¥® ROYAL SOCIETY

Journal of
PP OF CHEMISTRY

Materials Chemistry C

View Article Online
View Journal | View Issue

REVIEW

Top-down micro and nano structuring of wide
bandgap semiconductors for ultraviolet
photodetectiont

’ '.) Check for updates ‘

Cite this: J. Mater. Chem. C, 2025,
13, 3145

Ramit Kumar Mondal,? You Jin Kim,? Yikai Liao,? Zhihua Zheng,*® Jiangnan Dai
and Munho Kim (2 *@

Solar blind ultraviolet (UV) photodetectors (PDs) based on llI-nitrides, silicon carbide (SiC), and other
wide bandgap semiconductors such as diamond and gallium oxide (Ga,Os) offer excellent device
performance such as low dark current, high responsivity, high detectivity, and high UV/visible rejection
ratio. The performance of the UV PDs can be further improved by implementing micro and
nanostructures via enhanced light—matter interaction. This review paper primarily encompasses the

Received 29th July 2024, detailed study and recent development of various approaches of dry and wet etching techniques

Accepted 8th January 2025 to enable the formation of micro and nanostructures built on the aforementioned material systems.
Applications of different etching techniques for the development of PDs have been reviewed subse-

quently. Finally, the major challenges and future direction of micro and nanostructured UV PDs are

DOI: 10.1039/d4tc03230f

Open Access Article. Published on 09 jaanuar 2025. Downloaded on 26.02.2026 21:02:54.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

rsc.li/materials-c briefly discussed.

Introduction

At the present time, 95% of industrial production of electronic
devices still relies on first-generation semiconductors i.e., Si
and Ge. Second-generation semiconductors like III-arsenide
and III-phosphide did not receive much attention for standard
applications as they are expensive and toxic. Third-generation
semiconductors like II-nitrides and silicon carbide (SiC) are
being considered as a potential material over Si in many
advanced electronic and photonic applications due to their
high thermal conductivity, high breakdown field strength,
and high saturation electron drift velocity." Other wide band-
gap (WBG) semiconductors like diamond and gallium oxide
(Ga,03) are also attracting substantial amounts of research
interest as the beyond third-generation semiconductors.
Third-generation semiconductors including IlI-nitrides can be
used to enable various modern electronics applications such as
5G/6G mobile communication,” and electric vehicle and smart-
phone fast charging®* due to their unique properties like high
temperature sustainability, high power handling capability,
high frequency operability, and adaptability to other harsh
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conditions.” Optoelectronics including display, sensing, and
lighting are among the other prominent fields of applications
for these third-generation (and beyond) semiconductors. Wider
band gaps facilitate them as the perfect materials for optoelec-
tronic devices operating in the ultraviolet (UV) wavelength
region. The UV wavelength spectrum can be subdivided into
UV-A (400-315 nm), UV-B (315-280 nm), UV-C (280-200 nm),
and vacuum UV (200-100 nm). Numerous applications of UV
optoelectronics over other wavelength bands including medical
imaging apparatuses, indoor farming, communication systems,
security surveillance, nanofabrication tools, astronomy, and
satellite positioning have emerged over the past years.® Espe-
cially after the outbreak of COVID-19, research on UV optoelec-
tronics has become a topic of interest with substantial societal
impacts due to their germicidal and disinfection competences.
Light emitters (e.g., LEDs and laser diodes) and photodetectors
(PDs) are the dominant optoelectronic devices operating in the
UV wavelength region. At present, the III-nitride material system is
quite mature and is industrially accepted to produce UV LEDs”*®
and solar blind UV PDs,>'® even at the commercial level due
to some beneficial factors such as band gap tunability by alloy
engineering, availability of both p and n type dopants, and
matured epitaxial growth techniques. In contrast, the usage of
SiC, Ga,03, and diamond is mostly limited to the construction of
solar blind UV PDs due to their indirect bandgap structures. Solar
blind UV PDs have been employed in many significant appli-
cations like tracking missiles, combustion flame detection, UV
astronomy, satellite positioning, etc."*
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Fig. 1 Anti-reflection strategies: (a) layered coating and (b) surface
texturing.

Light management by means of light trapping is a very
important aspect to improve the performance of the PDs.
In terms of PDs, their performance heavily depends on the
amount of light that can be absorbed. For most photo-sensing
materials, constructing PDs, surface reflection is considered as
major optical loss that limits the amount of incident light being
absorbed. Therefore, light management by means of imple-
menting antireflective structures has been studied extensively
and intensively to enhance light absorption and achieve further
improvement in the performance of PDs.'> Two methods are
typically employed to realize antireflection: layered coating and
surface texturing (Fig. 1). The former one relies on the occur-
rence of destructive interference between the reflected light
wave from the top surface and the interface of two layers with
dissimilar refractive index. On the other hand, the latter one
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involves either microstructures or nanostructures on the surface to
realize multiple light reflection and scattering for enhanced light
absorption.

One of the main benefits of nanofabrication in UV photo-
detectors lies in reducing optical reflection through light-
trapping structures. By texturing the device surface at micro-
or nanoscale dimensions, incident photons undergo multiple
reflections, thereby increasing the effective optical path and
enhancing light absorption. As a result, responsivity can be
significantly improved. Additionally, such surface modifica-
tions can influence carrier dynamics by altering interface
states, which may affect dark current and response speed.
These aspects underscore the physics behind nanofabrication
as a powerful approach to boost overall device performance.

Top-down or bottom-up approaches are being adopted to
fabricate micro or nanostructures.’® Due to several advantages
such as precise controllability, scalability, and lower power con-
sumption, top-down approaches are more industrially compatible.
In the case of top-down approaches, various etching techniques
have been explored. Fig. 2 represents the classifications of various
top-down etching techniques along with schematics illustrating
the fundamental mechanisms of each approach. The details of
these mechanisms are discussed in subsequent sections.

A summarized comparison of these top-down etching tech-
niques is provided in Table 1, highlighting their key advan-
tages, drawbacks, and methods to address potential surface
and material defects.

As illustrated in Fig. 3, our review covers a comprehensive
discussion on the micro/nano-structuring of gallium nitride
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Fig. 2 Classification of top-down etching techniques with representative schematics for each (plasma etching: typical ICP reactor configuration
showing the direction of the magnetic field and chamber geometry,'* laser assisted etching: principle of laser micromachining for trench formation,*®

crystal and defect dependent etching: OH™ adsorption on Ga dangling

le

bonds and subsequent back-bond attac MackEtch: five-step mechanism

illustrating the catalysis, injection, diffusion, etching, and by-product removal processes,” and electro-chemical etching: experimental setup for

generating porous GaN).*®
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Table1 Advantages, disadvantages, and potential defect mitigation strategies of various top-down etching techniques for wide bandgap semiconductors

Etching technique Advantages Disadvantages

Potential mitigation methods

Plasma etching High resolution

High aspect ratio
Controllability

Repeatability

Environmental friendliness
Good controllability

Clean and less complex steps
Lower cost

Higher cost
Surface defects
Laser assisted etching
Crystal and defect

dependent etching
Fewer surface defects

MacEtch High aspect ratio nano/

microstructures
Electrochemical Ability to create porous Requires external bias
etching structures and nanowires

Possible non-uniform etching

Elevated local temperature can damage surface
or introduce unwanted thermal stress

Low aspect ratio structures
Limited geometry control

Requires noble metal catalyst patterning

Post etch annealing to heal
defects
Optimized process parameters

Careful selection of laser power
and scan speed

Use of protective coatings
Optimized chemical
concentrations and temperature
Pre-patterning for selective
etching

Optimized metal deposition

Uniform electrode design and
bias control
Real time monitoring

Fig. 3 Anillustration of various etching techniques for the fabrication of micro/nanostructures of Ill-nitrides, SiC, Ga,Os, and diamond.

