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Chemical and morphological characterization
of the anodic oxidation of n-GaN in inorganic
electrolytesy

@ and Kazuhiro Ohkawa (2 *°

Artem Shushanian, 22 Daisuke lida, 2 ° Yu Han
To study the nature of electrochemical property of Ill-nitrides, we examined here the behaviour of a
n-GaN anodic oxidation reaction within a voltage range of 5-20 V in inorganic electrolytes as the pH
value varied from 0 to 13. Here, we analysed liquid and vapor phase products of electrochemical oxida-
tion of n-GaN using physicochemical methods and observed different characteristics of the formation of
porous n-GaN nanostructures depending on the reaction media. The results show that this reaction is
six-electron and proceeds via the formation of surface intermediates. Anodic oxidation of n-GaN forms

branching current-oriented nanopores as this process propagates via threading dislocations on the

rsc.li/njc surface of the n-GaN layer.

Introduction

The chemical and thermal stability of III-nitride materials'™
has attracted researchers to manufacture durable solid-state
lighting®” and ‘artificial photosynthesis’ devices using this
architecture.®® Nevertheless, IlI-nitride systems are vulnerable
to electrochemical decomposition in the presence of electro-
lytes: The corrosion process of II-nitrides may hinder light-
driven reactions such as water splitting or CO, reduction
leading to irreversible damage of the device’s active
layer.>'%'! Decoration of the surface of devices with nano-
particles of metal oxides (NiO, Fe,O3, etc.) increases the lifetime
and efficiency of ‘artificial photosynthesis’ devices, but III-
nitride elements eventually suffer from electrooxidation at
longer exposure times.'>"* Furthermore, the ratios of hydrogen
and oxygen generated during the light-driven water splitting
process on II-nitrides usually either remain unclear or severely
deviates from H,:0, = 2:1 if the time of the experiment
exceeds 2 hours.'®*™"” The design of protection of these
devices should be based on a chemical mechanism of the
reaction we would like to suppress. Therefore, we study here
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the mechanism of electrochemical degradation of n-GaN as a
basic model for understanding the side processes seen in III-
nitride-architecture devices for ‘artificial photosynthesis’.

Wet anodic oxidation of n-GaN is a fundamental technique
in the processing of solid-state lighting devices and can
enhance the performance of light-emitting diodes (LEDs). For
example, electrochemical (EC) etching of periodic film struc-
tures of unintentionally-doped (uid)-GaN and n-GaN layers
offers an opportunity to manufacture air-gap distributed Bragg
reflector mirrors that can increase the light extraction
efficiency’® of lighting devices; they can also be used for
vertical-cavity surface-emitting lasers with unique optical
properties.’® Anodic porosification of n-GaN sublayers leads
to a lattice strain release in interfacing active layers that reduce
quantum-confined Stark effects and lead to improved perfor-
mance of Ill-nitride LEDs.”%**

Modern techniques of manufacturing and post-production
of IlI-nitrides require precise process control; nanostructural
defects can increase the probability of non-radiative recombi-
nation and lead to a drop in the efficiency of LEDs.**??
Furthermore, clarification of anodic etching of n-GaN may be
useful while choosing materials that hinder this reaction dur-
ing the light-driven processes using IIl-nitrides. Thus, a
chemical mechanism of electrooxidation of n-GaN needs to
be investigated in detail. We recently studied an approach that
used a n-GaN EC etching process involving three moles of
electrons described elsewhere®*® (eqn (1)).

GaN — Ga*" + 1/2N, + 3e~ (1)

We compared this to our recent study of anodic oxidation of
n-GaN in oxalic acid (Table 1). The results demonstrate the
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Table 1 Approaches to describe EC etching of n-GaN in literature

GaN — Ga®" + products + ze~

Chrono- Product
Electrolyte amperometry analysis z Ref.
KOH + — 2.8 24
1 M KOH + — 3 25
1 M NacCl
1M HCI
0.3 M EDTA-2Na — - 3 26
1 M KOH and 0.1 M — 3 27
Na,S,04
2.5 M KNO; + - 3¢ 28
4.5 M HNO,
0.25 M H,C,0, + + 5.7- 29

