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ABSTRACT
The construction of efficient light‐harvesting/conversion materials is the key to photoelectrochemical (PEC) water splitting. It

should not be overlooked that the precise construction of materials and electrode structures plays a crucial role in the

performance of its photoelectricity. Traditional structures (including dense film, pyramid and vertical nanowire (NW)) usually

result in nonnegligible light loss, hierarchical antireflection structures of NW arrays on nonplanar substrates are efficient

approaches to maximize the light absorption for PEC water splitting. Here, we constructed InGaN NW arrays with adjustable

tilt angle on nonplanar substrates by plasma assisted‐molecular beam epitaxy, and find the photoelectrical properties are closely

related to their tilt angle and NW spacing. As a function of tilt, the photocurrent is dependent on the inclination, showing a

trend of first increasing and then decreasing. NW arrays with more separated NWs exhibit larger photocurrent enhancement at

larger tilt angle up to 116% at 81.9°. This study compiles the effects of various NW array morphologies on the PEC performance

under varied light incidence angle, provides reference for the design of vertical NW arrays on nonplanar substrates acting as

hierarchical antireflection structures for efficient light absorption on PEC and photoelectric applications.

1 | Introduction

Energy and environment concerns are in the focus and require
urgent solutions [1–4]. Solar energy as renewable source needs
to be well utilized and converted to other energy forms which
can be used directly [5, 6]. Photoelectrocatalysts (PEC) water
splitting for hydrogen evolution is considered a promising, en-
vironmentally friendly, and sustainable energy strategy [7–9].

However, the inevitable light reflection from the surface of solid
photoelectrocatalysts leads to losses of solar light [10]. There-
fore, to maximize the solar light absorption through the design
of artificial antireflection structures is an efficient approach to
enhance the PEC efficiency.

Recently, to achieve solar light absorption and high‐performance
PEC applications, various solar light harvesting nanostructures of
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commonly adopted semiconductors including modified films,
hollow structures, pyramids, vertical nanowire (NWs) arrays,
nanocone arrays and porous structures, have been developed and
investigated [11, 12]. For instance, hierarchically porous particles
and heterogeneous hollow, multi‐shelled structures with porous
shells were prepared to harvest solar light sequentially and en-
hance the PEC efficiency [13]. Light trapping thin film modifi-
cations, such as the incorporation of Pd nanostructures into CuO
forming a CuO:Pd light trapping thin film, were applied to en-
hance light absorption and PEC pollutant degradation efficiency
[14]. GaN with a bimodal meso/macropore structure was fabri-
cated to enhance the light absorption and PEC performance [15].
Porous GaN [16] with vertical holes and GaAs [17] with sub-
wavelength texture were prepared by etching processes to reduce
the light reflectance and enhance hydrogen evolution. Si NW
arrays decorated with Pt nanoparticles were used to improve the
PEC hydrogen generation through the light‐trapping effects of
the NWs [18]. Several pyramid textured Si photoelectrodes with
antireflection effects have been reported [19–22]. A series of
hierarchical architectures to harvest solar light for enhanced PEC
properties have been realized, such as polydisperse nanoparticles,
hyperbranched column‐like structures, nanobowl, hollow nano-
spheres enabling multiple intra‐cavity reflections, metal sub‐
structures integrated into hierarchical architectures, gradient
refractive index nanostructures, discontinuous patterns for anti-
reflection, and more [23, 24].

