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ABSTRACT

In this work, we used an alternating current electrochemical etching technique to fabricate
nanostructured InGaN in potassium hydroxide, which serves as an electrolyte. The effects of
different current densities during alternating current electrochemical etching on the
morphological and optical characteristics of the nanostructured InGaN samples were
investigated. The morphology of the nanostructured InGaN samples was determined by
extreme high resolution field emission scanning electron microscopy. The pore size (~38 nm)
and estimated porosity (~35%) were highest at 250 mA/cm? current density. Furthermore,
the surface roughness and average pore depth of the nanostructured InGaN increased with
increasing current density, as revealed by atomic force microscopy. X-ray diffraction data
showed a reduction in the full width at half maximum value and dislocation density of the
nanostructured InGaN samples. The InGaN-like Ez(high) phonon mode of the
nanostructured InGaN sample was shifted to a higher frequency in the Raman spectra
relative to that of the untreated sample, indicating that stress relaxation occurs in the
nanostructured samples. Raman spectra showed an increase in intensity of the
nanostructured InGaN samples showing improvement in optical property. The observed
properties illustrate the potential of using nanostructured InGaN application in sensing
devices.
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1. INTRODUCTION

Nanostructured Ill-nitrides, such as nanostructured indium gallium nitride (InGaN), have
receives a lot of interest in recent years because of their distinctive characteristics, for example,
large band gap and outstanding thermal, and mechanical stability [1]. Nanostructured InGaN has
large surface area-to-volume ratio that can improve the physical and optical properties required
for sensing devices. Nanostructures can also act as a growth template, which can provide stress
relaxation leads to a reduction in defects such as dislocation density for the subsequent growth
template [2]. Another advantage of nanostructures is their ability to increase the luminescence
intensity, which makes them a promising option for optoelectronic devices [3].
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Moreover, wet etching technique such as electroless etching and direct current electrochemical
etching has been utilized to fabricate Ill-nitride nanostructured samples. Wet etching is a
relatively simple and inexpensive technique that is often used to fabricate nanostructures on
semiconductors. A chemical solution or electrolyte is usually used during the wet etching process.
Electroless etching is catalysed by metals and does not require an external power source [4].
Instead, it requires oxidising agents that are capable of injecting holes into the semiconductor’s
valence band. However, this techniques tends to generate small and non-uniform pores or
nanostructures [4, 5]. In contrast, direct current electrochemical etching involves etching the III-
nitride sample in a potassium hydroxide (KOH) electrolyte using a constant direct current (DC)
source [6, 7]. Nevertheless, the DC applied throughout the etching process creates nitrogen
bubbles, which can attach to the InGaN surface and slow down the etching rate [8-10], resulting
in non-uniform and low pore density and porosity of the nanostructured InGaN [11]. To address
these issues, alternating current can be applied for electrochemical etching to improve the
etching rate and subsequently increase the pore density and porosity of the nanostructured
InGaN. The alternating current electrochemical etching technique that uses alternating current
(AC) can minimize the creation of nitrogen bubbles throughout the cathodic half cycle, and it
enables fresh KOH molecules to interact with the InGaN surface to create nanostructures during
the anodic half cycle [10, 12].

In this study, we fabricated nanostructured InGaN samples using the alternating current
electrochemical etching technique. KOH electrolyte was used to etch the InGaN sample at
different current densities of the AC power supply. The study of nanostructured InGaN fabricated
using alternating current during electrochemical etching is at the beginning stage of development.
Therefore, not all fundamental characteristics have been explored. Therefore, the effect of varying
current densities during the electrochemical etching on the characteristics of the nanostructured
InGaN were characterized using extreme high resolution field emission scanning electron
microscopy (XHR-FESEM), energy dispersive x-ray spectroscopy (EDX), atomic force microscopy
(AFM), x-ray diffractometer (XRD), and Raman spectroscopy.

2. MATERIAL AND METHODS

2.1 Sample Preparation

A commercial unintentionally doped Ing1GaooN wafer was used to fabricate nanostructured
InGaN samples. The InGaN layer was 300 nm thick, and that of the GaN layer was 3.2 um thick.

Prior to the etching process, the InGaN sample was cleaved into small pieces via a diamond
scriber. The InGaN wafer structure is presented in Figure 1.

