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Large photocurrents in GaN porous structures with a redshift of the photoabsorption edge

Taketomo Sato”, Yusuke Kumazaki, Hirofumi Kida, Akio Watanabe, Zenji Yatabe, and Soichiro Matsuda
Research Center for Integrated Quantum Electronics (RCIQE), Hokkaido University, Sapporo, 060-8628, Japan

Abstract

Photoresponse and photoabsorption properties of GaN porous structures were investigated by measuring
photocurrent and spectroscopic photoabsorption under monochromatic light with various wavelengths. The measured
photocurrents on the porous GaN electrode were larger than those on the planar electrodes due to the unique features of
the former electrode, such as large surface area and low photoreflectance properties. Moreover, the photocurrents were
observed even under illumination with wavelength of 380 nm, corresponding to photon energy of 3.26 eV, which is 130
meV lower than the bandgap energy of bulk GaN. A potential simulation revealed that a high electric field was induced
at the pore tips due to modification of the potential in the porous structures. The observed redshift of the
photoabsorption edge can be qualitatively explained by the Franz-Keldysh effect.
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1. Introduction

The high-density formation of semiconductor nano- and
micro-structures—targeting applications such as
optoelectronic  devices, Dbio-chemical sensors, and
high-efficiency energy-conversion devices—has been
intensely researched. Among these structures, porous
structures (namely, a high-density array of nanometer- or
micrometer-sized pores formed by an electrochemical
process) are one of the most promising due to their unique
features. Anodic porous etching on silicon and germanium
was first reported by A. Uhlir at Bell Labs in 1956 [1]. After
that, compound semiconductors such as GaAs [2, 3], InP
[4-7], GaP [8, 9], GaN [10-12], and SiC [13] were studied.
We have recently reported that InP and GaN porous
structures show low  photoreflectance and  high
photoabsorption [14-16], which are essential features of
photoelectric and photochemical conversion devices such as
solar cells and photoelectrodes. Besides, the photo-assisted
electrochemical process in back-side-illumination (BSI)
mode, as compared with front-side-illumination (FSI) mode,
has been demonstrated to form deeper pores even for
chemically stable materials such as GaN [17].

Among photoelectrode materials, gallium nitride
(GaN) is one of the most attractive because of its chemical
stability and its potential to achieve direct photoelectrolysis
by solar power without consuming electric power [18-20]. In
addition, the bandgap energy of GaN-based materials can be
varied from about 0.65 to 6.0 eV by alloying them with InN
and AIN, thereby making it possible to design various
functional photoelectrodes not only for spectral matching of
solar light but also for electrochemical reduction of carbon
dioxide to carbohydrate [21]. For the photoelectrode
application, porous structures have advantages such as large
surface area and low photoreflectance. Actually, recent
studies have shown that the photoresponse of n-GaN is
enhanced by formation of porous structures [11,16,22]. Most
previous studies have focused on the photoabsorption
process under the illumination with photon energy above the
GaN bandgap. However, few studies have focused on the
detailed photoabsorption process under below-bandgap
illumination.

The purpose of the present study is to clarify the

photoresponse and photoabsorption properties of GaN
porous structures under below-bandgap illumination by
spectroscopic electrochemical measurements. The porous
structures  were  formed by the  photo-assisted
electrochemical process in BSI mode. The fundamental
photoresponse of porous structures was measured and
compared with that on GaN planar substrates under
illumination by monochromatic light. The mechanism of the
photoabsorption (involving the specific structural features of
GaN porous structures) was then investigated from both
experimental and theoretical aspects.

2. Experiment

The experimental setup used in this study is schematically
shown in Fig. 1. A custom-made cell equipped with a crystal
window and indium-tin-oxide (ITO) plate was used for both
the formation of the pores and the spectroscopic
measurements of photoabsorption. The electrochemical cell
has three electrodes: an n-type GaN electrode as a working
electrode (W.E.), a platinum (Pt) counter electrode (C.E.),
and a silver (Ag)/AgCl reference electrode (R.E.).