For NW semiconductors, they have been widely investigated as
photoelectrodes for PEC and photoelectric fileds due to en-
ahnced light trapping effect and high specific surface area
[25–29]. For instance, InxGa1−xN and GaxAs1−xP nanowires/
nanorods vertically grown on planar Si substrates have been
used for light absorption‐ and PEC reaction enhancement
[30–33]. To further improve the light trapping, researchers
found that tilt NW structure could dramatically boost the light
absorption. ZnO nanorods, vertically aligned on a polyethylene
terephthalate flexible substrate were bended to improve the light
trapping and the PEC efficiency [34]. Furthermore, multi‐band
InGaN NW arrays on a nonplanar Si wafer with tilt angles of 52°
[35] and 31° [36] were fabricated for light absorption and PEC
water splitting improvement. Unfortunately, these publised
studies lack of optimization and maxmization of light trapping
and PEC efficiency. Besides, it has been discovered that the tilt of
GaAsP NWs vertically aligned on a planar Si substrate revealed a
maximum enhancement of the photocurrent density for PEC
water splitting for a tilt angle of 60° from the light incidence
direction. The optimization of the photocurrent density for
controlled NW morphology and spacing was speculated [37].
Furthermore, in our previous work, we found that InGaN NWs
with a tilt angles of 73° delivered the maximized photocurrent
density, which was different from the tilt angle (60°) of above
reference. Therefore, the light trapping effect is not only related
to tilt angle, but also dependent on the NW spacing.

Here, we experimentally study the dependence of the PEC
performance for solar water splitting on the tilt of InGaN NW
arrays with various dispersion density, fabricated by plasma
assisted‐molecular beam epitaxy (PA‐MBE). For vertical light
incidence, the NW array with suitable‐density, well‐separated
NWs exhibits the highest photocurrent due to enhanced light
absorption in combination with the large surface area. For all

NW arrays, the photocurrent reveals a distinct maximum when
the light incidence is tilted away from the surface normal. NW
arrays with larger NW spacing exhibit the largest photocurrent
enhancement of up to 116% at a light incident angle of 81.9°. In
addition, numerical finite difference time domain (FDTD)
simulations demonstrate bigger tilt nanowires exhibit enhanced
minimum light reflectivity. This provides a guide for the design
and realization of more complex NW arrays on nonplanar
substrates to form efficient, hierarchical antireflection struc-
tures for maximized light ultilization in optical devices.

2 | Experimental Section

2.1 | Growth of Various InGaN NW Arrays on
Planar Si (111) Substrates

Before growth, the Si wafers were first immersed in 10 wt.% HF
aqueous solution to remove the native oxide layer. Then, the
clean Si wafers were loaded into the MBE chamber for degas-
sing, nitridation, and InGaN growth. The detailed growth pro-
cess can be found in our previous work [38]. The SiNx layer
formed by surface nitridation before InGaN growth accom-
modates the lattice mismatch and reduces the threading dislo-
cation density, improving the crystal quality of InGaN [39, 40]
without reducing the conductivity for moderate nitridation
times [4]. The molecular N2 gas flow rate for the plasma source
was 1.7 sccm (standard cubic centimeter per minute).

2.2 | Materials Characterization

The In contents of the various InGaN NW arrays were deter-
mined by X‐ray diffraction (XRD, PANalytical X'Pert PRO). The
surface morphologies and cross‐sections were measured by Field‐
emission scanning electron microscopy (FE‐SEM; ZEISS Gemini
500) and atomic force microscopy (AFM; Bruker Multimode 8).
The detailed InGaN NW structure was characterized by trans-
mission electron microscopy (TEM; JEM‐2100HR). The reflec-
tivity of all samples was measured by an optical spectrometer
(Ocean Maya2000PRO). Here, we used FDTD simulations with a
commercial code (Lumerical Inc.) to calculate the reflected
electric field distribution. The detailed parameters can be seen in
our previous work [35, 41]. In addition, the tilt angles of InGaN
nanowire samples were 0°, 50°, and 73°. The wavelength of the
vertical, linear polarized incident light beam was 550 nm.