6.5

5 x 107°-0.5 M H,SO, + + 5.7- This
0.1-1 M Na,SO, 6.2  work

1 x 107*-0.1 M NaOH

“ Water oxidation is considered to proceed independently.

six-electron nature and n-GaN’s tendency to interact with the
electrolyte.>® We continued our research on the behaviour of
this reaction because the reaction mechanism in oxalic acid
was complicated by the cathodic interactions of products from
electrolyte oxidation on the anode. We maintained an experi-
mental configuration similar to that reported elsewhere and
compared various approaches in the description of n-GaN EC
etching reactions.”**

This work experimentally investigated the mechanism of
chemical and morphological evolution of electrooxidation of n-
GaN in sulfuric acid, disodium sulfate, and sodium hydroxide
(pH = 0-13). We confirmed previously proposed schemes of
anodic reactions and completed them with the following reac-
tion paths proposed in agreement with the results of product
analysis in condensed and vapor phases. Microscopic observa-
tions of surfaces and cross-sectional areas of resulting porous
n-GaN nanostructures helped us register different develop-
ments in the formation of pores depending on the electrolyte.

Experimental

We ran EC etching experiments in a two-electrode system under
ambient conditions with n-GaN samples set as a working
electrode; a Pt wire was used as a counter electrode. We used
Keysight B2901A as a power source to apply bias to our
experimental system and to record the current. A sample film
structure was grown via metalorganic vapor-phase epitaxy as
follows (top to bottom): unintentionally (uid)-doped GaN cap
layer (100 nm, n ~ mid. 10'® cm™3), Si-doped n-GaN (2.8 um,
n =3 x 10" em™?), and uid-GaN layer (2.3 pm) on a c-plane
patterned sapphire substrate (PSS). We prepared the electrolyte
solutions by dissolving sulfuric acid (Fisher Scientific, 95.0 to
98.0% (w/w)) and/or sodium hydroxide (Fisher Scientific,
>97.5% (w/w)) in deionized (MilliQ) water.

The products of GaN EC etching were identified and regis-
tered as follows. We measured the Ga concentration in the
reaction system as measured by inductively coupled plasma-
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optical emission spectrometry (ICP-OES) using an Agilent Var-
ian 7200-ES. We built the calibration curves with 5% uncer-
tainty for Ga signals at 250.019 nm, 287.423 nm, and
294.363 nm. We considered the additional 3% uncertainty to
the operation of the lab equipment, and the total uncertainty
from ICP-OES measurements to be 8%.

Peroxides were measured in the electrolyte after the experi-
ment: This measurement was performed by iodine reverse
titration in acidic media with potassium iodide (Fluka, >99%
(w/w)) and sodium thiosulfate pentahydrate (Fisher scientific,
99.5 to 101.0% (w/w)) solutions. We collected the vapor phase
products generated on the anode and cathode and then ana-
lysed them on a gas chromatograph (Shimadzu GC-8A)

The reaction current was recorded with LabView software,
and the experimental results were plotted in Origin software.
We used Gwyddion software to analyse and present the data on
AFM observations.

For a correct comparison of the results, we measured the
volumes of the n-GaN layers involved in the etching experi-
ments and normalized the values of reaction currents and
amounts of detected substances to one mole of n-GaN.

We characterized the nanostructures of the samples after
etching experiments via scanning electron microscopy (SEM)
and recorded energy-dispersive X-ray spectral (EDS) maps (FEI
Teneo). The surface morphology was analysed using an atomic
force microscope (AFM; Dimension Icon by Bruker).

We performed cyclic voltammetry (CV) measurements in
observed electrolytes in a three-electrode configuration with a
standard silver chloride reference electrode (Ag/AgCl) used in
acidic and neutral media whereas a mercury-mercuric oxide
electrode (Hg/HgO) was chosen as a reference one in alkaline
solutions.