(GaN), SiC, Ga,03, and diamond using dry and wet etching
techniques to enhance the performance of PDs via a light
trapping effect. Firstly, we have discussed various etching
techniques and their mechanisms. The effect of various etching
parameters on the etching profile of the aforementioned semi-
conductors is included. In the next section, we present the
device level applications of micro and nanostructures for UV
PDs. Finally, we conclude this review article with the major
challenges and future outlook of the nanostructured UV PDs.

Process and materials
Dry etching

Dry etching is a process of removing material from a surface by
means of bombardment of heavy ions and reactive gas plasma

This journal is © The Royal Society of Chemistry 2025

or high energy laser beam. The most prominent advantage of
dry etching is that it can achieve high anisotropy which leads to
higher etching rate in the vertical direction compared with that
in the horizontal direction. As a result, very high-resolution and
high aspect ratio nanostructures can be fabricated. Besides
that, a higher degree of controllability and repeatability can be
ensured by dry etching techniques. However, dry etching tech-
niques are costlier than wet etching processes, which require
complex equipment.

Plasma etching

Plasma etching involves exposing the substrate to a high-speed
stream of glow discharge plasma, which contains species such
as heavy ions and reactive radicals. Plasma etching proceeds by
either physical sputtering, chemical reaction, or a combination

J. Mater. Chem. C, 2025, 13, 3145-3166 | 3147
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of both processes. Physical sputtering involves the bombard-
ment of positive ions on the substrate surface, resulting in
high-energy collisions that eject atoms from the material.
Chemical reaction involves the formation of volatile products
between the reactive gas and the substrate material, which are
then pumped away by the vacuum system. The etching rate
depends on the detachment of atoms from the surface of target
materials and the volatility of product materials. However,
re-deposition of non-volatile compounds can hamper the etch-
ing process. More importantly, due to heavy ion bombardment,
many defects on the surface are generated at the bombarded
surface, causing degraded electrical properties of the material
by plasma damages. Induced defects can be recovered by
annealing at appropriate temperatures.'® Four kinds of plasma
etching techniques exist, namely reactive ion etching (RIE),
high-density plasmas (HDP), chemically assisted ion beam
etching (CAIBE), and low energy electron enhanced etching
(LE4). Fig. 4 displays different micro/nano-structuring of GaN,
SiC, Ga,03, and diamond by an inductive coupled plasma (ICP)-
RIE process.

Chlorine (Cl,)-based gas chemistry is mostly adapted for
plasma etching of III-nitrides. The first report of GaN RIE used
SiCl, plasma with a DC bias of 400 V to achieve an etch rate of
above 50 nm min~'.** Compared to simple RIE, ICP etching
can offer fast etch rates with low damage. Though Cl,/Ar
chemistry can provide satisfactory etch rates and profile for
most of the GaN micron and nanostructures, the addition
of BCl; (ie., Cly/BCl;/Ar gas chemistry) plasma can improve
sputter desorption due to higher mass ions and reduced sur-
face oxidation which can produce more consistent results. The
Ar percentage influences the etching characteristics. Higher Ar
percentage increases the anisotropy due to higher physical
etching but at the same time it invokes more surface damages

s E

Fig. 4 Micro/nano structuring by ICP-RIE. (a) GaN. Reproduced with
permission.2° Copyright 2008, Optica. (b) SiC. Reproduced with per-
mission.?* Copyright 2017, Springer Nature. (c) Ga,Os. Reproduced with
permission.?? Copyright 2018, American Vacuum Society. (d) Diamond.
Reproduced with permission.?* Copyright 2005, Elsevier.
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and low etch rates.”® Apart from that, parameters including
pressure, DC bias, and ICP power vastly influence the etching
characteristics. The etch rate increases up to a certain gas
pressure (1-2 mTorr) and it is reduced afterwards. Moreover,
the anisotropy is also hampered when the pressure reaches
above 10 mTorr. Due to the enhanced sputter desorption of the
etch product and breaking of Ga-N bonds, the etch rate initially
increases with an increase in DC bias. However, the etch rate is
saturated at higher DC bias because of sputter desorption
of reactive species from the surface before the reactions occur.
This leads to operation under an adsorption limited etch
regime. Similarly, the etch rate initially increases with ICP
power but it is stabilized later, attributed by the operation
under an adsorption limited etch regime. Typically, the etch
rate decreases when the material changes from GaN to AIN. It is
related to the bond strength, which is higher for AIN (11.52 eV
per atom) as compared to GaN (8.92 eV per atom).>® High bond
strength results in lower etch rate. The effect of temperature on
GaN and AIN etching is not very significant. It is noteworthy
to mention that the N-face GaN is etched faster with respect to
Ga-face GaN under an identical condition.””

Mostly, fluorine (F,)-based gas chemistry is used over
chlorine-based gas chemistry due to the higher etching rate
for the plasma etching of SiC.”® In general, different kinds of
F,-based gas like SFs, CF,, CHF;, C,Fs, CBrF;, and NF; are
applied for etching of SiC.*°* The F content of the gas directs
the formation of C-F chemical bonds such as ionic, semi-ionic
and covalent ones, which result in different etching charac-
teristics.*>® The etching characteristics depend on the degree of
crystallinity of SiC. The polycrystalline SiC is etched more
aggressively as compared to single crystal SiC due to the
presence of a large number of dangling bonds at the grain
boundaries.’® The difference between the dangling bonds
at crystal faces is also responsible for the 20% higher etching
rate of $-SiC compared with 6H-SiC. A smoother surface can be
achieved by adding 30% of Ar to the SF¢ + O, gas mixture.?”®
The roughness of the etched surface of SiC also depends on
temperature, RF power, and distance between the plasma
source and sample. It has been observed that the increasing
of temperature range of 100 to 300 °C can lower the root-mean-
square (RMS) roughness of the surface from 153 to 0.7 nm.*”
Moreover, a higher temperature of around 150 °C can raise the
etch rate. The roughness of the etched surface of SiC increases
with the increase in the distance between the RF source and
sample as well as the RF power.*® Around 20% O, inclusion
results in an increase in etch rate due to an increase in the
number of broken C-F bonds. However, above 20% of O,
inclusion results in dilution of F atoms, which slows down
the etching rate.' Although O, inclusion results in better etch
rates, it also creates trenches at the bottom of the etched
surfaces. This trench formation is related to the formation of
SiF,O, compound by-products during the SiC etching by SF
and O, plasma. During the etching process, those SiF,O, by-
products are gathered at the etched surface boundary. As a
result, the rate of chemical reaction at those boundaries is
increased, which results in the formation of trenches.*!

This journal is © The Royal Society of Chemistry 2025
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Another problem with inclusion of O, plasma arises in terms of
limitation of photoresist as a mask for actual device fabrication.
As O, plasma etches photoresist significantly, a hard mask
needs to be used. Different metal masks as the substitutes of
photoresist (mostly Ni, Cr) are generally used for deep etching
of SiC.