2.3 | Photoelectrochemical Measurements

The preparation of the InGaN photoanodes was described in our
previous work [41]. Linear sweep voltammetry (LSV) curves
under chopped on‐off light were taken with a scan rate of
50mV s−1 from −0.3 to 0.4 V versus Ag/AgCl. The power density
of the simulated sun light was 100mWcm−2 (GLORIA‐X500A).
Electrochemical impedance spectroscopy (EIS) measurements
were performed in the frequency range from 1Hz to 100 kHz at
0.3 V in 0.5M (mol L−1) Na2SO4. Mott–Schottky (M‐S) plots of
capacitance‐voltage (C‐V) measurements were acquired in the
dark in the potential range from −0.8 to 0.6 V versus Ag/AgCl in
0.5M Na2SO4.
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3 | Result and Discussion

The InGaN samples used for photoelectrochemical devices were
fabricated by growing InGaN with various NW spacings,
lengths and shapes on planar n‐type Si (111) wafers with a
0.0001–0.0009Ωcm resistivity via PA‐MBE [38]. The detailed
growth process can be found in experimental section of sup-
porting materials. Schemes of the MBE system and growth
process of the InGaN NW arrays with various morphologies,
denoted InGaN‐1–4, are shown in Figure 1a,b. Supporting
Information: Figure S1 in the supporting materials presents
diagrams of the growth conditions, that is, substrate tempera-
ture (thermocouple reading), In and Ga beam equivalent pres-
sures, In and Ga shutter sequences and forward power of the
active N plasma source versus the growth time for InGaN‐1–4.
The PEC properties of the InGaN photoanodes were measured
in an aqueous solution of 0.5 M Na2SO4 with 0.5 M Na2SO3

using an electrochemical workstation in three‐electrode con-
figuration, with the InGaN‐1–4 working electrodes, an Ag/AgCl
reference electrode and a Pt mesh counter electrode. All de-
tailed experimental process can be seen in supporting materials.

The XRD spectra recorded around the Si (111) Bragg reflection
for the InGaN‐1–4 NW arrays are plotted in Supporting Infor-
mation: Figure S2. The peaks at 28.44° are from the Si (111)
substrates. The peaks for the InGaN‐1–4 NW arrays, due to the
InGaN (0002) Bragg reflection, are all centered around 34.18°.
The In content is calculated according to Bragg's law, 2d ·
sinθ= n · λ (n= 1) and Vegard's law, dInGaN = x · dInN + (1−x) ·
dGaN [35]. d is the InGaN lattice constant, 2θInN is 31.34° and
2θGaN is 34.56°. This gives the In (Indium) content of 11%, cor-
responding to a bandgap energy of 2.96 eV, which is calculated

from Eg(InGaN) = x · Eg(InN) + (1−x) ·Eg(GaN) – b · x · (1−x),
with Eg(InN) = 0.7 eV and Eg(GaN) = 3.4 eV [42, 43], assuming a
bowing parameter b of 1.5. To analyze the structural character-
ization, TEM and high‐resolution TEM images of individual
InGaN‐3 NWs are displayed in Supporting Information: Fig-
ure S3a,b. The diameter of the InGaN NW is around 70 nm in
Supporting Information: Figure S3a. From the high‐resolution
TEM image in Figure S3b, regular lattice fringes perpendicular to
the NW sidewall are observed, indicating the single‐crystal
structure and the NW growth direction along the c‐axis.

The morphologies of the InGaN‐1–4 NW arrays vary from fully
coalesced NWs to isolated, well‐separated NWs, depending on
the adjustment of the growth conditions, mainly the Si substrate
temperature, the ratio of the In and Ga beam equivalent pres-
sures and the N plasma source power, summarized in Supporting
Information: Figure S1. The top‐view‐ and cross‐sectional field‐
emission scanning electron microscopy (SEM) images of the
InGaN‐1–4 NW arrays are shown in Figure 2a–d. Figure 2a of the
InGaN‐1 NW array reveals coalesced NWs. Tiny gaps and
directional fluctuations of the coalescence of the NWs are
observed. The NWs are connected from the bottom to the top
with relatively straight sidewalls. After increasing the power of
the N plasma source from 350 to 500W and the In and Ga beam
equivalent pressures from 0.42 × 10−7 and 0.69 × 10−7Torr to
0.53 × 10−7 and 1.39 × 10−7Torr, respectively, the degree of NW
coalescence is reduced with the NWs only connected in one
direction, forming nanowalls for the InGaN‐2 NW array, as
presented in Figure 2b. There are nanogaps of 10–80 nm width
between the InGaN nanowalls, as seen in the top‐view SEM
image. However, the cross‐sectional SEM image of the InGaN‐2
NW array in Figure 2c reveals still rather compact NWs, at least

