenBaars, S. Photoelectrochemical liftoff
of LEDs grown on freestanding c-plane GaN substrates. Opt. Express
2016, 24 (20), 22875—22880.

(29) Stonas, A. R; Margalith, T.; DenBaars, S. P.; Coldren, L. A;
Hu, E. L. Development of selective lateral photoelectrochemical
etching of InGaN/GaN for lift-off applications. Appl. Phys. Lett. 2001,
78 (13), 1945—1947.

(30) Park, J; Song, K. M; Jeon, S-R; Baek, J. H; Ryu, S.-W.
Doping selective lateral electrochemical etching of GaN for chemical
lift-off. Appl. Phys. Lett. 2009, 94 (22), 221907.

(31) Zhang, Y.; Sun, Q; Leung, B.; Simon, J.; Lee, M. L.; Han, J.
The fabrication of large-area, free-standing GaN by a novel
nanoetching process. Nanotechnology 2011, 22 (4), 045603.

(32) Hou, Y.; Wang, Y.; Ai, Q. A thin transferable blue light-emitting
diode by electrochemical lift-off. Nano Express 2020, 1 (2), 020033.

(33) Jeong, J; Jin, D. K; Choi, J.; Jang, J.; Kang, B. K,; Wang, Q,;
Park, W. I; Jeong, M. S.; Bae, B.-S.; Yang, W. S,; et al. Transferable,
flexible white light-emitting diodes of GaN p—n junction micro-
crystals fabricated by remote epitaxy. Nano Energy 2021, 86, 106075.

(34) Chen, Z.; Zhang, X.; Dou, Z.; Wei, T.; Liu, Z; Qi, Y,; Ci, H;
Wang, Y,; Li, Y; Chang, H; et al. High-Brightness Blue Light-

https://doi.org/10.1021/acsaelm.5c00259
ACS Appl. Electron. Mater. 2025, 7, 4814—4821


https://doi.org/10.1038/s41586-024-07983-z
https://doi.org/10.1038/s41586-024-07983-z
https://doi.org/10.1002/adma.202204947
https://doi.org/10.1002/adma.202204947
https://doi.org/10.1002/adom.201800936
https://doi.org/10.1002/adom.201800936
https://doi.org/10.1002/adom.201800936
https://doi.org/10.1364/OL.471017
https://doi.org/10.1364/OL.471017
https://doi.org/10.1038/s41928-021-00611-y
https://doi.org/10.1038/s41928-021-00611-y
https://doi.org/10.1063/5.0181099
https://doi.org/10.1063/5.0181099
https://doi.org/10.1063/5.0181099
https://doi.org/10.1088/2631-7990/ac92ee
https://doi.org/10.1088/2631-7990/ac92ee
https://doi.org/10.1063/5.0089750
https://doi.org/10.1063/5.0089750
https://doi.org/10.1021/acsami.6b04413?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsami.6b04413?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1109/lpt.2012.2221694
https://doi.org/10.1109/lpt.2012.2221694
https://doi.org/10.1109/lpt.2012.2221694
https://doi.org/10.1021/acsaelm.0c00913?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsaelm.0c00913?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsaelm.0c00913?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1038/s41378-021-00257-y
https://doi.org/10.1038/s41378-021-00257-y
https://doi.org/10.1016/S0169-4332(03)00476-8
https://doi.org/10.1016/S0169-4332(03)00476-8
https://doi.org/10.1002/adpr.202100312
https://doi.org/10.1002/adpr.202100312
https://doi.org/10.1002/pssa.201700556
https://doi.org/10.1002/pssa.201700556
https://doi.org/10.1364/OE.26.031474
https://doi.org/10.1364/OE.26.031474
https://doi.org/10.1063/1.98946
https://doi.org/10.1063/1.98946
https://doi.org/10.1063/1.3372635
https://doi.org/10.1063/1.3372635
https://doi.org/10.1002/adpr.202100312
https://doi.org/10.1002/adpr.202100312
https://doi.org/10.7567/APEX.9.056502
https://doi.org/10.7567/APEX.9.056502
https://doi.org/10.7567/APEX.9.056502
https://doi.org/10.1063/1.2770655
https://doi.org/10.1063/1.2770655
https://doi.org/10.1088/0022-3727/49/31/315105
https://doi.org/10.1088/0022-3727/49/31/315105
https://doi.org/10.1109/LPT.2007.912491
https://doi.org/10.1109/LPT.2007.912491
https://doi.org/10.1109/TSM.2016.2599839
https://doi.org/10.1109/TSM.2016.2599839
https://doi.org/10.1149/1.3582352
https://doi.org/10.1149/1.3582352
https://doi.org/10.1149/1.3582352
https://doi.org/10.1002/pssb.201600774
https://doi.org/10.1002/pssb.201600774
https://doi.org/10.1002/pssb.201600774
https://doi.org/10.1364/OE.24.022875
https://doi.org/10.1364/OE.24.022875
https://doi.org/10.1063/1.1352663
https://doi.org/10.1063/1.1352663
https://doi.org/10.1063/1.3153116
https://doi.org/10.1063/1.3153116
https://doi.org/10.1088/0957-4484/22/4/045603
https://doi.org/10.1088/0957-4484/22/4/045603
https://doi.org/10.1088/2632-959X/abb07d
https://doi.org/10.1088/2632-959X/abb07d
https://doi.org/10.1016/j.nanoen.2021.106075
https://doi.org/10.1016/j.nanoen.2021.106075
https://doi.org/10.1016/j.nanoen.2021.106075
https://doi.org/10.1002/adma.201801608
pubs.acs.org/acsaelm?ref=pdf
https://doi.org/10.1021/acsaelm.5c00259?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Applied Electronic Materials