Similar to GaN, Ga,0O; can be etched using chlorine-based
gas chemistry. It was reported that the highest etch rate of
180 nm min " was accomplished under etching with 90 W RF
power, 900 W ICP power and BCl,/Ar flow rate of 35/5 scem.*?
BCl; plasma etching provides higher etch rates than Cl, etch-
ing. This happens because BCl; radicals react with the oxygen
atoms in the Ga,0;. They remove oxide more efficiently which
is attributed to increased Cl radical density in BCl; with
response to Cl,.** Yang et al. observed that a higher etch rate
was achieved at a RF frequency of 13.56 MHz than at 40 MHz.**
Instead of Cl,-based gas chemistry, F,-based gas chemistry can
provide a more controlled etching profile, while it sacrifices
etch rate.*

Potential of single crystal diamond (SCD) is highly rated for
advanced electronic devices. It is difficult to etch diamond
because it is a highly inert material. O, plasma is mainly used
to dry etch SCD.*>*” As a result, a hydrocarbon-based photo-
resist cannot be used for masking purposes. Generally, SiO, or
Al is used as a hard mask for deep etching of diamond.*®*°
A two cycle process is a popular technique to etch SCD.>® In this
technique, O, is used in the first cycle to etch the SCD. In the
second cycle, F,-based gas is added with O, to remove silicon
oxide residue on the diamond surface. It is found that instead
of using only O,, inclusion of Ar increases the etch rate due to
physical etching.’ Therefore, one cycle etching with O,/SFe/Ar
followed by the next cycle etching with SFe/Ar is preferred.
It is observed that Cl plasma produces better surface quality.
Therefore, Ar/Cl plasma is used before Ar/O, plasma to incor-
porate CL.>* Apart from the gas chemistry, RF power, ICP power,
chamber pressure, and temperature are important parameters
that influence the etching characteristics. The chamber
pressure, ICP and RF power are in the range of 1-15 mTorr,
500-2000 W and 200-400 W, respectively.”® Temperature has a
minor effect on etching characteristics. It is noted that room
temperature is ideal for SCD etching.

Laser surface texturing/etching

The laser surface texturing (LST) process has many beneficial
features such as environmental friendliness, good controll-
ability, cleanliness and less complexity. LST works upon heat-
ing and melting of the targeted material to be etched by
irradiation of short pulses of a laser. Advanced LST can produce
feature sizes as low as 200 nm.>* The precision of LST is
subjected to pulse duration. If the pulse duration is 107" s,
the absorbed energy cannot be transferred from electrons to the
lattice in such a short relaxation time. In this case, the electron-
electron interaction can only increase the local electron
temperature material by the irradiated laser pulse. On the other
hand, for longer pulse duration, electrons can transfer the
energy to the lattice, leading to an increase in temperature

This journal is © The Royal Society of Chemistry 2025
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Fig. 5 Micro/nano structuring by LST. (a) GaN. Reproduced with per-
mission.>® Copyright 1998. Elsevier. (b) SiC. Reproduced with permission.>’
Copyright 2006. Elsevier. (c) Ga,Os. Reproduced with permission.>®
Copyright 2022. Elsevier. (d) Diamond. Reproduced with permission.>®
Copyright 1999, Wiley-VCH.

locally. Due to very highly localized temperature, material
expulsion from the irradiated surface takes place, leading to
surface patterning. Higher localization of temperature causes
clean patterning. Localization of temperature is ensured by
shorter pulse width. Broadening of the temperature affected
zone arising from longer pulse duration leaves enormous
debris and distorted features. Thus, the quality of the textured
features degrades as the laser pulse duration increases from
femtosecond to nanosecond.’® Laser pulse intensity also
impacts the morphology of the textures. Generally a higher
energy of the pulses creates ripples in the surface due to
melting of the target material in higher quantity. Fig. 5 shows
different micro/nano-structuring of GaN, SiC, Ga,0s3, and dia-
mond by LST.

Patterning on GaN films using LST was firstly achieved
by employing a Nd:YAG pulsed laser with a wavelength of
355 nm.*® The pulse duration, beam diameter, and energy
density were 5 ns, 7 mm, and 420 mJ cm °, respectively.
High-energy laser pulses heat up the GaN film locally above
900 °C, resulting in a rapid effusion of nitrogen. Next the
sample was chemically treated by hydrochloric acid (HCI)
to remove excess gallium. The etch rate was in the range of
50-70 nm per pulse. Similarly, F,-based LST of GaN was realized
to obtain an etched surface with roughness of 4 nm.*' The KrF
laser was also employed for etching of GaN by ablation.®* After
laser ablation, the samples were treated with HCI or H,SO,/H,0,
solution to etch out material residues such as Ga and Ga oxide.
An etching rate of 60 nm per pulse was obtained under low
pressure conditions. Simultaneous irradiation of F, and KrF
laser was found to be favorable towards the reduction of surface
roughness of the etched GaN region.

LST of 3C, 4H, and 6H-SiC was carried out by various
research groups. Cone shaped nanostructures of 6H-SiC with
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the dimensions of 100-200 nm height and 5-10 nm width were
obtained by the nitrogen laser with a wavelength of 337 nm and
a pulse duration of 7 ns.®® The required energy density for
etching of 6H-SiC was determined to be 3.5 ] cm 2 Laser
assisted micro machining was carried out for 3C-SiC by employ-
ing a UV laser. KrF and ArF lasers, with respective emitting
wavelengths of 248 nm and 193 nm, and pulse durations of
34 ns and 26 ns, were deployed to create through holes in
400 um thick 3C-SiC.>” Ti: sapphire laser emitting system with a
wavelength of 800 nm and a laser pulse duration of 40 fs was
utilized to make nanostructures on 4H-SiC.**

A very limited number of literature reports on the LST of
Ga,0; are available. Zhang et al. reported on the texturing of
B-Ga,0O3 by using green (515 nm) and IR femtosecond lasers
(1030 nm).”® The pulse duration of 285 fs and the single pulse
energy of 22 nJ were set to obtain the desired morphology. They
found that, for similar etched depths, the energy required for
the 515 nm laser is much smaller than the 1030 nm laser.
Moreover, the etching damage was also lesser in the case of
lower wavelength laser.

Nanosecond pulse excimer lasers have facilitated the micro-
structuring of diamond surfaces. In order to deliver nano-
structuring, more advanced techniques including controlled
ablation through graphitization and etching via two-photon
surface excitation were utilized. Trucchi et al. reported a
detailed review on laser texturing on the diamond surface.®®
Fig. 6 describes different parameters for laser-based texturing
of diamonds.®

Wet etching techniques

Wet etching of a material generally proceeds in three steps.
First, etchants are diffused to the surface of the material to be
etched. Second, chemical reaction takes place between etchants

SIEY

(1) 3V

Fig. 6 Pulse laser parameters for laser texturing of diamonds reported in
different research articles.%6~7®
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and the exposed surface. Third, the reaction products are removed
from the etched surface. A wet etching process is generally
cheaper than dry etching and it also produces less surface defects.
Although it is difficult to achieve anisotropic wet etching, the
processes such as defect dependent wet etching, electrochemi-
cal etching, and metal-assisted chemical etching (MacEtch) can
produce a higher degree of anisotropy, which can lead to the
creation of high aspect ratio nanostructures.

Crystal plane and defect dependent wet etching

A difference in etching rate between the undistorted matrix and
defective region leads to an anisotropic etching profile. This
anisotropic etching can be utilized for micro/nano-structuring
of WBG semiconductors as a top-down approach.