FIGURE 1 | Schematic diagrams of (a) molecular beam epitaxy (MBE) system and (b) growth process of InGaN‐1–4 nanowire (NW) arrays with

various morphologies.
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in one direction. When the power of the N plasma source is
reduced back to 350W and the substrate temperature is ramped
up to 700°C, the NWs of InGaN‐3 NW array become more iso-
lated with only a few NWs connected in one direction. This is
also reflected in the cross‐sectional SEM image. For the InGaN‐4
NW array, where the Ga beam equivalent pressure is decreased
from 1.39 × 10−7 to 1.03 × 10−7Torr and the In beam equivalent
pressure is increased from 0.53 × 10−7 to 0.72 × 10−7Torr, the
gaps between the NWs are larger, 80–150 nm, with NW diame-
ters of 40–80 nm, as observed in Figure 2d. As seen in both,
the top‐view‐ and cross‐sectional SEM images, the NWs are
now isolated, well‐separated. The vertical and lateral growth
rates for the InGaN‐1–4 NW arrays can be estimated from the
lengths of the NWs. InGaN‐3 and InGaN‐4 exhibit longer NWs
(854 nm and 833 nm) than InGaN‐1 and InGaN‐2, indicating
that they possess higher axial NW growth rates, leading to the
observed more separated NWs.

To further evaluate the morphology of the InGaN NW arrays,
the surface morphologies and cross‐sections were measured by
atomic force microscopy (AFM) and field‐emission scanning
electron microscopy (FE‐SEM). 3D images and AFM height‐ of
InGaN‐1–4 are shown in Figure 2e–h. The height images of
InGaN‐1–3 in Figure 2e–g reveal similar sized NWs. The degree
of coalescence of the NWs for InGaN‐2–4 in Figure 2f–h
decreases compared to that for InGaN‐1 with fully coalesced
NWs. For InGaN‐2 in Figure 2f the InGaN nanowalls are con-
firmed, which break up into more isolated, dense NWs for
InGaN‐3 in Figure 2g. Finally, the NWs become isolated, well‐
separated with larger diameter and spacing for InGaN‐4, shown
in Figure 2h. These results are consistent with those from the
SEM images in Figure 2a–d. Furthermore, the root mean square
(RMS) [43] roughness values obtained from the AFM analysis
can be used to indicate the diameter‐to‐spacing relation of the
NWs. As presented in Table 1, InGaN‐1–4 exhibit RMS rough-
ness values of 11.6, 46.8, 49.8, and 51.1 nm, respectively, which
are obtained from the AFM measurements in Figure 2e–h. As
for the RMS roughness, the measured height variation for high‐

aspect ratio, separated NWs is geometrically given by the AFM
tip angle and NW spacing. Additionally, the corresponding
height profiles along the solid lines in top‐view AFM height
images of four InGaN samples are presented in Supporting
Information: Figure S4. InGaN‐1 shows slight height fluctua-
tions and tiny gaps, indicating a relatively flat surface. Differ-
ently, InGaN‐2–4 display height variations that increase in
magnitude, reflecting the increase of the NW spacing. The
average height variations increase only slightly for InGaN‐2 to
InGaN‐3 while there is a drastic increase for InGaN‐4 due to the
isolated, well‐separated NWs with larger diameter and spacing.