pubs.acs.org/acsaelm

Emitting Diodes Enabled by a Directly Grown Graphene Buffer
Layer. Adv. Mater. 2018, 30 (30), 1801608.

(35) Wang, L.; Duo, Y,; Song, Y.,; Huo, Z.; Yang, J.; Ran, J.; Yan, J;
Wang, J; Li, J.; Wei, T. Controlled exfoliation of wafer-scale single-
crystalline AIN film on MOCVD-grown layered h-BN. Appl. Phys.
Lett. 2024, 124 (18), 181602.

(36) Song, W.; Chen, Q.; Yang, K; Liang, M.; Yi, X.; Wang, J.; Li, J;
Liu, Z. Recent Advances in Mechanically Transferable III-Nitride
Based on 2D Buffer Strategy. Adv. Funct. Mater. 2023, 33 (12),
2209880.

(37) Chen, D.; Xiao, H.; Han, J. Nanopores in GaN by
electrochemical anodization in hydrofluoric acid: Formation and
mechanism. J. Appl. Phys. 2012, 112 (6), 064303.

(38) Sawicka, M.; Fiuczek, N.; Turski, H.; Muziol, G.; Siekacz, M.;
Nowakowski-Szkudlarek, K.; Feduniewicz-Zmuda, A.; Wolny, P.;
Skierbiszewski, C. Revealing inhomogeneous Si incorporation into
GaN at the nanometer scale by electrochemical etching. Nanoscale
2020, 12 (10), 6137—6143.

(39) Ciers, J.; Bergmann, M. A.; Hjort, F.; Carlin, J.-F.; Grandjean,
N.; Haglund, A. Smooth GaN membranes by polarization-assisted
electrochemical etching. Appl. Phys. Lett. 2021, 118 (6), 062107.

(40) Liu, Y,; Feng, M.; Yang, S.; Li, C.; Dai, Y.; Zhang, S.; Liu, J.; Jin,
J.; Sun, Q.; Yang, H. Electrochemical lift-off of GaN films for GaN-on-
GaN technology. J. Phys. D: Appl. Phys. 2024, 57 (10), 10510S.