Results and discussion

Fig. 1 shows current evolution plots of n-GaN EC etching in
different electrolytes. The measurements of Ga concentration
in the electrolyte resulted in some perturbations observable on
the graphs, i.e., sharp peaks that appear every 5 min. Each 5V
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Fig. 1 Chrono-amperometry results of n-GaN etching in different elec-
trolytes. Current values are normalized to 1 mole of n-GaN.
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increase in the applied bias in the system speeds up the
reaction by approximately one order of magnitude. The electro-
oxidation of n-GaN proceeds significantly slower in pH range
from 4 to 10, but the rate is relatively constant throughout the
exposure time. At 5 V and 10 V, the etching currents in acidic
and alkaline media are constant as well with similar values.
However, we observe an increase in the reaction rate in acidic
electrolyte during the 15 V reaction; the current in alkaline
solution maintains a higher constant value during the observa-
tion time. At 20 V, the etching of n-GaN in acid occurs similarly
as at 15 V; in alkaline media it is diffusion-controlled and runs
steadily until 10 min as the reaction initiates from threading
dislocations. When the pores are formed throughout the whole
thickness of the n-GaN film, it becomes activation-controlled
with an acceleration of reaction rate, as it is no longer con-
trolled by an access of the electrolyte to the n-GaN layer. The
reaction exhausts and slows down after 23 min.

We calculated the number of moles of electrons of n-GaN
etching reaction using the connection between total charge of
the reaction and concentration of Ga in the electrolyte (eqn (2)
and (3)):

0= lez (2)
:=2F ()

Here, Q (C) is the total charge of n-GaN etching reaction, I (A) is
the reaction current, ¢ (s) is the etching time, z is the number of
mols of electrons of reaction, F is the Faraday constant
(96485 C mol "), and n (mol) is the amount of n-GaN found
in the electrolyte.

ICP-OES data on Ga concentration in the electrolyte during
and after the experiments show a close correspondence to z = 6
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within the uncertainty of the measurements (Fig. 2 and Table
S1, ESIt). At low voltages, the concentration of Ga in the acidic
(at 5 V) and neutral (at 5 V and 10 V) solutions during the
experiment was lower than the detection limit of this method;
this was expected based on the current evolution plots. Never-
theless, we consider that the reaction may develop through
various paths at different bias values but within the same
number of moles of electrons. Thus, we defined a six-electron
nature of n-GaN EC etching process throughout the entire pH
range. We previously studied anodic oxidation of n-GaN in
oxalic acid and concluded a six-electron nature as well.>® The
plots of Ga concentration found by ICP-OES correspond to our
discussions on the reaction rates described above.

The vapor phase products of n-GaN electrooxidation were
generated on both cathodic and anodic parts. However, their
amounts were sufficient for analysis only at 20 V for acidic
(0.5 M H,S0,) and alkaline (0.1 M NaOH) electrolytes. Fig. 3
represents the plots of gases generated as the result of n-GaN
EC etching reaction. The amounts of hydrogen on the cathode
and nitrogen generated on the anode are close to expected
values calculated assuming z = 6. We monitored the generation
of oxygen on the anode as well, but the amount is not sufficient
to consider oxygen as a major reaction product (Table 2). In
accordance with the plots of generation of vapor phase pro-
ducts, the reaction was run in diffusion mode for ~10 min in
both acidic and alkaline media. It proceeds in activation mode
either until its exhaustion at ~25 min in H,SO, or during the
remaining time of exposition in NaOH solution.

To understand the differences in the reaction mechanisms
in various electrolytes, we ran three experiments with similar
total charge of the reaction in acidic (0.25 M H,SO,4, 15 V),
neutral (1 M Na,SO,, 20 V), and alkaline (0.1 M NaOH, 15 V)
media. While the rate of etching reaction was the same in
alkaline solution, the reaction mode switched from diffusive to
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Fig. 2
Values of n-GaN losses are normalized to 1 mole of n-GaN.
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Time [min]

(a) Calculations of z from pH 0 to 13, (b, scatters) n-GaN loss measured by ICP-OES and (b, solid lines) estimated from current evolution at z = 6.
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Fig. 3 (scatters) Amounts of N, and O, gases generated on the anode and
H, generated on the cathode at 20 V in (a) 0.5 M H,SO,4 and (b) 0.1 M
NaOH; (solid lines) amounts of N, expected on the anode and H, expected
on the cathode according to calculations from reaction currents at z = 6.
The amounts of gases generated are normalized to 1 mole of n-GaN.