The etching characteristics of Ga-polar and N-polar GaN
varied due to the different states of surface bonding arising
from polarity. It was evident that N-polar GaN can be etched by
KOH solution at a temperature around 80 °C, resulting in the
formation of hexagonal hillocks with facets of {1011} planes
stopping the etching, resulting in a pyramid shaped structure.””
It should be noted that Ga-polar GaN cannot be etched by the
same etching condition. This is because of the repulsion between
the OH™ ion and dangling bonds of nitrogen. Similarly, thte
formation of nanotip pyramids was observed by Hock et al. with
KOH treatment of N-polar GaN (Fig. 7(a)).”® Conversely, defect
selective etching of Ga-polar GaN can be carried out by soaking it
into the hot (200 °C) phosphoric acid (HzPO,).”>® It will selec-
tively etch Ga-polar GaN epitaxial films along the (0001) direction
to form hexagonal etch pits. The possible origins for hexagonal pit
formation can be the open core screw dislocations. It was notice-
able that etch pits were formed on screw or mixed dislocations,
but etch pits were absent on edge dislocations. As compared to
GaN, the dislocation and polarity sensitive etching is more
prominent in AIN. High quality N-polar AIN can be etched in
KOH based solution even at room temperature. On the other
hand, the etch resistance of Al-polar AIN is much higher than the
N-polar AIN when treated with KOH solution at the temperature of
80 °C.*" Molten solutions of NaOH/KOH can etch hexagonal pits
on the AIN surface (Fig. 7(b)).2* The etching rate selectivity of AIN
and GaN under varying solution temperatures of H;PO, is also
noticeable. The AIN etching by H;PO, takes place at much lower
temperatures as compared to GaN.*

Fig. 7 (a) Hexagonal pyramids on the N-polar face of GaN while the
surface of the Ga-polar region remained smooth and intact. Reproduced
with permission.”® Copyright 2003. AIP Publishing. (b) Dislocation
mediated hexagonal etch pits on AIN. Reproduced with permission .82
Copyright 2004. Elsevier.

This journal is © The Royal Society of Chemistry 2025
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Fig. 8 (a) Triangular etch pits in 3C-SiC. Reproduced with permission.®®
Copyright 1997, Wiley-VCH. (b) Distorted hexagon etch pits in the 4H and
6H-SiC. Reproduced with permission.8® Copyright 2005, Elsevier.

In the case of a-SiC, the etch rate of the Si face is much
slower than the C face under the same etching conditions.
In the mixture of 1:1 KOH and KNOj;, the etch rate of the C face
was found to be 10 times higher than the Si face, which is
attributed to the difference in surface free energy along differ-
ent faces.®® The shape of the etch pits also depends on the
polytypes of the SiC. The etching pits in the case of 3C-SiC was
triagonal in nature (Fig. 8(a)).®” On the other hand, the etching
pits on 4H- and 6H-SiC were distorted hexagonal with alternat-
ing long and short edges in shape (Fig. 8(b)).*

Treating B-Ga,O; in hot (130-140 °C) H3PO, can form etch
pits and patterns due to the presence of defects along (201)
and (101) facets. It was found that three types of defects are
associated with these kinds of the etch pits - edge dislocation
arrays on (201), plate-like nanopipes on (010) and twin lamel-
lae.*” Similarly, KOH treatment of B-Ga,O; under an elevated
temperature of 140 °C for 2 hours can form triangle and
quadrangle shaped etching pits (Fig. 9(a and b)).®® The origin
of triangle-shaped etching pits is from dislocation in the [100]
depth directions. Quadrangle-shaped etching pits originate
from void defects on the (100) crystal surface.

Electrochemical etching

Electrochemical etching firstly originated from Bell Labs in
1956 and was applied to nanostructure engineering of Si
wafers.®® Subsequently, a surge of research emerged, delving

into different electrochemical approaches aimed at etching Si
90,91

wafers under varied conditions. Generally, the creation of

Fig. 9 (a) Triangle-shaped and (b) quadrangle-shaped etch pits in the 4H
and 6H-SIiC. Reproduced with permission.®® Copyright 2020, Royal
Society of Chemistry.

This journal is © The Royal Society of Chemistry 2025

View Article Online

Review

porous Si structures involves the electrochemical etching of Si
wafers in organic solutions, typically acetonitrile (CH;CN) or
dimethylformamide (C;H;NO), supplemented with hydrofluo-
ric acid (HF).”> Watanabe and Sakai’s 1971 publication marked
the initial exploration of the porous characteristics of porous Si.
Over the subsequent decades, numerous studies investigating
porous Si and its properties were disseminated. The fascination
with porous Si nanostructures intensified when Ulrich Gosele
detected quantum confinement effects in the absorption spec-
trum of porous Si. Leigh Canham also observed vibrant red-
orange photoluminescence from porous Si nanostructures.’>**
These studies inspired a series of studies aimed at under-
standing the mechanisms of pore formation and performance
regulation to expand applications in the field of optoelectronic
devices. Multiple theories regarding the formation mechanisms
of porous Si were proposed, encompassing crystallographic
face selectivity, enhanced electric field, tunnelling, quantum
confinement, and space-charge limitation.’>°®

In the 1990s, the wet etching of WBG GaN and SiC com-
menced, and over the years, it has undergone significant
development.”” Wet etching proves instrumental in achieving
various goals, including revealing defects, addressing polarity
issues, enhancing properties, and processing micro/nanostruc-
tures such as trenches, holes, grooves, and other targeted
patterns. The commonly utilized wet etching technology can
be categorized into pure chemical etching methods, encom-
passing traditional aqueous solution etching and molten salt
selective etching, as well as electrochemical etching appro-
aches, mainly including anodic oxidation etching. It is impor-
tant to note that, due to its extremely low material removal rate
and isotropic etching characteristics, pure chemical etching
is primarily employed for revealing the defect status of semi-
conductor surfaces and distinguishing polar planes rather
than processing functional micro/nano structures of third-
generation semiconductors,’®'°" as shown in Fig. 10.

Nanowire (NW) structures can also be generated through
electrochemical etching, typically evolving from nanoporous
structures. It is commonly understood that extended etching
time leads to further etching of pore walls, resulting in the
formation of NWs. SiC NWs, owing to their improved optoelec-
tronic properties, have significant interest for applications
in optoelectronic devices. Zhou et al. pioneered the fabrication
of large-scale freestanding n-doped 4H-SiC NW arrays using

Fig. 10 (a) Electrochemical etching of nanoporous GaN. Reproduced with
permission.1°® Copyright 2020, American Chemical Society. (b) Electro-
chemical etching of nanoporous SiC. Reproduced with permission.*®
Copyright 2020, IOP Publishing.
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anodic oxidation etching, demonstrating outstanding perfor-
mance in the development of piezoelectric nanogenerators."*>
Pulsed voltage anodic oxidation etching allows for the produc-
tion of specialized NW array shapes, such as gourd-shaped
NWs, which exhibit remarkable performance in field emission
devices.'”?

Typically, the electrochemical etching process can be deli-
neated into two sequential stages: the initial stage involves
oxidizing the semiconductor surface, while the subsequent stage
entails dissolving the solid oxidation product with the etching
solution, concurrently allowing the escape of gas oxidation pro-
ducts from the semiconductor surface. The redox reaction neces-
sitates both electrons and holes to oxidize the semiconductors.®®
The electrochemical etching requires the application of an exter-
nal bias voltage to furnish the electrons and holes essential for
semiconductor oxidation. In these etching processes, the semi-
conductor slated for etching and the inert counter electrode are
connected to the positive and negative terminals of the external
voltage, respectively. Consequently, the semiconductor linked to
the positive terminal receives an injection of holes, triggering an
oxidation reaction. Subsequently, the oxidation products either
dissolve in the etching solution or escape. Simultaneously,
electrons are consumed at the inert electrode.'**"%

Metal assisted chemical etching

Metal assisted chemical etching (MacEtch) was firstly put
forward by Li et al. in 2000.'%° They found that by immersing
the noble metal (Au, Pt, Pd) coated Si wafer in an etchant
mixture of oxidant (H,0,) and acid (HF), Si water can be etched
vertically. The anisotropic etching characteristic is similar to
dry (plasma) etching nonetheless it is a plasma-free process. In
Si MacEtch, holes are generated by reduction of H,0, and H"
catalyzed by the noble metal (cathode reaction). The generated
holes then oxidize Si which is dissolved by HF (anode reaction).""”
Therefore, due to the continuous oxidizing and dissolving pro-
cess, Si species underneath the novel metal layer can be removed,
forming vertical Si nanostructures.