- Ing ;Gag N (300 nm)

- GaN (3.2 pm)

J" GaN LTBL (low temp buffer layer)

- Pattern Sapphire Substrate

Figure 1. Schematic diagram of the as-grown InGaN structure.
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2.2 Formation of Nanostructured InGaN

Figure 2 depicts the experimental setup to fabricate nanostructured InGaN samples via
alternating current electrochemical etching. The sample was etched in a KOH electrolyte in a
custom-made Teflon cell under illumination provided by a 400 W ultraviolet light. KOH is a
common electrolyte used to fabricate nanostructures of Ill-nitride semiconductors [13, 14].
During the alternating current electrochemical etching process, InGaN samples were applied with
ACat 100, 150, 200, or 250 mA/cm? current densities with a constant etching duration Following
the etching procedure, the samples underwent careful cleaning with deionized (DI) water before
being allowed to air-dry at room temperature.
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Figure 2. Schematic diagram of the alternating current electrochemical etching technique.

2.3 Characterization of the Samples

XHR-FESEM and EDX (FEI Verious 460L, United States, 2015) were used to characterize the
surface morphology of the samples, while AFM (Dimension Edge, Bruker, German, 2011) were
utilized to obtain the surface roughness and estimated average pore depth with the scan area of
5 x 5 uymZ2. In addition, phase analysis was performed on all samples using a XRD (PANalytical PRO
DY 2536, Netherlands, 2007). The optical properties of the samples were characterized using a
Raman spectrometer (Renishaw inVia, The United Kingdom, 2010). The laser used for Raman
measurements was 20 mW HeNe laser (A = 633 nm).

3. RESULTS AND DISCUSSION
3.1 XHR-FESEM

The efficiency of electrochemical etching is based on the electron-hole pairs generated by photon
absorption, as the etching process causes oxidation followed by dissolution on the semiconductor
surfaces [15]. Upon illumination, electrons in the valence band jump to the conduction band and
generate holes in the valance band [16]. In this study, when the InGaN surface was immersed in
the KOH electrolyte, the energy band at the interface of InGaN/KOH electrolyte exhibited upward
bend bending (Figure 3), which caused the holes to accumulate at the sample surface [17].
Throughout the negative half cycle of the AC, the electrons were forced through the interface to
the electrolyte [18]. The accumulation of electrons at the platinum (Pt) electrode, which takes
place in the electrolyte, led to a reduction reaction of the water molecules, which resulted in the
formation of hydrogen gas [19]. On the other hand, at the positive half cycle of the AC, holes
drifted towards the InGaN surface [18]. This process led to an increment in the amount of
electrons going to the Pt electrode and enhanced the number of holes that accumulating on the
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InGaN surface. The holes assist in changing the surface atoms to a greater oxidation state, hence,
favouring oxidative decomposition [16, 20]. Therefore, chemical attack occurs at the InGaN
surface that has become positively charged. The decomposition of InGaN then leads to the
formation of nitrogen gas. Following that, the oxide layer that dissolves in the KOH solution leads
to the generation of nanostructures. The generation of nanostructures on the InGaN surface due
to the electrochemical etching can be visually confirmed by XHR-FESEM images. In addition, the
application of AC for electrochemical etching can decrease the creation of nitrogen bubbles
throughout the cathodic half cycle while allowing fresh KOH molecules to react with InGaN during
the anodic half cycle, which can significantly increase the etching activity. In this study, we varied
the AC current density to control the formation of nanostructures, pore size, and pore density in
the nanostructured samples.
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Figure 3. A schematic diagram of the formation of nanostructured InGaN and energy band diagram at
InGaN surface/KOH electrolyte that shows upward bend bending.

The XHR-FESEM images of the nanostructured InGaN samples fabricated via alternating current
electrochemical etching technique under various current densities are presented in Figure 4 and
the relationship between the average pore size and the estimated porosity of the nanostructured
InGaN samples on current density is displayed in Figure 5. By using Image] software, the number
of pixels of the total surface area of the XHR-FESEM image and pore area were counted in order
to estimate the percentage of porosity. The ratio between the total pore area and the total surface
area was then calculated as the estimated porosity [21, 22].

Figure 4a depicts the surface morphology of the as-grown InGaN sample, which displays smooth
surface morphology. Therefore, the average pore size and estimated porosity were not calculated
for this sample. The average pore size and estimated porosity for the nanostructured sample
etched at 100 mA/cm? were ~12 nm and ~22%, respectively (Figure 4b). The values of this
structure closely resembled the value of nanostructured InGaN reported previously [11].