As shown in Fig. 1, GaN-porous structures were
formed using a photo-assisted electrochemical process in the
BSI mode. GaN epitaxial layers grown on sapphire
substrates were used as the W.E. The thickness and the
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Figure 1.  Schematic illustration of the electro- chemical
setup used for both formation of porous structures and
spectroscopic measurements.
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carrier density of the GaN epitaxial layers were 6.8 ym and
1 X 10" cm™, respectively. The electrolyte consists of
1-mol/L. H,SO, and 1-mol/L H;PO, (pH of 2.5). As a UV
light source for the photo-assisted electrochemical process, a
monochromatic light with a wavelength of 370 nm was
irradiated using a xenon (Xe) lamp through an optical
band-path filter with a FWHM of 10 nm. Various
electrochemical conditions, such as applied voltage V,, UV
intensity Py, and anodization time t,, were precisely
controlled using a potentiostat connected to a computer
system monitoring the anodic-reaction current density.

Top and cross-sectional SEM images of the
GaN-porous samples formed with V, of 5 V and P of 3
mW/cm? in the BSI mode for #, of 1800 s are shown in
Figures 2(a) and (b). Pore diameter and density were
estimated from the top image to be about 25 nm and
6.5x10" cm?, respectively, which remain almost the same
throughout the porous layer. Pore length d,, being over 4 ym
in the depth direction, increased with ¢,, as shown in Fig.
2(b). It was previously demonstrated that as compared with
pores obtained in the FSI mode, deeper pores were obtained
in BST mode because the pores are only etched at the pore
tips (due to the focused supply of holes) [17].

The photoresponse and photoabsorption properties of
GaN porous structures on the sample shown in Figs. 2(a)
and (b) were evaluated by photocurrent measurements and
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Figure 2. SEM images of GaN-porous samples formed
in BSI mode with V; =5V and Py = 3 mW/cm? for a
wavelength of 370 nm and t, = 1800 s: (a) top image and
cross-sectional image.

spectroscopic  measurements. All experiments were
conducted using a 1-mol/L NaCl solution as an electrolyte
and an HR4000CG-UV-NIR spectrometer (Ocean Optics) in
both the FSI and the BSI configuration shown in Fig. 1.

3. Results and discussion
3.1. Photocurrent measurements of GaN porous structures
in FSI and BSI configurations

Photocurrents on the planar and porous electrodes
measured in the NaCl electrolyte are shown in Figures 3(a)
and (b), respectively. The light intensity was set to 100
uWiecm?> for each measurement (conducted under
monochromatic light in FSI mode). Firstly, as for the planar
electrode, large photocurrents were observed under light
with wavelength of 360 nm. As the wavelength of the
monochromatic light increased, the photocurrents drastically
decreased. This result indicates that the band-edge
absorption around 3.4 eV, corresponding to a light with a
wavelength of 365 nm, plays an important role in the
generation of photocarriers on the planar electrode. As
shown in Fig. 3(b), as for the porous electrode, larger
photocurrents were observed, reflecting the large surface
area of the electrode, and its low photo-reflectance
properties due to the high-density array of pores [16]. The
photocurrents obtained at 0.5 V are re-plotted as a function
of light wavelength in Fig. 3(c), which clearly shows that
the photocurrents on the porous electrode are larger than
those on the planar electrode. It is also noted that the
photocurrents were even observed under illumination with a
photon energy, hv, below the bandgap energy, E,, of the
GaN bulk (i.e., 3.4 eV). Especially, for the data plotted at
370 nm and 380 nm, the photocurrents on the porous
electrode are 11 times larger. These results clearly indicate
that light with photon energy below the bandgap contributes
to the generation of photocarriers on GaN-porous structures.

To further clarify the photoresponse of GaN porous
structures, the photo-electrochemical measurements were
conducted under monochromatic light with the BSI
configuration shown in Fig. 1. The photocurrents of the
porous electrode measured in the NaCl electrolyte are
plotted in Figure 4(a). In these measurements, the light
intensity was set to 2 mW/cm?, and the applied voltage, V,,
was swept in the positive direction from -0.5 V to 2.5 V. The
peaks of anodic current observed at around 0.2 V, which
were even observed under the dark condition, are probably
caused by the reverse reaction H, -> 2H* + 2¢". In contrast to
the photocurrents measured in FSI mode, the photocurrents
obtained with wavelength of 360 nm showed the smallest
values. It is noted that each current density (except that for
wavelength of 360 nm) increased with V, up to 2.5 V. This
result is evidence of photocurrent flow even for wavelength
of 400 nm at higher voltage. It also suggests that the
photoabsorption edge of GaN porous structures depends
strongly on the applied voltage.

