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Abstract: GaN and NiO/GaN electrodes were characterized by impedance spectroscopy measure-
ments in 0.1 M NaOH. We observed the suppression of the surface states capacitance due to the
modification of the chemical state of superficial Ga atoms by NiO. This result suggests that the
carriers involved in the photocorrosion of GaN in alkaline conditions originate in its surface states. In
addition, we characterized the epitaxial relationship between the NiO particles deposited on GaN by
transmission electron microscopy, finding the NiO{111} | | GaN{0002} and NiO[220] | | GaN[1120]

symmetry constraints.
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1. Introduction

check for

updates [II-nitrides are of great interest in technological applications due to their optoelectronic

properties. They are widely used in light-emitting diodes (LEDs) [1,2] and lately in micro-
LEDs [3,4] because of the possibility of tuning their emission wavelength based on the
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metallic stoichiometry of their active region. In addition, they also have adequate band
edges positions to drive water splitting [5] and artificial photosynthesis reactions [6-11],
which is one of the most stringent requirements for photocatalysts of those reactions.
However, their poor chemical endurance when used in photoelectrochemical (PEC) cells is

one of their major flaws, especially in alkaline electrolytes [12,13].

The photocorrosion in n-GaN occurs by its oxidation into Ga** and N by the holes
generated during the absorption of photons with energies larger than its band gap. Its
mechanism still needs to be identified, although considering that catalysis is a surface-
related phenomenon, electronic surface states should be involved in this process. The
existence of surface states in GaN is well known. Their origin in Ga-polar GaN has been
attributed either to dangling bonds of Ga atoms at the surface or to Ga adatoms bonded to
three surface Ga atoms [14,15]. These states are responsible for the GaN Fermi level pinning
by taking carriers from the space-charge region (SCR) near the GaN surface [16]. Under
illumination, these states can trap the electrons generated in the SCR, which is detrimental
for photocatalysts, although an oxidation treatment seems to passivate them partially [17].
Thus, surface states strongly affect the charge kinetics at the GaN/electrolyte interface,
either in dark or illuminated conditions.

Metals and metal oxide (MO) cocatalysts, such as NiO, FeO, and CoO [18-31], have
proven to be helpful to increase the chemical endurance of nitrides and their PEC activity.
Still, the mechanism of these improvements has not been established. The role of cocatalysts
is usually depicted as an aide to decrease the overpotential necessary to drive the chemical
reaction of interest, affecting the kinetics of the reaction solely. MOs are well-known catalyst
and cocatalyst materials, particularly useful in the oxidation-side reactions, such as the
oxygen evolution reaction in water splitting. The mechanism of this reaction is commonly
described as either a charge transfer promoted in the surface metal-sites or involving the
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reversible formation of lattice-oxygen into a superficial oxygen vacancy [32-35]. In the case
of MO/GaN photoelectrodes, there is evidence suggesting that the MO does not participate
directly in the chemical reaction. For example, if GaN is covered even by a few nm thin
film of MO, its PEC activity is almost null [26], implying that the chemical reaction occurs
not in the MO but in the GaN region. In such a case, GaN would not only work as the
photoabsorber, but its surface would act as the catalytic region, with the MOs improving
only the charge kinetics between GaN and the electrolyte.

Previous studies of NiO as a GaN cocatalyst [36,37] have overlooked its effect on
the surface states of GaN and focused on the modification of its surface band structure.
However, the performance of NiO/GaN photoelectrodes showed no clear correlation with
their flat band potential. In this work, we analyzed the electrical properties of different
GaN photoelectrodes decorated with NiO particles using electrochemical impedance spec-
troscopy (EIS). We analyzed the effect of NiO in the SCR capacitance of electrodes and the
impedance related to the surface states. In addition, we present the observation and crys-
talline properties of NiO particles deposited on GaN and describe the epitaxial relationship
found between both materials.