When the current density increased, the nanostructured InGaN underwent some morphological
changes. At 150 mA/cm?, the pore size of the nanostructured InGaN was larger than that of the
100 mA/cm? sample (Figure 4c). Additionally, the formation of circular pore structure was more
pronounced, with average pore size increasing to ~18 nm and estimated porosity to ~24%,
indicating that the size of pores increased as the current density increased. Furthermore, the 200
mA/cm? sample (Figure 4d), the pore size ~22 nm and the porosity ~28% further increased
compared to the 100 and 150 mA/cm2 samples.
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Figure 4. XHR-FESEM images of as-grown and nanostructured InGaN samples subjected to alternating
current electrochemical etching at various current densities: (a) as-grown, (b) 100 mA/cm?, (c) 150
mA/cm?, (d) 200 mA/cm?, and (e) 250 mA/cm?.

When the current density was 250 mA/cm?, the nanostructures became even more pronounced
(Figure 4e), and the pore density increased along with pore size. Therefore, the pore size, density,
and porosity increased with increasing current density. The average pore size of the
nanostructured InGaN sample etched at current density of 250 mA/cm? was ~38 nm, and its
estimated porosity was ~35%, which was the highest among the samples analysed in this study.
The high pore density and porosity of this sample could be associated with the etching process of
the alternating current electrochemical etching technique.
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The AC that operated in both positive and negative cycles helped to reduce the amount of nitrogen
bubbles that generated during the cathodic half cycle and allowed fresh KOH molecules to react
with InGaN surface during the anodic half cycle, which can significantly increase the etching
activity [8, 10, 12, 23]. Thus, this technique mitigated the problem of nitrogen bubbles lowering
the etching rate and resulted in increased pore size, density, and porosity of the nanostructured
InGaN samples.

Furthermore, we previously fabricated nanostructured InGaN via direct current electrochemical
etching [7, 11]. However, the nanostructured InGaN exhibited lower pore density relative to the
nanostructured InGaN fabricated via alternating current electrochemical etching in the current
study. The low pore density of the former samples could be due to the presence of nitrogen
bubbles [9, 10, 24]. This comparison illustrates that the alternating current electrochemical
etching is better than the direct current electrochemical etching at producing a nanostructured
InGaN with higher pore density and porosity, which are properties required for application in gas
sensors and photodetectors.

We also used EDX to measure the atomic values of the elements in the thin films, as the peak
intensity in the EDX spectrum provides information about the atomic composition and
concentration of the elements present in the sample. The EDX measurement showed that the
nanostructured InGaN samples still contained In, which indicates that the InGaN layer was still
present and not entirely removed due to the etching process.
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Figure 5. Relationship between average pore size and estimated porosity with respect to current density.
3.2 AFM

The AFM was utilized to measure the surface roughness in root-mean-square (RMS) of as-grown
and nanostructured InGaN samples etched at various current densities via alternating current
electrochemical etching (Figure 6) and Figure 7 shows the relationship between RMS surface
roughness and estimated average pore depth on current density. The section line scan function
in the AFM NanoScope Analysis software was employed to determine the estimated average pore
depth of the nanostructured InGaN sample. Other researchers have used similar non-destructive
techniques to determine the estimated average pore depth of their nanostructured samples [8,
25, 26].
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Figure 6. AFM measurements and cross-section line scan of as-grown and nanostructured InGaN samples
subjected to alternating current electrochemical etching under various current densities: (a) as-grown,
(b) 100 mA/cm?, (c) 150 mA/cm?, (d) 200 mA/cm?, and (e) 250 mA/cm?.