A schematic of an electrolyte/GaN interface and its
band diagram for the photo-electrochemical reactions in BSI
mode, where AE, is the red-shift energy of the absorption
edge, are shown in Figure 4(b). In the case of illumination
with photon energy above the bulk bandgap hv > E,, holes
were generated near the back surface due to so-called
band-edge absorption [step (i) in the figure]. However, most
of the holes were not involved in the anodic reaction, since
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Figure 3. Photocurrents of (a) GaN-planar electrode
and (b) porous electrode measured in FSI mode with
various light wavelengths. (c) Plots of photocurrents
measured on planar and porous electrodes at 0 V as
function of wavelength.

they recombined before reaching the reaction surface. For E,
- AE, < hv < E,, the photons coming from the back-surface
penetrated through the bulk GaN but were absorbed at the
interface [step (ii)]. In such a situation, the holes are
generated only at the interface and contribute to the anodic
reaction. For hv < E, - AE,, the photons obviously penetrate
thorough both the bulk GaN and interface as transmitted
light [step (iii)]. Thus, illumination with iv between E, - AE,
and E, plays the most important role in the
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Figure 4. (a) Photocurrents of GaN porous electrode

measured in BSI mode with various light wavelengths. (b)
Model of the photoabsorption process in BSI mode.

photo-electrochemical reactions in BSI mode. As shown in
Fig. 4(a), anodic currents were observed under
monochromatic illumination with A = 370, 380, and 390 nm;
therefore, the redshift energy, AE,, near the interface can be
roughly estimated to be at least 130 meV.

3.2. Spectroscopic measurements on planar substrates in
BSI configuration

To confirm the possibility that the photoabsorption edge is
shifted under high electric field, the spectroscopic
measurements were conducted on planar GaN substrates, as
a simpler structure, by changing applied voltage V,. Figure
5 shows the transmittance spectra obtained with the BSI
configuration by applying V, of 0, 3,5, and 10 V in the NaCl
electrolyte. The observed peaks with a period of 3 - 5 nm
were caused by interference of light reflected at the interface
between the GaN epitaxial layer and sapphire substrate.
Transmittance, T, did not change with V, under illumination
with wavelength lower than around 360 nm. On the other
hand, T obtained with wavelength above 365 nm showed
strong dependence on V,, and T decreased as V, increased.
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Figure 5. Transmittance spectra of GaN-planar

electrode measured in BSI mode. The inset shows the
difference between transmittances obtained at 0 V and 5
V.

As a simple approximation, absorbance A is described using
Tas A=1-T- R, where R is surface reflectance. The inset
of Fig. 5 plots the difference between the T values obtained
at 0 V and 5 V, which corresponds to the difference between
the A values obtained at 0 V and 5 V. These results show
that the redshift of the photoabsorption edge is observed
even in the case of the planar substrate under a remarkably
applied high-electric field at the interface.

3.3. Possible model of large photocurrents and redshift of
photoabsorption edge

Enhancements of photoactivity for various GaN
porous structures have been reported. Guo et al. [11]
reported increased photocurrents on the GaN porous
structures prepared by metal-assisted electroless etching. In
particular, the photocurrents depended strongly on the
doping density of porous GaN. The enhanced
photoconductivity was explained by a space-charge model,
that is to say, the space-charge region (SCR) and the
conductive area were modulated by the hole traps at the
surface defects formed during the electroless etching. As
shown by this description, this model is particularly
adaptable to a porous structure with a high density of surface
defects. On the other hand, Tseng et al. [22] observed that
the photocurrents increased with porosity (or surface area
per unit volume) of GaN porous structures prepared by the
anodic etching. From a detailed investigation of
photocurrent-voltage characteristics, they arrived at their
conclusion that the enhancement of photoresponse was
attributed to GaN porous structures with a low-density
defect surface, on which the surface recombination was
suppressed as compared with that on the unetched surface.
We have recently shown [16] that the photoresponse of GaN
porous structures is also enhanced by the reduction of the
surface photo-reflectance in addition to the increase of pore
depth or surface area. The larger photocurrents obtained in

this study can be similarly explained by the specific features
of porous structures as described above. However, the
redshift of the photoabsorption edge with strong dependence
on the applied voltage cannot be explained by the above
mechanism only.