2. Materials and Methods

Four GaN electrodes were prepared for analysis by EIS. The GaN structure was grown
by metalorganic vapor phase epitaxy on a c-plane patterned sapphire substrate (PSS). The
pattern pitch, diameter, and height of the sapphire substrate were 3.0, 2.6, and 1.6 pm,
respectively. The epi-structure consisted of (top to bottom) unintentionally doped (uid)-
GaN (100 nm)/n-GaN (3 um, Si-doped, n =3 x 10'® cm~3)/uid-GaN (2 um). We used a PSS
to improve the crystalline quality of GaN [38,39]. The purpose of the bottom uid-GaN layer
was to avoid the carrier trapping by defects, given its low electrical conductivity. In contrast,
the n-GaN layer provides an appropriate electrical path for electron extraction. Finally,
the top uid-GaN layer extends the surface depletion region to a thickness comparable to
the light penetration depth of GaN, improving the photoabsorption capabilities of the
electrode [40].

Three of the four electrodes were decorated with NiO particles by spin coating using
different diluted NiO metalorganic decomposition (MOD) solutions, following a method
similar to the one described elsewhere [26] but with varying dilution ratios. The three
solutions were prepared using 2, 4, and 10 puL of MOD diluted in 1.05 mL of butyl acetate
and 450 pL of 1 M NaOH (the electrodes prepared with each one of the solutions will be
referred to henceforth as 2 uLL NiO/GaN, 4 pL. NiO/GaN, and 10 uL. NiO/GaN). All the
electrodes were annealed in air at 500 °C for 30 min, including the bare GaN electrode.
After the annealing, a copper wire was soldered onto the surface of the electrodes using
indium to form an ohmic contact, and the metallic regions on the surface of the electrodes
were electrically isolated by covering them with epoxy resin. The coverage of the GaN
surface by the NiO particles was investigated using scanning electron microscopy (SEM).
To study the crystalline properties of the NiO deposited on GaN, a cross-sectional lamella
was prepared by focused ion beam from the 10 uL NiO/GaN sample, which was analyzed
afterward by transmission electron microscopy (TEM). Additionally, X-ray photoelectron
spectroscopy (XPS) was used to characterize the chemical state of the surface atoms of
the electrodes.

The single-sine EIS analyses were conducted in 0.1 M NaOH under dark conditions,
using a three-electrode configuration with different DC biases. The AC signal had an ampli-
tude of 10 mV, and its frequency varied from 5 Hz to 50 kHz. Two-electrode measurements
were performed to evaluate the PEC performance of the electrodes. In those measurements,
a platinum wire was used as the counter electrode, and the GaN electrodes were irradiated
with a power density of 100 mWem 2 using a 300 W Xe arc lamp with an ultraviolet (UV)
spectroscopic mirror.
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3. Results and Discussion

After the deposition of the NiO particles, the surface of the electrodes was studied by
SEM and atomic force microscopy (AFM). Figure 1a—c shows the surface of the NiO/GaN
electrodes, where the NiO particles appeared as dark spots. The coverage of the GaN surface
by the NiO particles was 0.5% for the 2 uL. NiO/GaN, 1.2% for the 4 uL. NiO/GaN, and
1.8% for the 10 uL NiO/GaN. The AFM analyses show different aggregation topographies,
with the thicknesses of the particles ranging from a few nm up to a few tens of nanometers
in some regions.

2 um

= -50 e
(d) 20 ) 60
10 . 25 30
1 um 1 um 1 um
— 0 nm e 0 nm e 0 nm
Figure 1. (Top) SEM and (bottom) AFM images of the (a,d) 2 uL NiO/GaN, (b,e) 4 uL NiO/GaN,

and (c,f) 10 uL NiO/GaN photoelectrodes surfaces. The black regions in the SEM micrographs
correspond to the NiO particles deposited.

The crystalline characterization of the NiO deposited on GaN showed an epitaxial
relationship between these materials. Figure 2a shows a high-resolution TEM micrograph
of the NiO/GaN interface, where some lattice spacings are marked based on the numerical
diffractograms obtained from each region. It is observed that the epitaxial relation exhib-
ited the NiO{111} | |GaN{0002} and NiO[220] | |GaN[1120]| symmetry constraints, which
are equivalent to others previously reported [41,42]. The epitaxial relation between these
materials arises from the geometrical symmetries and size of their crystalline structure. Re-
gardless of NiO having a cubic crystalline structure (2 = 0.4195 nm), NiO{111} planes have
hexagonal symmetry, which corresponds to the symmetry of the GaN{0002} planes. In
addition, the in-plane symmetry is favored due to the low mechanical strain generated by a
minor lattice-spacing mismatch of only 7% between the NiO{220} and GaN{1120} planes.