Table 2 Total charges and amounts of reaction products observed

Hj(cat)p Nagan)y Ozan)y HaOy,
Electrolyte Charge, C Ga*', mmol mmol mmol mmol mmol
0.5 M H,SO, 1424.1 2.44 7.02 1.04 0.26 3.81
1 M Na,SO, 284.0 0.48 — — — 0.66
0.1 M NaOH 976.4 1.73 4.84 0.78 0.38 2.26

activation-controlled in neutral (after ~10 min) and acidic
(after ~15 min) media (Fig. 4g). SEM images of cross sections
and V-pits on the surface of those samples are presented on
Fig. 4a-f. The porous structure appears to be branching and
current-oriented for all three samples; this is expected at
relatively high overpotentials.®® However, the porosification
proceeded partially in our case. Nanostructures with a porosity
of 18%, 28%, and 25% are formed in acidic, neutral, and
alkaline media, respectively. In general, pores with a large
average diameter (~85 nm) are formed in a neutral medium,
while an average pore diameter of ~50 nm was observed after
oxidation in sulfuric acid and ~35 nm was the average pore
diameter grown in an alkaline solution (Fig. S1, ESIt). The n-
GaN samples were etched from top in acidic and neutral
solutions, and the porous nanostructures were distributed
throughout the entire sample thickness. Nevertheless, we
noticed that the nanoporous structure starts to form from
certain points from the top of the surface at 10 V in NaOH
(Fig. S2, ESIY). Pores were seen in V-pits after etching in acidic
and alkaline electrolytes as seen in the destruction of the V-pit
stricture in neutral media. This suggests that threading dis-
locations are a preferable path for the beginning of n-GaN EC
etching reactions.

We examined the surfaces of those samples with EDS
mapping (Fig. S3-S5, ESIt). There was no oxygen on the
surfaces of samples etched in acidic and alkaline media as
anticipated.*® However, some grainy particles with high oxygen
contents appeared after etching in neutral solution. This is
likely the formation of Ga,03;. AFM helped study the sizes and
the approximate amount of those particles (Fig. 5a). Ga,0Os
particles are 300-600 nm long and ~300 nm high (Fig. 5b).
Considering the observable area, the amount of Ga,O; is less
than 0.4% of the initial amount of n-GaN.

23016 | New J. Chem., 2022, 46, 23013-23018
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Fig. 4 (a—c) Cross-section areas of samples after similar total charges
passed through n-GaN layers in (a) 0.25 M H,SO4 at 15V, (b) 1 M NaySO, at
20V, and (c) 0.1 M NaOH at 15 V; (d-f) surface observations of V-pits on
the samples etched in (d) 0.25 M H,SO4 at 15V, (e) 1 M NaySO4 at 20 V,
(f) 0.1 M NaOH at 15 V; (g) chrono-amperometry results of the samples.
Values of reaction current are normalized to 1 mole of n-GaN.

Fig. 5 (a) AFM 3D profile of n-GaN surface after etching in 1 M Na,SO,4 at
20 V; (b) 1D profile of a corresponding pink line on the 3D profile (left to
right).

Open circuit potentials in CV measurements were per-
formed in acidic, neutral, and alkaline solutions were

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2022
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—199 mV vs. Ag/AgCl, —248 mV vs. Ag/AgCl, and —346 mV vs.
Hg/HgO respectively. We ran the CV experiments in a voltage
range of 0-15 V and here we consider the third cycle for
comparison as electrocorrosion of the working electrode occurs
(Fig. S6, ESIt). According to the obtained voltammograms, the
reaction of electrooxidation of n-GaN starts at 4 V in acidic
electrolytes while in neutral and alkaline solutions it starts at
potentials higher than 2 V. During an increase of the potential
we observe an almost linear increment of current from 4 V to
15 V in acids and from 3 V to 15 V in neutral and alkaline
media. However, we registered a peak that may be qualified as
the formation of nitrogen on a reverse sweep in acidic media. In
neutral and alkaline electrolytes, the reverse sweep keeps the
reaction current on a static plateau from 15 V to ~6 V which
also may correspond to n-GaN oxidation.