(41) Ko, M.; Hong, E.; Eo, Y. J.; Lee, S.; Kim, S.; Kim, H. J.; Lee, K.
N,; Kim, C; Do, Y. R. Development and Isolation of Dot LEDs for
Display Applications through Electrochemical Etching and Sono-
chemical Separation. Adv. Funct. Mater. 2024, 34 (1), 2303727.

(42) Torres, E.; Ciers, J.; Bergmann, M. A,; Hopfner, J.; Graupeter,
S.; Grigoletto, M.; Guttmann, M.; Kolbe, T.; Wernicke, T.; Kneissl,
M,; et al. Ultraviolet-B Resonant-Cavity Light-Emitting Diodes with
Tunnel Junctions and Dielectric Mirrors. ACS Photonics 2024, 11 (8),
2923-2929.

(43) Massabuau, F. C. P.; Griffin, P. H.; Springbett, H. P,; Liu, Y.;
Kumar, R. V.; Zhu, T.; Oliver, R. A. Dislocations as channels for the
fabrication of sub-surface porous GaN by electrochemical etching.
APL Mater. 2020, 8 (3), 031115.

(44) Hou, Y.; Wang, Y.; Ai, Q. A thin transferable blue light-emitting
diode by electrochemical lift-off. Nano Express 2020, 1 (2), 020033.

(45) Zhang, Y.; Ryu, S.-W,; Yerino, C.; Leung, B.; Sun, Q; Song, Q.;
Cao, H; Han, J. A conductivity-based selective etching for next
generation GaN devices. Phys. Status Solidi B 2010, 247 (7), 1713—
1716.

(46) Kucharski, R; Janicki, L.; Zajac, M.; Welna, M.; Motyka, M;
Skierbiszewski, C.; Kudrawiec, R. Transparency of Semi-Insulating, n-
Type, and p-Type Ammonothermal GaN Substrates in the Near-
Infrared, Mid-Infrared, and THz Spectral Range. Crystals 2017, 7 (7),
187.

(47) Turski, H.; Wolny, P.; Chlipala, M.; Sawicka, M.; Reszka, A.;
Kempisty, P.; Konczewicz, L.; Muziol, G.; Siekacz, M.; Skierbiszewski,
C. Role of Metallic Adlayer in Limiting Ge Incorporation into GaN.
Materials 2022, 15 (17), 5929.

(48) Ajay, A,; Schérmann, J.; Jiménez-Rodriguez, M.; Lim, C. B,;
Walther, F.; Rohnke, M.; Mouton, I; Amichi, L.; Bougerol, C.; Den
Hertog, M. L; et al. Ge doping of GaN beyond the Mott transition. J.
Phys. D: Appl. Phys. 2016, 49 (44), 445301.

(49) Turski, H.; Muziol, G.; Wolny, P.; Grzanka, S.; Cywinski, G.;
Sawicka, M.; Perlin, P.; Skierbiszewski, C. Cyan laser diode grown by
plasma-assisted molecular beam epitaxy. Appl. Phys. Lett. 2014, 104
(2), 023503.

(50) Graz, M.; Ruminowicz-Stefaniuk, M.; Jarosz-Wilkolazka, A.
Oxalic acid degradation in wood-rotting fungi. Searching for a new
source of oxalate oxidase. World J. Microbiol. Biotechnol. 2023, 39 (1),
13.

(51) Vandekerckhove, T.; Vanackere, T.; De Witte, J.; Cuyvers, S.;
Reis, L.; Billet, M.; Roelkens, G.; Clemmen, S.; Kuyken, B. Reliable
micro-transfer printing method for heterogeneous integration of
lithium niobate and semiconductor thin films. Opt. Mater. Express
2023, 13 (7), 1984.

4821

(52) Sawicka, M.; Turski, H.; Sobczak, K.; Feduniewicz-Zmuda, A.;
Fiuczek, N.; Golyga, O.; Siekacz, M.; Muziol, G.; Nowak, G.; Smalc-
Koziorowska, J.; et al. Nanostars in Highly Si-Doped GaN. Cryst.
Growth Des. 2023, 23 (7), 5093—5101.

