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Enhancement in solar hydrogen generation efficiency using InGaN
photoelectrode after surface roughening
treatment with nano-sized Ni mask*
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A significant enhancement in solar hydrogen generation efficiency has been achieved by inductive coupled etching
(ICP) surface roughening treatment using nano-sized nickel mask. As much as 7 times improvement of photocurrent is
demonstrated in comparison with a planar one fabricated from the same parent wafer. Under identical illumination condi-
tions in HBr solution, the incident photon conversion efficiency (IPCE) shows an enhancement with a factor of 3, which
even exceed 54% at 400 nm wavelength. We believe the enhancement is attributed to several facts including improvement
in absorption, reacting area, carrier localization and carrier lifetime.
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1. Introduction

Clean hydrogen generation has been attracting increas-
ing attention due to its environment friendly and unlimited
resource property. However, at present, more than 95% hy-
drogen are still generated from fossil fuels and biomass.!!!
Hydrogen generation via photoelectrolysis provides a promis-
ing solution to reduce carbon footprint as well as solving en-
ergy crisis.!?l Thus, numerous materials have been studied as
photoelectrode.*-%) Among them, InGaN epilayer is one of
the most promising candidate for application due to its ad-
justable direct band gap perfectly matching the solar spectrum
and stability in acidic/alkaline solution under sun light.[’=10]
So far, some efforts have been done including nano-rod struc-

(11-14] There are

ture, electrochemical treatment, and so on.
still not enough research in InGaN-based photoelectrode.

In this paper, we demonstrate significant enhancement in
hydrogen generation efficiency by employing surface rough-
ening process on InGaN film with self-assembled nickel
mask. The incident photon conversion efficiency (IPCE) of
InGaN/GaN film is enhanced by a factor of 3, which is at-
tributed to several factors. Moreover, time-dependence test of
photocurrents shows a good resistance to corrosion in HBr so-

lution after the roughening process.
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2. Experimental details

The InGaN epi-wafer was grown on c-sapphire (0001)
substrate by metal-organic chemical vapor-phase deposition
(MOCVD) with a vertical gas-flow growth chamber (Thomas
Swan 3x2” CCS). The source precursors for Ga, In, and N
were Trimethyl-gallium (TMGa), Trimethyl-indium (TMIn),
and ammonia (NH3), respectively. The N, or Hy was used
as carrier gas during the deposition. A 2.5-pm-thick silicon-
doped n-type GaN buffer layer was firstly deposited, followed
by a 250-nm-thick InGaN layer.
deposited on the InGaN epi-layer and rapid thermal process

5-nm-thick Ni mask was

(RTP) was applied to form nano-sized particles. After that,
the sample was roughened by utilizing a standard inductive
coupled plasma etching (ICP).['>] The etch depth was set as
50 nm, leaving 200-nm-thick InGaN layer untouched. Due
to the poor metal-semiconductor contact of un-doped InGaN
film, a part of area was etched down to n-GaN layer using ICP
etch and photolithography techniques, where standard alloy
of Ti/Al/Ni/Au (50 nm/100 nm/50 nm/100 nm) was deposited
on the n-GaN layer in order to form ohmic n-contact. This
is to some degree similar to the fabrication of the IIl-nitride
based light emitting diodes (LEDs).[!?] After being cleaned by
acetone and deionized water, the photoelectrochemical prop-
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erties of such samples were measured by a conventional three-
electrode cell using an electrochemical analyzer (CHI-633C,
Shanghai Chenhua). A 500-W xenon lamp was employed as a
light source. The InGaN epi-wafer, a Pt wire, and a saturated
calomel electrode (SCE) were used as working, counter and
reference electrodes, respectively. Aqueous 1 M HBr solution
was employed as an electrolyte because of its better stabil-
ity. To prevent the GaN buffer layer from being excited and
confirm all photocurrent comes from InGaN layer, a 390-nm
cutoff filter was employed.