To elucidate the effects of the morphology on the light
adsorption and PEC water splitting performance, the average
height variations correlate with the light reflectivity under
normal light incidence for InGaN‐1–4 in Figure 3a and the LSV
curves of InGaN‐1–4 in the potential range from −0.3 to 0.4 V
versus Ag/AgCl under on/off chopped light are presented in
Figure 3b. The reflectivity is largest for InGaN‐1 and continu-
ously decreases with the smallest reflectivity for InGaN‐4. The
main reason is that light scattering and absorption increase for
NW arrays with isolated, well‐separated NWs with larger
spacing, coming closer to the light wavelength. The InGaN‐1
photoanode with a relatively flat surface displays the lowest
photocurrent density of about 0.03mA cm−2 at 0.3 V versus Ag/
AgCl. For the InGaN‐2 nanowall photoanode, the photocurrent
density is increased by up to 0.02mA cm−2. The InGaN‐3 and
InGaN‐4 NW photoanodes exhibit the largest photocurrent
densities at the same bias of 0.067 and 0.064mA cm−2, respec-
tively. The enhancement of the photocurrent density correlates

FIGURE 2 | Top‐view atomic force microscopy (AFM) height images and three‐dimensional (3D) images, and top‐view‐ and cross‐sectional scanning
electron microscopy (SEM) images of InGaN samples. (a–d) and (e–h) correspond to InGaN‐1, InGaN‐2, InGaN‐3, and InGaN‐4, respectively.

TABLE 1 | RMS roughness values for InGaN‐1, InGaN‐2, InGaN‐3,
and InGaN‐4 obtained from AFM measurements in Figure 2e–h.

Samples InGaN‐1 InGaN‐2 InGaN‐3 InGaN‐4

RMS (nm) 11.6 46.8 49.8 51.1

Abbreviations: AFM, atomic force microscopy; RMS, root mean square.
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well with the light trapping properties for InGaN‐1–3, while the
photocurrent density for InGaN‐4 is slightly smaller than that for
InGaN‐3. This means that the delicate balance between absorp-
tion, photocarrier separation and transfer, surface reaction rate
and surface area have to be taken into account to understand the
photocurrent density. First of all, InGaN‐1–4 have the same In
content, and therefore, the same bandgap energy and absorption
coefficient. Also the surface reaction rate, then, can be assumed
to be similar. Hence, the antireflection properties dominate for
InGaN‐1–3 while carrier separation and transport and surface
area become more important for the thicker and more sparse
NWs of InGaN‐4. We will address this more deeply by the EIS‐
and C‐V measurements shown below. To note, the absence of
any contribution of the Si substrate to the PEC measurements,
especially for the well‐separated NWs and the high long‐time
chemical stability of InGaN NWs has been deeply investigated
and confirmed before [35].

Additional information regarding the carrier separation and
transport is provided by the EIS and C‐V measurements.
Figure 3c shows the Nyquist plots of the EIS measurements for
the InGaN‐4 NW array under illumination for varied light
incidence angle between 0° and 80°, to investigate and confirm
that increase of the angle of incidence enhances the light

absorption and photoelectrochemical properties. The inset
shows the corresponding equivalent circuit. The diameter of the
half circle provides the charge transfer resistance Rct which is
related to the charge transfer of photogenerated carriers to the
surface followed by the charge transfer through the InGaN/
electrolyte interface [44]. Rct continuously decreases with
increase of the angle of incidence. As generally, Rct decreases
under illumination, that is, with photogenerated carrier gener-
ation, this agrees with the increased absorption for larger angles
of light incidence. Therefore, the above result illustrates that
increase of the angle of incidence enhances the light absorption,
and then generates more photogenerated carriers, and finally
reduces Rct. To investigate the trapping effect of tilted nanowire
arrays, we simulated the two‐dimensional reflected electric field
intensity distribution diagram of Si/InGaN nanowire structure
via FDTD under the incident light with various angles in
Figure 3d–f, corresponding to incident light of 0°, 50°, and 73°
respectively, and the wavelength of incident polarized light is
550 nm. The detailed parameters can be seen in our previous
work [35, 41]. The reflectance of Si/InGaN nanowires decreases
from 0° to 50° to 73°, and the reflectance ratio is 1/0.63/0.39.
Therefore, we can conclude that the tilted nanowire array
structure has enhanced trapping effect than that of nanowire
array parallel to the incident light. In addition, in the incident