Apart from Si, the application of MacEtch has been extended
to other narrow bandgap semiconductors such as Ge and GaAs.
Similar as Si, Ge MacEtch typically makes use of an etchant
mixture of oxidant (H,0,, KMnO,4) and acid (HF)."*®'°° None-
theless, as the oxide species of Ge is soluble in water, Ge
MacEtch in the absence of acid is also reported.'*® Similarly,

R a. e
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H,0, and KMnO, are widely used as oxidants and HF as the
acid in GaAs MacEtch."'"'> However, one distinct difference
among MacEtch of Si, Ge and GaAs is the etching characteristic.
In most reported Si MacEtch, the forward etching feature was
observed, meaning that the Si species underneath the noble metal
layer was removed.'"® However, in terms of Ge, the inverse-
MacEtch (i-MacEtch) is normally seen. In this case, etching
happens in the areas not covered by a noble metal layer."** This
is likely from the rapid diffusion of holes away from the metal-
coated junction region to the off-area.'® For GaAs MacEtch, both
MacEtch and i-MacEtch have been reported, depending on the
difference in etching environment.'*®

MacEtch can been applied to WBG semiconductors such as
SiC, Ga,0; and GaN,""*"® as shown in Fig. 11. Similar as
MacEtch of narrow bandgap semiconductors, oxidant (K,S,Og,
H,0,, etc.) and acid (HF) are typically necessary in the etchant.
Nonetheless, for GaN MacEtch, alkali was used instead of acid.
Being different from MacEtch of narrow bandgap semiconduc-
tors, UV illumination with the above bandgap photon energy
is typically needed for realizing efficient and effective etching
of WBG materials during MacEtch. In this case, photons are
absorbed by WBG materials, generating holes which participate
in oxidizing semiconductor material species, which are further
dissolved by etchant. This can be attributed to the WBG char-
acteristic of materials. The valence band of WBG semiconductors
could be more negative than the electro potential of oxidant
reduction. Therefore, the holes generated from the oxidant
reduction reaction may not be injected into semiconductors."”’
As a result, an extra source such as UV illumination is necessary to
supply holes. This feature of photoinduced etching also leads to
the fact that MacEtch of WBG semiconductors exhibits i-MacEtch
characteristics. The other distinct feature in MacEtch of WBG
semiconductors is that the material which can be etched is
limited to n-type doping. This could be attributed to the surface
band structures. As in the case of p-type semiconductors, the
surface upward bending could drive the photogenerated holes
away from the semiconductor/etchant interface. Therefore, the
etching efficiency is greatly limited.

Applications in photodetection

Table 2 summarizes selected studies in which micro/nano-
structured photodetectors were fabricated using different top-down

Fig. 11 (a) SiC nanopillar structures formed by MacEtch. Reproduced with permission.'® Copyright 2021, Wiley-VCH. (b) Ga,Os fin structures formed by
MacEtch. Reproduced with permission.™” Copyright 2019, American Chemical Society. (c) GaN nanopillar structures formed by MacEtch. Reproduced

with permission.*® Copyright 2021, American Vacuum Society.
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Table 2 Comparison of UV photodetector performance parameters (responsivity, dark current, and response speed) for different etching techniques
applied to wide bandgap semiconductors

Etching Nanostructure
Material technique Ref. description Responsivity Dark current Response speed
GaN Plasma 119 Nanowire — 0.005 nA at 5 V bias —
GaN Plasma 120 Nanohole Increased from 55.7 x 10> to  Decreased from 98.1 1, increased from 36 to 64 ms
array 1.4 x 10° AW at 325 nm, to 15 nA at 5 V bias under 325 nm at an on/off pulse
5 V bias interval of 10 s
SiC Plasma 121 Nanocone 0.078 A W' at 320 nm, 1 x 107° nA at Trise: 1.7 ms under 360 nm with
array —0.5 V bias —0.5 V bias —0.5 V bias
SiC Plasma 122 Microhole Increased from 0.01 to 5 x 10 °° nA at Trise: 1.9 X 107® ms under 266 nm
array 0.063 AW ' at 270 nm, 5V bias with 10 V bias
5 V bias
Ga,0; Plasma 123 Nanowire Increased from 0.01 to Decreased Trise decreased from 152 to 34 ms
0.122 AW ! at 260 nm, under 266 nm with 5 V bias
5 V bias
Ga,0; Plasma 45 Thinned flake — 100 pA at 5 V bias Trise: 1.4 S under 254 nm
Diamond Plasma 124 Nanowire 388 AW 'at 350 nm, 0 Vbias 70 nA at 300 nm Trise: 24 ms under 300 nm with
0 V bias
SiC Electrochemical 125 Pores 0.20 AW 'at 340 nm, 5V bias — —
(Al)GaN  Electrochemical 126 Pores Increased from 1.3 to 19.4 A Decreased Trise decreased from 10 ms to 6 ps
W' at 254 nm, 5 V bias under 254 nm with 5 V bias
Ga,0; MacEtch 127 Groove Increased from 1.3 to Increased from —
textured 71.7 AW at 254 nm, 0.015 to 1.58 nA
—6 V bias at —6 V bias
GaN MacEtch 128 Nanoridge Increased from 18 to Decreased Trise iNcreased from 0.8 to 2.1 s under

115 AW ' at 365 nm, 3 V bias

etching techniques. The values of dark current and response
speed often depend on factors such as material quality, surface
states introduced during etching, and any subsequent passivation.
In contrast, responsivity commonly increases due to enhanced
light-trapping and reduced UV reflectance on the textured surface.
Detailed explanations are provided in the respective sections.

Plasma etched GaN nanostructure

A plasma etching process was employed to fabricate p—-i-n NW
GaN PDs.'"® The fabrication process flow is illustrated in
Fig. 12(a). The P-i-n GaN structure was epitaxially grown on
sapphire by using metal-organic vapor phase epitaxy. An SiO,
layer was deposited on the epitaxial layer. Next, 1 um polystyr-
ene nanospheres were dispersed on the p-i-n wafers for the
masking purpose. After that, polystyrene nanospheres were
treated with oxygen plasma to shrink down the size of the
polystyrene nanospheres. A CHF; chemistry-based plasma pro-
cess was carried out to etch the SiO, layer uncovered by
polystyrene nanospheres. Subsequently, BCl;-Cl, chemistry in
ICP-RIE was used for deep etching of GaN to form the NWs. The
schematic of the fabricated PD is featured in Fig. 12(b). The
response of NW PD can be observed from the I-V characteristics
in Fig. 12(c) where an increase in photocurrent is evident.
Periodic nanoholes were fabricated on the AlIGaN/GaN high
electron mobility transistor (HEMT) structure to improve
photon absorption of metal-semiconductor-metal (MSM)
PD."° Electron beam lithography (EBL) was firstly used to
pattern the nano-hole array. Next, ICP-RIE plasma etching
was carried out with a BCl;/Cl, gas mixture to etch the AlGaN
layer. As shown in Fig. 13(a), the diameter and depth of etching
hole were 150 nm and 42.3 nm respectively. The simulation
results predicted that the reflectance was reduced and electric

This journal is © The Royal Society of Chemistry 2025

365 nm with 3 V bias

field was concentrated with increased etching hole size
(Fig. 13(b and c)). The nanohole array enhanced light trapping
to prolong their path into the GaN layer, which attributed to
increased photocarrier generation (Fig. 13(d)). As a result,
around four orders magnitude of increment in photocurrent
was noticed (Fig. 13(e)). The responsivity, photo to dark current
ratio and detectivity of the nanohole PDs were found to be
1 x 10° (A W) (Fig. 13(f)), 10° and 4.9 x 10 Jones,
respectively. It is worth mentioning that the PD with a flat
surface had 10° times lower detectivity as compared to the PD
with nanohole arrays. These findings illustrate how plasma-
etched GaN nanostructures reduce reflectivity and increase
light absorption, thereby boosting photocurrent and responsiv-
ity for UV photodetection.