The as-grown InGaN sample had surface roughness of 2.23 nm, indicating a smooth surface.
However, the etching process increased the surface roughness of the nanostructured InGaN
samples. The sample obtained by etching at 100 mA/cm? had a surface roughness value of 36.10
nm and an estimated average pore depth of 32.01 nm, which were higher than those of the as-
grown sample (Figure 6b). Furthermore, for the 150 mA/cm? sample (Figure 6c), the surface
roughness was measured to be 42.20 nm and the estimated average pore depth was 42.18 nm.
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Moreover, increasing the current density to 200 mA/cm? (Figure 6d) also resulted in increased
of surface roughness (56.0 nm) and the estimated average pore depth (72.04 nm). At 250 mA/cm?
(Figure 6€), the surface roughness (65.4 nm) and estimated average pore depth (75.98 nm) were
highest among the nanostructured InGaN samples. The RMS values and estimated average pore
depth of the nanostructured InGaN samples increased proportionally to the current densities
applied during the etching process (Figure 7). These observations were confirmed by the XHR-
FESEM images (Figure 4), which clearly show that the morphology of the InGaN film gradually
changed when the current density increased due to the effect of the alternating current
electrochemical etching process on the surface and structure of the film. Quah et al. [27] reported
identical results, which confirms that increasing the current density increases the RMS surface
roughness in the nanostructured sample.
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Figure 7. Relationship between RMS surface roughness and estimated average pore depth on current
density.

3.3 XRD

The XRD patterns for the as-grown and nanostructured InGaN samples etched at various current
densities are shown in Figure 8. For the as-grown InGaN sample, the peaks that were associated
with InGaN (0002), GaN (0002), InGaN (0004), and GaN (0004) were observed at 34.14°, 34.85°,
73.04°, and 73.26°, respectively. The peak detected at 41.91° was attributed to the sapphire
substrate. Furthermore, the (0002)-oriented InGaN diffraction peaks shifted to a higher
diffraction angle in the nanostructured InGaN samples with respect to the as-grown sample. The
diffraction peaks of InGaN (0002) were shifted to higher angle after etching for 100 mA/cm?
(34.18°), 150 mA/cm2 (34.16°), 200 mA/cm? (34.25°), and 250 mA/cm? (34.26°). Additionally,
the (0002)-oriented InGaN diffraction peaks were shifted nearer to the (0002)-oriented GaN
diffraction peak, indicating the change of In in the InGaN film and closer composition of the InGaN
film to that of GaN [3, 13, 28].
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Figure 8. XRD patterns of the as-grown and nanostructured InGaN samples.
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Figure 9. o-scans of the XRD rocking curves (RC) at the (0002) plane of (a) as-grown and (b)
nanostructured InGaN samples etched at 250 mA/cm?z.

We determine the crystalline quality of all investigated samples by conducting o-scans of the XRD
rocking curves (RC). The RC measurement was conducted at the symmetric (0002) plane. Figure
9 shows the RC for as-grown and 250 mA/cm?2 sample. The FWHM of the RC was used to calculate
the estimation of Nscrew+mixed dislocation density and the crystalline quality of all the samples can
be investigated [29]. Hence, the Nycrew+mixed Can be calculated by taking into consideration FWHM
of the RC and c-type Burger’s vector via the following equation [30]:

2
N . _ Boooz)
screw+mixed 4.35 X bzc

where Soo0z) is the FWHM of the (0002) scan and b, is the Burger vector of the c-type threading
dislocation. Using Vergard’s law, the Burger vectors of Ing1GaooN were estimated from the Burger
vectors of GaN (b. = 0.5185 nm) and InN (b = 0.5703 nm) [31].
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Moreover, Figure 10 shows the dependence Nscrew+mixed dislocation density of as-grown and
nanostructured InGaN on current density. It is interesting to note that nanostructured InGaN
samples had lower FWHM value for RC at the symmetric (0002) plane with respect to the as-
grown InGaN sample reflecting lower Nscrewsmixed dislocation density which is better crystalline
quality of the nanostructured InGaN samples-[15]. We observed that the FWHM value and
estimated Nscrew+mixed dislocation density decreased in nanostructured InGaN samples with the
increasing of the etching current density. Furthermore, among the nanostructured InGaN
samples, the FWHM of the RC (0002) and the estimated Nscrew+mixed dislocation density of the 250
mA/cm? etched sample exhibited the lowest values as shown in Figure 10. This result indicated
that the alternating current electrochemical etching helped to remove the dislocation defects and
improved the crystalline quality of the nanostructured InGaN samples [7, 29]. However, the
FWHM value for the 150 mA/cm? sample was slightly higher than that of the untreated sample,
but the increase was only 0.16 arcmin (9.6 arcsec). This suggests that the quality of the 150
mA/cm? etched sample was as good as that of the as-grown sample. Vajpeyi et al. [15] reported a
similar amount of increase in FWHM for their nanostructured sample. The increase in FWHM and
dislocation density of the 150 mA/cm? sample relative to the as-grown sample may be due to the
incorporation of impurity-induced disorders or surface damage and formation of non-
stoichiometric surfaces during the etching process [7, 15].
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Figure 10. Dependence of Nscrew+mixed dislocation density of as-grown and nanostructured InGaN on
current density.