FIGURE 3 | (a) Reflectivity spectra of InGaN‐1–4 for normal light incidence. (b) Current density ‐ voltage of InGaN‐1, InGaN‐2, InGaN‐3, and
InGaN‐4 photoanodes under on/off chopped light. (c) Nyquist plots of the EIS measurements for InGaN‐4 photoanode for varied angles of incident light.

Schematic diagrams and two‐dimensional (2D) color coded reflected electric field distributions for the Si/InGaN NWs as a function of the tilt angle of

the incident light, (d) 0°, (e) 50°, and (f) 73°. The incident linear polarized light wavelength is 550 nm. The reflected intensity ratios are 1/0.63/0.39.
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light angle range of 0°–73°, with the increase of incident light
angle, the trapping effect of nanowire array structure is stronger.
The results are consistent with those in our previous work, that
NW arrays on pyramidal (52° tilt angle) or oblique pyramidal
(73° tilt angle) Si substrates can obvious enhance light adsorption
compared with that on planar Si substrate [35, 41].

The dependence of the photocurrent density for the InGaN‐1–4
photoanodes on the tilt angle of the incident light is studied in
Figure 4a. The photocurrent is measured at a bias of 0.3 V
versus Ag/AgCl and normalized to the projected illuminated
geometrical surface area. The As the light incidence tilt angle
increases, the photocurrent density for all the InGaN photo-
anodes undergoes a maximum which becomes larger in mag-
nitude and shifts to larger tilt angles for the InGaN‐1 to 4
photoanodes, which is consistent with the conclusions that the
light response enhancement rate is proportional to the tilt angle
within a certain range of tilt angle in Figure 3d. The maximum
photocurrent density enhancement for InGaN‐1 is 39% at the
tilt angle of 63.1°. For the InGaN‐2 and InGaN‐3 photoanodes,
the maximum photocurrent density enhancement is similar, of
55% at 72° and 54% at 73°, respectively. The maximum photo-
current density enhancement is largest for the InGaN‐4 pho-
toanode of 116% at the largest tilt angle of 81.9°. To provide an
intuitive explanation for the photocurrent density enhance-
ment, in Figure 4b,c, the geometrical arrangement for the
optical light trapping and absorption mechanism is schemati-
cally drawn for dense and more separated NWs in the arrays.
The blue colored regions indicate the light trapping depth. By
simply assuming geometrical optics, multiple reflections and
absorption accompanied with each reflection, it is directly evi-
dent that a maximum of absorption occurs at a certain tilt angle
which both, the maximum of absorption and tilt angel, increase
in magnitude with increasing NW separation. With increasing
tilt angle the number of reflections increases while the light
propagates deeper into the NW arrays for the same tilt angle
for wider NW separation. For grazing light incidence angles,