The measurement of Ga concentrations during the experi-
ments as well as the registration of vapor and liquid phase
products agree nicely and again illustrate 6 moles of electrons
per 1 mole of reaction. Of note, our previous study on etching of
n-GaN in oxalic acid*® and the investigations of electrooxidation
of n-GaP and n-GaAs come to the same value of z.*” The main
difference between etching of n-GaN, n-GaP, and n-GaAs is the
oxidation of the solvent in the case of oxidation of n-GaN due to
the formation of nitrogen gas. The reaction in solutions of
inorganic compounds resulted in water oxidation. The maximum
amount of oxygen in anodic gas mixture was found after the
process in NaOH: It was 33%, which made it 22% out of the total
amount of the products. Thus, oxygen generation is a side path of
the n-GaN EC etching reaction in acidic, neutral, and alkaline
media. Hydrogen peroxide is the main product of water oxidation.
Nitrogen gas is supposed to form due to destruction of a nitride
single crystal. The first step of n-GaN EC etching reaction is the
formation of a Ga water complex: [Ga(H,O)e]’"ags in acidic and
neutral media,*® [Ga(OH),] .45 in alkaline media.*® This complex
adsorbed on a surface of the anode (eqn (4) and (5)). Thus, acidic
and neutral solutions proceed as follows:

2GaN + 12H,0 — N, + 2[Ga(H,0)]> aas + 66~ (4)
while in alkaline media it starts with
2GaN + 80H  — N, + 2[Ga(OH),] aas + 66~ (5)

These intermediate surface complexes later decompose with
formation of dissolved Ga ions and water oxidation products
(eqn (6)-(10)). We defined the peroxide formation to be a
prevailing path of the reaction observed, and thus the
decomposition is

2[Ga(H,0)]* aas — 2Ga** + 3H,0, + 6H,0 + 6H' + 6e™
(6)
or, in alkaline electrolytes,
2[Ga(OH)4] ags + OH™ — 2Ga®*" + 3HO,™ + 3H,0 + 6e ™.

(7)

An alternative reaction path results in the generation of
oxygen on the anode:

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2022
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4[Ga(H,0)6]* aas — 4Ga®" + 30, + 12H" + 18H,0 + 12¢”
(8)
or

4[Ga(OH),4] ags — 4Ga®" + 30, + 40H ™ + 6H,0 + 12¢~
)

depending on the reaction media. Nanoparticles of Ga,O;
formed on the surface of sample etched in a solution of Na,SO,
because this reaction path realizes less than 0.4% of the total
reaction charge:

4[Ga(H0)6]* aqs — 2Ga,03 + 30, + 24H" + 12H,0 + 12¢ ",
(10)

Thus, the mechanism of the EC etching of n-GaN on the
anode involves six moles of electrons—three of these are
responsible for a nitride oxidation (eqn (11)), and the remain-
ing three moles of electrons facilitate interaction with the
solvent (solv) and form oxidation products (oxd solv) (eqn (12)):

2GaN + 2n(solv) — N, + 2[Ga(solv),* aas + 6€~
(11)

2[Ga(solv),* aas — 2Ga*" + 2n(oxd solv) + 6e~  (12)

Here, a cathode generates the active form of hydrogen
([H*]aas)*® (eqn (13)) that transforms to hydrogen gas on the
surface of the Pt wire (eqn (14)); the hydrogen can also reduces
the solvent oxidation products:*°

6H' + 66~ — 6[H]ags, (13)

6[H*]ags — 3H,. (14)

Conclusions

We show here anodic etching of n-GaN in various inorganic
electrolytes within a voltage range of 5-20 V. Analysis of the
reaction products in liquid and vapor phases as well as obser-
vations of the nanostructures offer a foundation for detailed
description of n-GaN electrooxidation. The etching begins at
threading dislocations on the surface of n-GaN layer. The
development of n-GaN porous nanostructures depend on the
electrolyte; thus, pores spread from the surface and give
the solvent access for reaction in acidic and neutral media
where the access of the alkaline solvent is less hindered by the
double dielectric layer. This permeates via threading disloca-
tions throughout the entire thickness of the n-GaN layer. This
reaction involves six moles of electrons for one mole of n-GaN
EC decomposition: Three moles of electrons participate in
oxidation of water to hydrogen peroxide. This knowledge is
critical for a deep detailed understanding of the application
and processing of III-nitride materials. The results can lead to
high-precision manufacturing of devices based on III-nitride
architectures, either for a choice of material to protect ‘artificial
photosynthesis’ devices from their corrosion or as a tool to
improve the performance of LEDs.
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