Figure 2. (a) High-resolution TEM micrograph at the NiO/GaN interface. (b,c) show the numerical
diffractograms of NiO and GaN, respectively, from the regions enclosed in the squares in (a). The
TEM lamella was prepared from the 10 uL NiO/GaN sample.
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Figure 3 shows the current response of the electrodes during constant irradiation
in a two-electrode configuration. The current of the bare GaN electrode suffers a quick
degradation due to the expected photocorrosion. However, in all the decorated electrodes,
the photocurrent keeps a stable behavior, with a slight rise over time.

[3%]

Photocurrent (mAcm™)

— Bare GaN — 4 L NiO/GaN
— 2 puL NiO/GaN 10 pL NiO/GaN
0 L 1
0 500 1000
Time (s)

Figure 3. Photocurrent response of the bare GaN and NiO/GaN electrodes at zero bias. The irradia-
tion power was 100 mWem 2 using 0.1 M NaOH as an electrolyte.

In the EIS measurements, the bulk capacitance Cp, i of the electrodes was found
after fitting their impedance by an equivalent circuit (EC) model. However, Cpi is not
only composed of the SCR capacitance Cgc, as it usually also contains the contribution
from the Helmholtz capacitance Cyy formed at the semiconductor/electrolyte interface. In
most cases, such contribution can be neglected because Cyy >> Cgc and, given that both
capacitances are in series, Cpjx =~ Cgsc [43]. The behavior of Cgc as a function of the applied
voltage Ve is described by the Mott-Schottky equation:

As \2 2 kBT)
=%  (Vo—FEg — 2= 1
(Csc) qKﬁoND( g @

where Ag is the electrode area, q is the elementary charge, « is the dielectric constant of the
semiconductor, ¢ is the vacuum permittivity, Np is the donor density, Eg, is the flat band
potential, and T the temperature. Figure 4 shows the typical Nyquist plots for the bare
and NiO/GaN electrodes. The bare GaN results exhibited two time constants, but only
one dominant time constant was present in the NiO/GaN electrodes. The EC elements
chosen to fit the impedance of the electrodes were selected based on the processes of
displacement/accumulation of carriers expected to occur. The EC used to fit the behavior
of each electrode is shown as an inset in the corresponding graph of Figure 4.

The observation of two time constants in the bare GaN electrode is attributed to the
bulk capacitance and the distribution of surface states [44]. The EC used to model this
behavior was composed of a series resistance R; related to the contact resistance of the
electrode, a capacitor corresponding to the bulk capacitance of the semiconductor, and an
impedance part associated with the trapping of carriers by surface states. The trapping
was described by a resistance R; in series with a resistance and capacitor in parallel. The
capacitance of the trapping state was modeled using a constant phase element (CPE) Q¢
rather than a capacitor due to its higher accuracy to emulate non-ideal capacitors. The
impedance of this CPE is given by Zqu(f) = Q! (j2nf) ~*, where Qy and a € (0,1) are
frequency-independent parameters characteristic of Q. A pseudocapacitance can be
extracted from the values of Q. and R, which is given by

=

Cot = % @)
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Analogously, a pseudocapacitance value Cp, i can be extracted from Qp,x and Rt in
the case of the NiO/GaN electrodes.
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Figure 4. The real and imaginary parts of the impedance Z of the (a) bare GaN, (b) 2 uL NiO/GaN,
(c) 4 uL NiO/GaN, and (d) 10 puL NiO/GaN electrodes. The scattered data correspond to the
experimental data, and the solid black lines are the fits obtained using the circuit shown as an inset
in each graph. The electrodes were immersed in 0.1 M NaOH, and their potential was —1.1 V vs.
Ag/AgCl/KCl (sat.). The data points were obtained by sweeping the frequency from 5 Hz to 50 kHz.
The points corresponding to 5 Hz and 50 kHz are indicated.