(53) Fritze, S; Dadgar, A,; Witte, H.; Biigler, M.; Rohrbeck, A;
Blasing, J.; Hoffmann, A.; Krost, A. High Si and Ge n-type doping of
GaN doping—Limits and impact on stress. Appl. Phys. Lett. 2012, 100
(12), 122104.

(54) Pandey, A.; Xiao, Y.; Reddeppa, M.; Malhotra, Y.; Liu, J.; Min,
J; Wu, Y.; Mi, Z. A red-emitting micrometer scale LED with external
quantum efficiency >8%. Appl. Phys. Lett. 2023, 122 (15), 151103.

(55) Pant, N; Li, X; DeJong, E; Feezell D.; Armitage, R;
Kioupakis, E. Origin of the injection-dependent emission blueshift
and linewidth broadening of III-nitride light-emitting diodes. AIP Adv.
2022, 12 (12), 125020.

CAS INSIGHTS™

EXPLORE THE INNOVATIONS
SHAPING TOMORROW

Discover the latest scientific research and trends with CAS Insights.
Subscribe for email updates on new articles, reports, and webinars
at the intersection of science and innovation.

Subscribe today

https://doi.org/10.1021/acsaelm.5c00259
ACS Appl. Electron. Mater. 2025, 7, 4814—4821


https://doi.org/10.1002/adma.201801608
https://doi.org/10.1002/adma.201801608
https://doi.org/10.1063/5.0211872
https://doi.org/10.1063/5.0211872
https://doi.org/10.1002/adfm.202209880
https://doi.org/10.1002/adfm.202209880
https://doi.org/10.1063/1.4752259
https://doi.org/10.1063/1.4752259
https://doi.org/10.1063/1.4752259
https://doi.org/10.1039/C9NR10968D
https://doi.org/10.1039/C9NR10968D
https://doi.org/10.1063/5.0034898
https://doi.org/10.1063/5.0034898
https://doi.org/10.1088/1361-6463/ad11be
https://doi.org/10.1088/1361-6463/ad11be
https://doi.org/10.1002/adfm.202303727
https://doi.org/10.1002/adfm.202303727
https://doi.org/10.1002/adfm.202303727
https://doi.org/10.1021/acsphotonics.4c00312?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsphotonics.4c00312?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1063/1.5142491
https://doi.org/10.1063/1.5142491
https://doi.org/10.1088/2632-959X/abb07d
https://doi.org/10.1088/2632-959X/abb07d
https://doi.org/10.1002/pssb.200983650
https://doi.org/10.1002/pssb.200983650
https://doi.org/10.3390/cryst7070187
https://doi.org/10.3390/cryst7070187
https://doi.org/10.3390/cryst7070187
https://doi.org/10.3390/ma15175929
https://doi.org/10.1088/0022-3727/49/44/445301
https://doi.org/10.1063/1.4861655
https://doi.org/10.1063/1.4861655
https://doi.org/10.1007/s11274-022-03449-4
https://doi.org/10.1007/s11274-022-03449-4
https://doi.org/10.1364/OME.494038
https://doi.org/10.1364/OME.494038
https://doi.org/10.1364/OME.494038
https://doi.org/10.1021/acs.cgd.3c00317?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1063/1.3695172
https://doi.org/10.1063/1.3695172
https://doi.org/10.1063/5.0129234
https://doi.org/10.1063/5.0129234
https://doi.org/10.1063/5.0134995
https://doi.org/10.1063/5.0134995
pubs.acs.org/acsaelm?ref=pdf
https://doi.org/10.1021/acsaelm.5c00259?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://solutions.cas.org/CASInsights_Subscribe?utm_campaign=GLO_GEN_ANY_CIS_AWS&utm_medium=DSP_CAS_ORG&utm_source=Publication_CEN&utm_content=pdf_footer 