Plasma etched SiC nano/microstructure

PD made of 4H-SiC p-i-n vertical nano-cone (NC) array struc-
ture was demonstrated by Guo et al. (Fig. 14)."*" They firstly
grew a 4H-SiC p-i-n structure on an n-type SiC substrate by
high-temperature chemical vapor deposition (HTCVD). The
fabrication steps are displayed in (Fig. 14(a)). Ni was deposited
as a etch mask in accordance with EBL. After that, ICP-RIE was
carried out to etch SiC uncovered by the Ni etch mask. After
etching, the Ni etch mask was removed by HCI. The SEM image
of the SiC NW array is shown in Fig. 14(b). Indium tin oxide
(ITO) was deposited as electrodes for electrical connection in
the p-side. On the other hand, Ni was used for n-contact.
A schematic of the fabricated device is shown in Fig. 14(c).
The top diameter, bottom diameter, and height of the single
nanocolumn were 200 nm, 480 nm, and 1800 nm, respectively.
Peak responsivity of the PD reached about 78 mA W' at
320 nm. Moreover, due to surface passivation of SiC against
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(a) FESEM and AFM image of nanohole array AlGaN/GaN. Simulated (b) reflectance and (c) electric field profile with and without nanoholes.

(c) Schematic of AlGaN/GaN PD. (d) Photodetection mechanism. (e) /-V characteristics and (f) spectral response of the AlGaN/GaN nanohole array PD.

Reproduced with permission.*2° Copyright 2024, Wiley-VCH.

the surface defects of SiC NC, a fast response (rise time = 1.7 ms
and fall time = 1.8 ms) was achieved (Fig. 14(d)).

An enhanced photodetection performance was observed by
localized surface plasmon resonance (LSPR) of Al nanoparticles
(NPs) inside the etching micro-hole (MH) arrays of 4H-SiC MSM
PDs (Fig. 15(a))."** The fabrication of MH on SiC was accom-
plished by photolithography, followed by ICP-RIE. Etching was
performed at 10 °C with a 30 scem (CF,)/5 scem (O,) gas flow
rate. The average hole depth was 400 nm. The Al NPs were
embedded into the MH region to enable LSPR. In order to

3154 | J Mater. Chem. C, 2025, 13, 3145-3166

embed Al NPs, 5 nm Al thin film was deposited and annealed at
500 °C under ambient N,. Fig. 15(b1-b4) exhibit the simulated
electric field distribution, which reveals that SiC MH with Al
NPs created the maximum electric field. The concentrated
electric field distribution resulted in better light trapping.
The Al NPs in contact with SiC formed the localized deple-
tion regions where the electric field rapidly swept away the
photogenerated carriers (Fig. 15(c)). The 600% increment in
responsivity was achieved in the case of the Al NP embedded
MH array PD as compared to conventional flat 4H-SiC MSM PD

This journal is © The Royal Society of Chemistry 2025
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((Fig. 15(d)). Hence, plasma-etched SiC micro- and nanostruc-
tures lead to enhanced responsivity and faster response times,
underscoring the direct correlation between etching-induced
surface texturing and improved UV detection capabilities.

Plasma etched Ga,0; nano/microstructure

Vertical f-Ga,O; NW arrays were fabricated to improve the
photodetection capability by enhancing the light trapping as
compared to the flat film of B-Ga,0;.>>"** The fabrication
process steps are described in Fig. 16(a). The fabrication
process started with the deposition of a 10 nm Ni layer. Next,

This journal is © The Royal Society of Chemistry 2025

the sample was annealed under ambient N, at 850 °C for 3 min
to form Ni NPs which work as the etching mask. BCl;/Ar gas
chemistry based ICP-RIE treatment was carried out to form the
NW array. The SEM image of the cross-sectional view of the
NW array is displayed in Fig. 16(b). MSM electrodes of Ti/Au
(20/80 nm) were deposited to complete the PD fabrication
process. Presence of stronger light field intensity in the case
of the NW array signifies better light trapping is responsible for
higher photocurrent in B-Ga,O; PD with the NW array as
compared to the flat surface (Fig. 16(c)). The I-V characteristics
of Ga,0; PD with and without NW are presented in Fig. 16(d).
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intensity of NW and flat surface B-Ga,Os. (d) /-V characteristics of PD with and without a NW array. Reproduced with permission.>> Copyright 2020, De

Gruyter.

Lower dark current in NW Ga,O; PD was expected due to lower
defects and oxygen vacancies. Higher photocurrent in Ga,0O;
NW PD was achieved due to better light trapping. The Ga,0;
NW PD had a responsivity of 0.122 A W', which was 10 times
higher than that of flat surface Ga,0O; PD.

An RIE based technique was employed to convert three
dimensional B-Ga,O; into ultrathin micro-flakes. B-Ga,O;
micro-flakes were used to make UV PD.*” The fabrication
process is depicted in Fig. 17(a). In order to realize B-Ga,O;
micro-flakes, B-Ga,O; flakes were prepared by a conventional
mechanical exfoliation method. SFs gas-based RIE plasma

sapphire

(@
transfer tape
—
B-Ga;0,
(c)

Ti/Au © 0 TilAu

Voo (V)

Fig. 17

5 10

etching was processed to thin down B-Ga,O; with a thickness
below 100 nm as confirmed by AFM characterization
(Fig. 17(b)). Ti/Au electrodes were deposited for electrical con-
nection. The I-V characteristic (Fig. 17(c)) shows that the
photoresponse of the fabricated PD, leading to the noticeable
response under the illumination of 254 nm and 365 nm
wavelengths. As the bandgap of B-Ga,0; is 4.9 eV, it should
not respond to the wavelength of 365 nm. However, it indicates
a photoresponse even under 365 nm illumination due to the
presence of intrinsic defects including oxygen vacancies.
The rise and fall time were recorded as 1.4 and 1.3 seconds,
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(a) Schematic of the fabrication process steps of -Ga,Oz micro-flakes PD. (b) AFM image showing thinning of the flakes. (c) /-V characteristics

and (d) transient response of PD. Reproduced with permission.*®> Copyright 2017, AIP Publishing.
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respectively for the 254 nm wavelength (Fig. 17(d)), which are
comparable to the un-etched B-Ga,0;. The creation of Ga,0O;
nanowire arrays via plasma etching demonstrates that lowering
dark current and promoting stronger light absorption can
significantly improve photodetector performance in the UV
region.