Figure 5 shows the capacitance and resistance values found from the ECs fittings as
a function of the electrode potential. Figure 5a shows that the increase in the trapping
capacitance C; of the bare GaN electrode seems to be correlated to the decrease in Ry,
showing the influence of the surface states in the kinetics of electrons from the conduction
band. Figure 5b shows small variations of R as a function of the applied voltage to the
electrode and had a value of a few tens of Q-cm?2, which is the expected behavior of the
contact resistance. The behavior of R is quite different in the bare GaN electrode than
in the NiO/GaN electrodes, as shown in Figure 5c. When R reaches a local maximum
in the bare GaN electrode, Rt in the NiO/GaN electrodes is around a local minimum.
There is a maximum in R for the bare GaN electrode at —0.94 V vs. Ag/AgCl/KCl
(sat.), which corresponds to a local maximum in Cg. It is expected that the surface state
capacitance traces a peak with respect to the Fermi level variation, in this case, controlled
by the electrode voltage, at the point where the Fermi level is equal to the energy level of
the surface state [45]. Therefore, these results suggest that in the bare GaN electrode, the
energy level of the surface states is at around 0.94 eV vs. Ag/AgCl/KClI (sat.) (in 0.1 M
NaOH). However, there might be some correction considering the kinetics of the carriers
when there is illumination.
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Figure 5. (a) C¢t and R corresponding to the equivalent circuit of the bare GaN electrode shown as
an inset in Figure 4a. (b—d) Rs, Ret, and Cpi of the bare GaN and NiO/GaN electrodes fabricated
in this work. Cpyx is presented in its usual form related to Equation (1). The measurements were
performed in 0.1 M NaOH.

One of the significant differences in the characterization of the electrodes fabricated is
that the NiO decorated electrodes can be modeled without the surface state capacitance.
Previous works have shown that the photocorrosion potential of GaN in acidic media
corresponds to the energy level of the surface states [17]. Although the photocorrosion
mechanism in alkaline conditions may vary from that in acidic media, the photocorrosion
suppression when the surface states of GaN are passivated suggests that a similar photo-
corrosion mechanism also happens in alkaline conditions. Figure 5d shows Cy, i of the
GaN electrodes. Following Equation (1), the shift between the different traces of Cpx
means that different flat band potential values are expected for each one of the electrodes.
However, the PEC performance of the NiO/GaN electrodes was practically the same, as
shown by Figure 3. The marginal difference shown by the 2 pL. NiO/GaN electrode likely
originated from its slightly better photoabsorption due to a lower surface coverage by NiO.
This result also shows that any modification to the bulk band structure parameters by NiO
did not significantly affect the overall performance of the electrodes.

Given that the origin of the surface states is either the dangling bonds from the surface
Ga atoms or Ga adatoms bonded to them, the passivation should occur by modifying the
chemical bindings of those superficial atoms. XPS analyses were performed to confirm
if there were any differences in the chemical state between the Ga atoms of the bare
GaN and 10 puL NiO/GaN electrodes. The results of this measurement are shown in
Figure 6. With the introduction of the NiO cocatalyst, the binding peak shifted 0.2 eV
in the negative direction. The Ga 3d peak position is well known to be influenced by
the chemical bonding of Ga atoms [46]. Therefore, we can conclude that in the case of
NiO deposited on the bulk GaN, the two materials formed a chemical bonding with the
participation of surface Ga atoms, passivating the surface states this way. Other works
report similar photocorrosion suppression techniques where surface termination species
are added [47]. However, in the case of NiO deposited on GaN, the coverage necessary to
prevent photocorrosion is negligible, which lets the semiconductor preserve almost intact
its photoabsorption properties.



Crystals 2022, 12, 211 7 0of9

1 .
—_ Ga 3d — Bare GaN
S —10 pL NiO/GaN
_E' ]
S
iy
‘m 0.5} 1
c
L
£
o |
o
X

0 e 1

15 20 25

Binding energy (eV)

Figure 6. Ga 3d peaks of the X-ray photoelectron spectroscopy measurements obtained from the bare
GaN and 10 uL NiO/GaN electrodes. The peak of the bare GaN electrode is shifted 0.2 eV towards a
higher binding energy with respect to the NiO decorated electrode.

4. Conclusions

In conclusion, we characterized the surface states in GaN by EIS analyses and demon-
strated that NiO particles deposited directly on GaN passivate them. These surface states
are generated by the electronic bindings of superficial Ga atoms, and the interaction of
those atoms with NiO modifies its chemical structure, as demonstrated by XPS mea-
surements. Finally, TEM analyses demonstrated that the NiO deposited as a cocatalyst
preserved an epitaxial relationship with GaN, following the NiO{111} | | GaN{0002} and
NiO[220] | |GaN[1120] symmetry constraints.
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