3. Results and discussion

Figure 1 shows the typical scanning electron microscope
(SEM) images of InGaN electrode samples (plane-view image
of origin sample in Fig. 1(a), with nano-sized nickel mask
image in Fig. 1(b) and image of roughened sample with an
angle of 45° in Fig. 1(c)). In Fig. 1(a), the surface of origin
sample exhibit mountain-like and trench-like structure, which
is common in InGaN epi-layer grown by MOCVD.[7:16:17] T
GaN epi-layer grown on thick GaN template is usually under
compressive strained state, which leads to the formation of
stress driven surface undulations as shown in Fig. 1(a).[!8]
Figure 1(b) shows the surface of samples with self-assembled
Ni mask after rapid thermal process.!!>!>] The average nickel
mask diameter is around 15 nm. Interestingly, the size and
location of nano-sized Ni mask is closely associated with the
morphology of InGaN alloys layer. It can be found most Ni
particles locate at the slope or top of mounts, which is at-
tributed to the self-organized mechanism. It selectively leaves
the defects and valleys uncovered. After ICP roughening treat-
ment being applied and residual Ni particles being removed,
the sample surface is transformed into something similar to
Karst land feature. Figure 1(c) shows the surface structure
of such feature. The roughness of surface is clearly improved
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Fig. 1. Typical scanning electron microscope (SEM) images of InGaN
electrode samples. (a) Image of sample surface before roughening, (b)
image of sample with nickel mask, and (c) image of sample after surface
roughening treatment with an angle of 45°.

compared to the origin one in Fig. 1(a). Based on atomic force
microscope (AFM) measurement, the average roughness is in-
creased from 16.5 nm to around 40 nm. The root mean square
(RMYS) rises from 20 nm to 49 nm.

The PL spectra of InGaN photoelectrode samples were
measured with excitation of a 325-nm He-Cd laser, performed
by a Reinshaw micro-PL system with laser spot size of about
5 um. Figure 2 shows the PL spectra measured at room tem-
perature, where the dominate peak at 440 nm corresponds to
the near band edge emission of InGaN layer. The broad lower
peak is believed to be the defects-related emission of GaN
buffer layer.!'>?°! From the PL spectra, the band gap energy
of InGaN layer is calculated to be 2.82 eV. Inset indicates the
reciprocal space mapping (RSM) of the asymmetric (1105) In-
GaN/GaN sample conducted by PANalytical X’Pert Pro MRD
triple-axis X-ray diffraction system. The upper contour repre-
sents the reflection of GaN layer, while the other two indicate
the InGaN epi-layer. The center of the lower contour is close
to that perpendicular align of the (1105) GaN, labeled by a
vertical black dashed line. Meanwhile, another one locates at
that of fully relaxed states, labeled by the sideling black dashed
line. According to previous reports, 1?2l the In content can be
calculated as x = 0.14 and a degree of relaxation R = 100%,
while another corresponds to x = 0.16 and R ~ 25%. Taking

22231 the energy gap of this

the strain state into consideration,!
ternary alloy is estimated by?*!

BN =™ + (1= 0B —br(1-x), (1)

where E, and x are the bandgap of semiconductor and the
In composition, respectively, and b is the bowing parameter.
The energy gap of InGaN layer in this study is estimated to be
about 2.85 eV, which agrees with the PL spectra above.
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Fig. 2. (color online) The PL spectra of the InGaN epi-layer measured at
room temperature. Inset: (1105) RSMs for InGaN/GaN samples. The
diffraction intensities are plotted in contours as a function of the compo-
nents Qy and Q, of the reciprocal lattice vector relative to the direction
normal and parallel to the sample surface (in units of ~ 10000 x 47/A).
The vertical dashed line implies the fully strained state of InGaN layer,
while the sideling dashed line indicates the relaxed states.