Plasma etched diamond nano/microstructures

A new design of PD based on vertically aligned ultra-nano-
crystalline diamond (UNCD) NW was demonstrated. It con-
sisted of 110 UNCD NW situated between two pair of electrodes,
one external pair and one internal pair (Fig. 18(a)).'** UNCD
was deposited on tungsten coated Si substrate. The detailed
fabrication process is discussed elsewhere.'*® Hydrogen silses-
quioxane was spin coated on the UNCD surface as a resist. EBL
was employed for nanopatterning. After pattering, two step ICP-
RIE was carried out. First oxygen-based RIE formed UNCD NWs
and then tungsten/Si undercutting were realized by fluoride-
based RIE. The SEM image of UNCD NW is shown in Fig. 18(b).
Ti/Au metal alloy was deposited for electrode formation. The
device could operate under self-biasing mode. Peak responsiv-
ity and UV-Vis rejection ratio were measured to be 388 A W™ "
and 1 x 10°, respectively (Fig. 18(c)). The response time was as
fast as 20 ms. These UNCD NW arrays, fabricated through ICP-
RIE, exhibit higher responsivity and faster response, validating
the effectiveness of plasma etching in forming vertically aligned
nanostructures that enhance photo-to-carrier conversion.

Electrochemical etched SiC nanostructure PD

Nanoporous SiC often exhibits optical or electrical properties
that surpass those of pristine bulk SiC. Many researchers have
delved into exploring the correlation between the luminescence
properties and the porous structure of nanoporous SiC formed
through electrochemical etching."**™** It was discovered that
the photoluminescence (PL) performance of SiC, following
anodic oxidation etching, was significantly influenced by its
morphology. Porous SiC demonstrated a marked enhancement
in PL intensity compared to bulk SiC. Similarly, in the research
conducted by Dao et al,” nanoporous SiC was achieved
through electrochemical etching, and varying characteristics
of porous SiC were obtained by employing different HF con-
centrations and etching durations. The PL of porous SiC with
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Fig. 19 Surface morphology of nanoporous SiC structure under different
etching current densities: (a) 10, (b) 15, and (c) 20 mA cm™2. (d) Spectral
responsivity of PDs based on different nanoporous SiC structures. Repro-
duced with permission.’?® Copyright 2013, Elsevier.

distinct features was compared. Parallel to the findings of Drop
et al., all forms of porous SiC exhibited heightened PL intensity,
which increased with longer etching time. The augmentation of
PL intensity primarily stems from the enhanced internal light
scattering and the alleviation of internal stress facilitated by the
porous structure. Naderi et al. prepared a visible blind UV PD
based on porous 6H-SiC through electrochemical etching.'*®
As shown in Fig. 19(a—c), for different current densities of 10, 15
and 20 mA cm 2, the respective percentages of porosity were
observed to be 52, 68, and 72%, which signified that porosity
increased with the applied current density. The porosity of SiC
also influenced the PD characteristics. From Fig. 19(d), it is
clear that the responsivity and quantum efficiency of the PDs
increased as the porosity increased which attributes to eleva-
tion in the light absorption. Thus, electrochemical etching of
SiC to form nanoporous structures effectively increases internal
light scattering and reduces surface reflection, resulting in
higher responsivity and improved device performance.

Responsivity (a.u.)
3 3

300 400 500
Wavelength (nm)

200 600

Fig. 18 (a) Schematic of NW UNCD PD. (b) FESEM image showing NW UNCD. (c) Spectral response of fabricated PD. Reproduced with permission >4

Copyright 2019, American Chemical Society.
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Electrochemical etched (Al)GaN nanostructure PDs

GaN with micro and nanostructures exhibit outstanding photo-
electrochemical properties, prompting considerable research
efforts to fabricate such structures through electrochemical
etching methods. Vajpeyi et al. successfully generated porous
GaN with an average pore size of approximately 85-90 nm
using photoelectrochemical etching with HF solution as the
electrolyte.”®® Their investigation of the optical properties
revealed a significant enhancement in the PL intensity of
porous GaN compared to the pristine counterpart. The
observed red shift of the E-2 (high) phonon peak in the Raman
spectrum was attributed to compressive stress relaxation in
porous GaN and the improved crystal quality resulting from
photoelectrochemical etching. In the study conducted by Al-
Heuseenet et al.,"** 3¢ detailed examinations were carried out
on current density and various electrolytes (H,SO, & H,0,,
KOH, HF & HNO;, HF & C,H;OH) in the process of generating
porous GaN. The results indicated a substantial enhancement
in the PL spectral peak intensity of porous GaN, along with
improved stress state, compared to the pristine sample. From
the aforementioned reports, it is evident that the porous
morphology is highly dependent on the type of electrolyte
and current density. Zhao et al. developed an AlGaN-based
deep ultraviolet distributed Bragg reflector (DBR) based on
electrochemical lateral etching,"®” which has a reflectivity of
95% at 280 nm. It became the basis of AlGaN-based microcavity
structures for deep UV (DUV) PDs.

Zheng et al. prepared nanoporous AlGaN through electro-
chemical etching and fabricated UV PDs, which produced
better performance as compared to planar AlGaN PD."*° During
the electrochemical process, they used 1% KOH as the electro-
lyte and platinum (Pt) plate as the anode and cathode with the
potential difference of 40 V. For comparison, one half of an
AlGaN on sapphire wafer was treated with an electrochemical
etching procedure for 5 minutes to make nanoporous PDs, and

(a)

—_—
O
N

View Article Online

Journal of Materials Chemistry C

another half was untreated to make planar PDs (Fig. 20(a)).
As depicted in Fig. 20(b), the surface reflectivity of the NP
AlGaN PD was suppressed from 18 to 1% while comparing with
the planar surface. In Fig. 20(c), the larger electric field inten-
sity distributions in nanoporous AlGaN as compared to planar
AlGaN clearly indicates that the nanoporous structure facil-
itates enhanced photon capture capabilities. Nanoporous struc-
tures, which have fewer carrier transport channels due to
etching porosity and increased resistance, can reduce the dark
current. Meanwhile, owing to the enhanced photon absorption,
these nanoporous structures produced a higher photocurrent
as compared to that of planar PDs (Fig. 20(e)). With lower dark
current and higher photocurrent, the detectivity of the nano-
porous AlGaN PD not only reached 1.5 x 10" Jones but also
showed ultra-fast response (6-7 ms) due to effective defect
passivation. By introducing nanoporous AlGaN through
electrochemical etching, the resultant reduction in surface
reflectivity and dark current directly translates into superior
detectivity and faster photoresponse, highlighting the clear
relationship between nanostructuring and UV PD performance.

MacEtched Ga,0; nanostructure PD

Due to the anisotropic etching characteristic, the effective
antireflective nanostructures are mostly fabricated via dry
etching. However, surface damage from plasma could lead to
degraded device performance."*® Therefore, as the alternative
of dry etching in realizing anisotropic etching features,
MacEtch has been employed in Ga,O; in fabricating antire-
flective nanostructures for PD applications. In Kim et al.’s
work,"”” MacEtch was employed on (010) B-Ga,O; substrates
in an etchant mixture of K,S,03 and HF under 254 nm UV
illumination. The nanogroove structures with depth and height
of 120 and 150 nm, respectively, were fabricated (Fig. 21(a)).
Such surface texturing was able to realize a 20% reduction in
UV reflection, therefore enhanced UV absorption was achieved
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(a) AlGaN electrochemical etching process and MSM PD fabrication; (b) spectral reflectivity of AlGaN before and after electrochemical etching;

(c) simulated electric field distribution comparison between planner and nanoporous AlGaN; (d) schematic of AlGaN nanoporous PD; (e) -V
characteristic curve of nanoporous and planar PD under dark and UV exposure. Reproduced with permission.*?® Copyright 2023, Royal Society of

Chemistry.