In general, the redshift in the band edge transition can
be ascribed to various phenomena caused in semiconductor
materials. The photoabsorption via surface states can be one
of them. However, it will not be a dominant effect in the
observed results on the GaN porous structures, where the
surface defect would be preferentially etched due to weak
atomic bonding and high chemical activity. Another study
[10] showed that the redshift of about 10 meV was caused
by the stress relaxation in the GaN porous structures.
However, the redshift observed in this study was as large as
100 meV, which could not be explained by the effect of the
stress relaxation. We believed that the Franz-Keldysh effect
is one possible phenomenon to explain the present results.
Franz [23] and Keldysh [24] pointed out that a high electric
field causes a redshift of the photoabsorption edge, leading
to absorption of light below the bulk bandgap. Generally, a
high electric field is applied to the GaN/electrolyte interface
about 1.0 eV below the conduction band minimum, E. [25,
26]. For example, when doping density is high, i.e., 10"
cm?, the internal electric field in a thin depletion layer with
width of several dozen nanometers reaches 5x10° V/cm. In
such a situation, the wave function of an electron in the
conduction band and a hole in the valence band are
characterized by tails in the forbidden bandgap, resulting in
band-to-band transition at an energy lower than the bandgap.

If Figs. 3(a)-(c) and Fig. 4(a) are looked at again,
it is clear that the redshift of the photoabsorption edge was
observed on the porous electrode even though V, was
smaller than 1 V. To clarify the strength of the electric field
applied to the GaN porous structures, the potential
distribution was calculated by a computer program for
solving the 3D Poisson equation. The schematics of the
calculated porous structures (including the n-GaN region
and the electrolyte region) are shown in Figure 6(a). Pore
diameter and period were set to 25 nm and 50 nm,
respectively. For simplification, the shape of the pore tips
was assumed to be a circular cone with a base angle of 45°.
The potential difference between the n-GaN and electrolyte
was assumed to be 1.0 eV below the bottom of the
conduction band edge. The potential distribution of the
conduction-band minimum measured from the Fermi-level,
E-Eq, calculated for n-GaN porous structures, is shown in
Figure 6(b). The contour levels of potential are indicated at
02, 04, 06, 0.8, and 1.0 eV by solid lines. In this
calculation, no external voltage was applied, but the
potential was sloped downward from the surface to the bulk
by the internal electric field induced in the depletion layer.
Moreover, the potential distribution near the pore tips, where
the contour intervals of the potential became narrow, was
strongly modified, as shown in Fig. 6(b).

The cross-section of the potential distribution obtained
at the pore tips is compared with the 1D potential
distribution of a planar substrate in Fig. 6(c). It is clear that a
higher electric field was induced at the pore tips and the
potential near the surface is more steeply sloped than that of
the planar substrate. The highest electric-field obtained by
this calculation was about 1.8x10° V/cm, which is about
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porous structure: (a) schematics of calculation model, (b)
potential distribution drawn with contour levels at 0.2, 0.4,
0.6, 0.8, and 1.0 V, and (c) comparison of potential
profiles at pore tips and planar surface.

three times larger than that of the planar surface. According
to this simple calculation, the internal electric field around
the pore tips corresponds to that of the planar substrates
under applied reverse biases of 5 - 7 V. As shown in Fig. 5,
it is expected that the absorbance increased about 4% or
more at the pore tips under illumination with wavelength of
370 nm. These results suggest that the observed redshift of
the photoabsorption edge arises from the high-electric field
concentrated at the pore tips.

4. Conclusion

The photoresponse and photoabsorption properties of GaN
porous  structures formed by a  photo-assisted
electrochemical process in BSI mode were investigated. The
measured photocurrents on the porous GaN electrode were

larger than those on the planar electrodes due to unique
features such as large surface area and low photoreflectance.
Moreover, photocurrents on the porous electrode were
observed under light illumination with photon energy below
the GaN bandgap. A potential simulation revealed that the
potential distribution in GaN porous structures is strongly
modified and that the internal electric field increases at the
pore tips. The observed photoabsorption properties can be
qulaitatively explained by the Franz-Keldysh effect; namely,
the high electric field induced in the GaN porous structure
causes a redshift of the photoabsorption edge.
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