extensive accumulation of photo‐generated holes close to the
NW tops leads to screening of the near‐surface electric field to
reduce the carrier separation and transport [37]. Evidently, with
respect to the tilt angle, the optical light trapping and absorp-
tion enhancements dominate for all NW arrays to govern the
photocurrent density enhancement, also for InGaN‐4. From the
photocurrent performance in Figure 3b and Supporting Infor-
mation: Figure S5, InGaN photoanodes with NW lengths of 268,
539, 854, and 833 nm show the photocurrent densities of 0.032,
0.039, 0.055, and 0.042mA cm−2 at 0.3 V versus Ag/AgCl after
80 s, respectively. Regarding the NW length, the results in
Figure 3b and Supporting Information: Figure S5 indicate that
these lengths of four InGaN NWs have a relatively minor
impact on photocurrent or light adsorption. This provides an
estimate of the depth of the light trapping regions and implies
that for the investigated longer NWs, length is not a parameter
which is involved. As shown in Supporting Information:
Table S1, our InGaN photoanode displays superior PEC per-
formance in comparison of reported pure InGaN and GaN
photoanodes, delivering photocurrent density of 65 µA cm−2 at
a low potential of 0.3 V versus Ag/AgCl.

Figure 5a–d depicts the M‐S plots of the C‐V measurements for
the InGaN‐1–4 photoanodes in the dark to verify the carrier
type and analyze the flat band voltage (Vfb) and near‐surface
energy band bending, according to [45, 46]:



 




C A ε ε eN
V V

k T

e

1
=

2
− −

sc r d
app fb

B
2 2

0

(1)

where Csc, A, ε0, εr, Nd, Vapp, and kB are the capacitance of the
space charge region, the photoelectrode area, vacuum permit-
tivity, relative permittivity, ionized donor (or acceptor) con-
centration, applied bias (vs. reversible hydrogen electrode), and
the Boltzmann constant. From the slope of the M‐S plots, n‐type
conductivity is deduced. The unknown surface area does not

FIGURE 4 | (a) Normalized photocurrent density enhancement of InGaN‐1, InGaN‐2, InGaN‐3, and InGaN‐4 photoanodes at 0.3 V (vs. Ag/

AgCl). Geometrical arrangement for the optical light trapping and absorption for (b) dense and (c) more separated nanowire (NW) arrays.
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allow the determination of the free electron concentrations. The
Vfb values for the InGaN‐1–4 photoanodes are all −0.24 V. The
same value is expected from the same In content and corre-
sponding same pinning of the surface Fermi level and indicates
comparable carrier separation and transport in the near‐surface
electric field due to the upward near‐surface energy band
bending [47]. The band structure with photogenerated carrier
separation and transport together with a schematic illustration
of the whole PEC system and oxygen‐ and hydrogen evolution
reactions is drawn in Figure 6 [48, 49].

4 | Conclusion

To conclude, we have designed and prepared InGaN NW arrays
with the same In content but different morphologies using PA‐
MBE for PEC analysis. We have unraveled the relationship

between the InGaN NW morphologies and light trapping as a
function of the light angle of incidence for maximized solar light
absorption and optimized PEC performance. For vertical light
incidence, InGaN NW arrays with medium‐density and well‐
separated NWs exhibited the maximum photocurrent due to
enhanced light absorption combined with large surface area. For
tilted light incidence the photocurrent for all studied InGaN NW
arrays first increased, passed a maximum and then decreased
with increasing angle of incident light. The InGaN NW arrays
with more separated NWs exhibited the largest photocurrent
enhancement of 116% for 81.9° light incidence angle. Further-
more, we also demonstrate from theoretical side of FDTD sim-
ulations tilt nanowires exhibit enhanced light adsorption. This
study provides a systematic insight into the effects of various
morphologies of InGaN NW arrays with different NW spacings,
lengths and shapes on the PEC performance for varying angle
of incident light. This is significant for the rational design of

FIGURE 5 | Mott–Schottky (M‐S) plots of the capacitance‐voltage (C‐V) measurements for (a) InGaN‐1, (b) InGaN‐2, (c) InGaN‐3 and (d)

InGaN‐4 photoanodes in the dark.

FIGURE 6 | Schematic illustration of the photoelectrochemical (PEC) system with energy band structure and photogenerated carrier transport

for n‐InGaN nanowire (NW) photoanodes.
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hierarchical NW arrays on nonplanar substrates for maximized
efficiencies photocatalytic and other optical devices.
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