3158 | J Mater. Chem. C, 2025, 13, 3145-3166

This journal is © The Royal Society of Chemistry 2025


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4tc03230f

View Article Online

Journal of Materials Chemistry C Review

(a)

50
L~ = — Planar
40 254nm |~ . Textured
O30.
=30 \
., \-
204 -,
\.
101 Wong
S e s .- -
0 - - . -
200 220 240 260 280 300
Wavelength (nm)
(c) (d)
10"
< ~——Planar PD
:’ 10° — - Textured PD
c
£ 100 =~ =
3 S oo
2 9.0 N
;.3 _E10' 1 sul
2 B e
me > Textured ]
- -12
& 10

Fig. 21

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

Open Access Article. Published on 09 jaanuar 2025. Downloaded on 26.02.2026 21:02:54.

[{ec

Photoresponsivity (A/W)

Fig. 22

0.02

0.00

0.12

0.08

0.04

0.00

2 G 2
Voltage (V)

a Undoped

Photoconductivity (a.u.))

0500 1000 1500 2000
Time (s)

1

1000

2000
Time (sec)

3000

4000

(@

2 0 o
Voltage (V)

(a) SEM image of B-Ga,Osz nanogroove surface texturing. (b) Surface reflection spectra of B-Ga,Osz before and after MacEtch texturing.
(c) Responsivity and (d) dark current of MSM PDs based on planar and textured B-Ga,QOs. Reproduced with permission.*?” Copyright 2018, AIP Publishing.

120 ——Nanoridge GaN @ 365 nm

g = Planar GaN

Z 80}

2

2

2

&fg 40+

0 1 1
0 1 ) 3
Voltage (V)

(a) Top and (b) cross-sectional SEM images of GaN porous structures. (c) Photoresponse of MSM PDs based on GaN samples with different

doping concentrations indicated in subfigures. Curves labeled as (a), (b) and (c) correspond to unetched, 1-hour etched, and 2-hour etched GaN samples,
respectively. Reproduced with permission.**® Copyright 2006, Elsevier. (d) Cross-sectional SEM images of GaN nanoridge structures. (e) UV
photoresponse of MSM PDs based on planar and nanoridge textured GaN surfaces. Reproduced with permission.*?® Copyright 2023, American
Chemical Society.

This journal is © The Royal Society of Chemistry 2025

J. Mater. Chem. C, 2025, 13, 3145-3166

| 3159


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4tc03230f

Open Access Article. Published on 09 jaanuar 2025. Downloaded on 26.02.2026 21:02:54.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Review

(Fig. 21(b)). The fabricated MSM PD based on textured B-Ga,O3
substrate showed a responsivity of 71.7 A W' compared with
1.3 A W' on planar B-Ga,O; substrate (Fig. 21(c)). However,
despite the enhanced responsivity, MacEtch led to the oxygen
deficiency in B-Ga,0;. Such a surface condition resulted in
reduced Schottky barrier height and higher dark current in PD
(Fig. 21(d)). Therefore, further optimization of the MacEtch
process should be explored to enhance PD performance.
Although MacEtched Ga,O; offers enhanced responsivity by
virtue of improved light absorption via nanogrooves, balancing
surface defect generation and dark current remains a critical
optimization step.

MacEtched GaN nanostructured PDs

Similar as B-Ga,03, MacEtch can also be employed in GaN for
PD applications. In Guo et al’s work,”® porous GaN was
fabricated on undoped, lightly n-doped, and heavily n-doped
GaN wafers (Fig. 22(a) and (b)) via Pt-assisted MacEtch in an
etchant mixture of H,O, and HF under UV illumination.
By fabricating UV PDs, they found that such porous structures
could distinctly boost the photoresponse of UV PDs based on
doped GaN wafer (Fig. 22(c)). However, degradation of the PD
performance on undoped GaN wafer was observed (Fig. 22(c)),
which was attributed to the increased defect density after
MacEtch. In comparison, Liao et al. fabricated nanoridge
texturing on undoped GaN via MacEtch. The PD exhibited an
8 times responsivity enhancement compared with that of the
planar GaN PD'*® (Fig. 22(d) and (e)). Such discrepancy can be
from the difference in etching recipe and environment as they
directly determine the surface condition and morphology of
etched GaN which affect the PD performance significantly.
Although the plasma-induced surface damage could be avoided
in MacEtch, unfavorable surface conditions such as porous
and amorphous layers with an increase in defect density is
unavoidable.'®®'*° Therefore, appropriate post-etching treat-
ment has been reported to repair the surface damage from
MacEtch for potential device level applications.'*®'*° Collec-
tively, these studies reveal how MacEtch can achieve substantial
responsivity gains in GaN-based UV PDs by reducing surface
reflection, yet appropriate post-etching treatments may be
necessary to mitigate defect-induced dark current.

Outlook and conclusions

In summary, we have reviewed top down dry and wet etching
techniques for III-nitride, SiC, Ga,0O;, and diamond. We have
also presented a comprehensive summary on the applications
of those etching techniques to make micro and nanostruc-
tured UV PDs. Enhanced light trapping results in performance
improvement of PDs.

Though plasma etching is the main process for fabricating
nano and microstructures, it induces damages to the etched
surface. The plasma defects can be mitigated by post-chemical
or thermal treatment. Micro/nano-structuring of IIl-nitride,
SiC, Ga,03, and diamond via plasma etching has been adapted
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widely to improve the photoresponse of PDs. Apart from
plasma etching, LST with the assistance of a femto-second
laser is also employed to make microstructures of WBG semi-
conductors. However, micro-structuring by means of LST has
not been adopted to date for performance improvement of
third generation or WBG-based PDs, which defines an achiev-
able research gap to be explored.

Though plasma etching is the most widely used technique
to achieve micro/nano-structuring, wet etching routes are also
being adapted. Controlling anisotropy is a challenge in the case
of wet etching. However, some advanced wet etching techni-
ques such as MacEtch, electrochemical etching, and crystal
plane and defect dependent wet etching have exhibited con-
trollable anisotropy etching behavior. MacEtch has been adapted
to fabricate nano/micro-structuring for GaN and Ga,O;-based UV
PDs, which contribute to performance improvement. In addition,
MacEtch has been adapted to make antireflective surface structur-
ing in SiC. Further research can be extended to the demonstration
of nano/micro-structuring of SiC, resulting in superior PD perfor-
mance. MacEtch of diamond has not been achieved yet. MacEtch
of WBG semiconductors needs above bandgap UV illumination
which excites photoelectrons and holes. Due to an ultra-wideband
gap of 6.5 eV, it is difficult to excite diamond and fail to achieve
MacEtch of diamond, which could be a future research direction.

It is evident that crystal plane and defect dependent wet
etching result in ordered micro/nano-structuring of Ill-nitride,
SiC, and Ga,0;. Being a very inert material, it is very difficult
to impose crystal plane dependent wet chemical etching
in diamond. Though this kind of wet etching is mostly utilized
to reveal the defects in the crystals, this technique can be
adapted to induce light trapping in diamond for the advanced
DUV PDs.

Currently, electrochemical etching stands out as the most
widely adopted wet etching approach for third-generation
semiconductors. In comparison to pure chemical etching,
electrochemical etching offers a more diverse range of proces-
sing targets and structures. It enables us to develop various
anisotropic etching outcomes. However, few examples of elec-
trochemical etching on IIl-nitride and SiC for UV PDs have
been reported, which makes room for further research in this
area. More specifically, electrochemical etching has not been
employed to fabricate Ga,O; and diamond-based UV PDs to
date. Therefore, continued advances in both conventional and
unconventional etching techniques such as LST, MacEtch,
electrochemical etching, and crystal plane sensitive etching
can provide an avenue for the development of future advanced
high-performance UV PDs.
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