The photocurrent of InGaN sample was investigated in
1 M HBr aqueous solution under A > 390 nm illumination (in
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Fig. 3). A 500-W xenon lamp was employed as light source.
To prevent the GaN buffer layer from being excited and con-
firm that all photocurrent comes from InGaN layer, a 390-nm
cutoff filter was employed. Dotted curve indicates the pho-
tocurrent of roughened sample with a lock-in amplifier, while
the solid one represents that of origin sample. Obviously, as
high as almost 7 times enhancement can be seen in Fig. 3,
as well as even lower dark current. In order to further verify
the beneficial effects of surface roughening process, incident
photon conversion efficiency (IPCE) was obtained under the
light with different wavelengths filtered by monochrome fil-
ters (shown in the inset of Fig. 3). The light intensity was
measured with a photometer (Newport, 840-C). The IPCE of
origin sample is around 16% at the wavelength of 400 nm,
which is equal to some other literatures.!!!>*! Interestingly,
the IPCE of roughened sample reaches an encouraging value
as much as 54%. More than 3 times enhancement has been
acquired, which provides a vision of bringing InGaN-based
hydrogen generation into practice.
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Fig. 3. (color online) Photocurrent density potential at InGaN electrode
in 1M HBr solution under A > 390 nm illumination with and without
surface treatment. Inset: IPCE of InGaN electrode before and after the
treatment; the potential is 1 V vs. SCE.

Such great improvement can be attributed to the following
several factors: i) as shown in Fig. 1, such nano-sized Ni mask
with a diameter of 20 nm and an average distance of 30 nm
provides a massive increase in total surface area with a factor
of about 3.61 compared to that of the origin feature. Therefore,
light absorption is greatly enhanced, providing more photon-
generated carriers in the active zone. On the other hand, it
also increases the interface between water molecules and In-
GaN alloys, which benefits the electrochemical reaction speed
shown in following equations:

Semiconductor+hv — e~ +hT, ()
e  +H" — 1/2H,, (3)
2ht +H,0 — O, +2HT. 4)

ii) Rough surface offers a kind of localization effect for
photon-generated carriers, which raises the proportion of car-
riers involved in photoelectrical reaction. Originally, a large

amount of carriers would move to non-radiative centers, bring-
ing down the efficiency of photoelectrolysis. Because the den-
sity of threading dislocations in GaN-based epilayers is around
103-10'° ¢m~2, which means that there are 1 to 100 non-
radiative centers within every micron square.!”-!°! The diffu-
sion length of carriers can be above 200 nm.!>! Since the
distance between carriers and surface is shortened by surface
roughening, photon-generated carriers can reach the interface
between InGaN layer and water molecules easier. It gains
more carriers to participate in water splitting. iii) Once being
fabricated down to nano size, so-called surface band bending
takes in, the separation of the photon-generated electron—hole
pairs was enhanced, resulting in longer recombination life-
times. The performance of InGaN electrode relies on longer
carrier lifetime.!'*! iv) Slopes of mounts and trenches are cov-
ered by Ni mask, which provides a protection during the sur-
face roughening, leaving InGaN layer beneath with good crys-
tal quality. While, gullies are diminished or removed after
Thus, it
also explains that lower dark current is achieved after sur-

roughening, where exist dislocations and defects.

face roughening process, which is highly related to defects and
threading dislocations.

The chronoamperometry (i—t) of InGaN electrode in 1 M
HBr aqueous solution after the surface roughening process un-
der illumination over wavelength of 390 nm was measured and
shown in Fig. 4. The photocurrent is almost constant during
a long time illumination (2500 s), which indicates the strong
stability of InGaN electrode in acidic solution even after ICP

etching. 0]
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Fig. 4. Chronoamperometry (i—¢) at InGaN electrode in 1 M HBr solu-
tion under A > 390 nm illumination after the surface roughening treat-
ment. The potential is 1 V vs. SCE.

4. Conclusions

In summary, the surface of 250-nm-thick InGaN epi-layer
is roughened by the ICP etching with nano-sized Ni mask
on top. Subsequently, photoelectrolysis of roughened InGaN
electrode is studied. It is found that the photocurrent and the
IPCE of such electrode increase almost 7 times and 3 times
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after the roughening process, which are attributed to several

factors including improved absorption, increased reacting in-

terface, carrier localization, longer carrier lifetime, and selec-
tive etching. More than 54% IPCE is acquired under 400 nm
wavelength condition and strong corrosion resistance is also

demonstrated. It provides a promising route to achieve solar

hydrogen generation with high efficiency.
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