3.4 Raman Spectroscopy

Figure 11 presents the Raman spectra of as-grown and nanostructured InGaN samples. Optical
phonons belonging to GaN E;(high) at 569 cm-! and GaN A;(LO) were identified at 734 cm-! for
all of the investigated films. The presence of an additional peak at 561 cm-! (inset Figure 11)
between the E(high) phonon mode of GaN and the E;(high) phonon mode of InN was attributed
to the InGaN-like E;(high) phonon mode. The assignment of the InGaN-like E;(high) phonon mode
was referred to previous reports in [16, 32, 33].

The phenomenon of more light interaction in the nanostructured InGaN sample due to the surface
disorder had resulted in a significant increase in Raman intensity in all of the nanostructured
InGaN samples compared to the untreated sample [34]. Similar observation has been reported in
[6]. The enhancement of optical properties provides important insights for the potential use of
nanostructured InGaN in optoelectronic applications such as photodetectors.

356



International Journal of Nanoelectronics and Materials
Volume 16 (Special Issue) December 2023 [347-359]

[N E,(H) GaN E,(H) GaN A,(LO)
488 cm’! 560 em! 734I em!
1 |
InGaN-like| |
' E,(high)s/ |
InGaN-like S \
1 E,(high) o _
— |
- T 340 550 360 s70 580
=
> ] 250mA/cm’
g 1200 mA/cm?
1 150 mA/em’ M
1 100 mA/em’ N
As-grown Jk__ﬁ
400 500 600 700 800

Wave number (cm™)

Figure 11. Raman spectra of as-grown and nanostructured InGaN samples. The inset figure depicts the
zoom-in of the Raman spectra at around 561 cm-1.

Overall, we detected a peak shift of the InGaN-like E,(high) phonon mode to alarger wave number
for all nanostructured samples in relative to the as-grown sample. This result suggests that stress
relaxation occurred in the nanostructured samples obtained by electrochemical etching.
Therefore, the amount of stress relaxation can be calculated by analysing the shift of the InGaN-
like E2(high) phonon mode of the nanostructured sample with respect to the as-grown sample as
follows: Awg, = Kzo where Ky and o refer to the proportionality factor and the in-plane biaxial
stress, respectively. Meanwhile the proportionality factor of InGaN was estimated by linear
interpolation from the proportionality factor of GaN = 4.2 cm-! GPa-! [35] and InN = 9.0 cm-!
GPa-1[36].

Moreover, Figure 12 depicts the dependence of amount of stress relaxation on current density.
We observed that the amount of stress relaxation decreased with the increase in applied current
density. The decreasing trend of the amount of stress relaxation was consistent with the
increasing trend in pore size and pore density shown in the XHR-FESEM results. Vajpeyi et al. [34]
noted that the amount of stress relaxation was affected by the pore size of the nanostructure, as
they observed larger pore size in the nanostructure with a lower amount of stress relaxation.
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Figure 12. Dependence of amount of stress relaxation of nanostructured InGaN on current density.

4. CONCLUSION

Alternating current electrochemical etching of InGaN films was performed in a KOH electrolyte
solution at various current densities (100, 150, 200, and 250 mA/cm2). The results showed that
current density affected the nanostructure morphology and the structural and optical properties
of nanostructured InGaN. The density of the nanostructure, porosity and pore size, as well as the
surface roughness and estimated pore depth increased with current density. The FWHM and
dislocation density were reduced in the nanostructured InGaN samples relative to the as-grown
sample, showing that the alternating current electrochemical etching improved the quality of the
nanostructured InGaN samples. Stress relaxation occurred in the nanostructured samples, and
the Raman intensity of the nanostructured InGaN showed intensity enhancement, which is direct
evidence of improved optical quality. Among the investigated samples, the sample etched at 250
mA/cm? had the highest average pore size, estimated porosity, RMS surface roughness, and
estimated average pore depth as well as the lowest Nscrewsmixed dislocation density, suggesting it
could be used in sensing devices.
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