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Fig. 1. (a) Schematic illustration of the anodization and structure of the aluminum oxide layer on aluminum. (b) FESEM image of the aluminum
oxide layer prepared at the anodization voltage of 40 V in 0.3 M oxalic acid for 4 min.

are shown to be 105±5 nm and 1�0×1010 cm−2, respec-
tively. In Figure 2(e), the pore size of the AAO after the
second anodization is shown to be 30±3 nm. Figure 2(f)
shows the shape of the widened pore diameter by dipping
in a 5 wt% H3PO4 solution for 30 min at 30 �C. The pore
diameter was 60±4 nm. The pore diameter was adjustable
within the range of the hexagonal cell size of the AAO,
by varying the widening time.
It was confirmed that the alumina barrier layer at the

bottom of the AAO was removed thoroughly in the second
etching process. The thickness of the alumina mask with
through-holes was approximately 200 nm. The mask with
a thickness of ca. 200 nm was bonded on the InP sub-
strate surface by the van der Waals force.19 ICP-RIE was
conducted on the InP substrate with a nanoporous alumina
mask on its surface for various etching times. The sur-
face of the nanoporous alumina mask etched via ICP-RIE
and the nanohole array on the surface of the InP substrate
are shown in Figure 3. The substrate covered with the

Fig. 2. FESEM images: (a) Cell base pattern and (b) top-view of aluminum oxide layer prepared at 25 V in 0.3 M sulfuric acid; (c) pore diameter
variation by dipping for 30 min in phosphoric acid; (d) cell base pattern and (e) top-view of aluminum oxide layer prepared at 40 V in 0.3 M oxalic
acid; and (f) pore diameter variation carried out by dipping in 5 wt% H3PO4 at 30 �C for 30 min.

nanoporous alumina mask was exposed to the ion bom-
bardment induced by ICP-RIE under the fixed flow rate
ratio (7:8:9) of Cl2, CH4, and H2 gases for 30 sec. The
FE-SEM images of the top and oblique views of the alu-
mina mask bonded on the InP substrate after the ICP-RIE
are shown in Figures 3(a) and (d). The InP substrate was
etched for 30 sec via ICP-RIE, using the nanoporous alu-
mina mask. Then the nanoporous alumina mask bonded
on InP substrate was dissolved out in chemical etch-
ing solution. The nanohole array that was formed on the
InP substrate after removal of the nanoporous alumina
mask prepared at 40 V in 0.3 M oxalic acid is shown in
Figure 3(c). The surface morphology of the nanohole array
on the InP substrate shows that the average pore diameter
and the pore density of the InP substrate were 45±5 nm
and 0.9×1010 cm−2, respectively. The FESEM images of
the top and oblique views of the nanoporous alumina mask
etched via ICP-RIE for 60 sec are shown in Figures 3(b)
and (e). In Figure 3(e), the interface between the InP
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Fig. 3. FESEM images of top view of the nanoporous alumina mask etched via ICP-RIE for (a) 30 sec and (b) 60 sec, of (c) the nanoporous InP
substrate etched via ICP-RIE for 30 sec, whose mask was removed in a chemical solution. FESEM images of the oblique view of the nanoporous
alumina etched via ICP-RIE for (d) 30 sec and (e) 60 sec, and of (f) the nanoporous InP substrate etched via ICP-RIE for 30 sec. The alumina mask
was prepared at 40 V in 0.3 M oxalic acid at 3 �C.

substrate and the nanoporous alumina mask was etched via
ICP-RIE for 60 sec. The effect of the ion bombardment
induced by inductively coupled plasma responded properly
on the InP substrate through the alumina mask. The alu-
mina mask showed high tolerance to the ion bombardment
induced by ICP-RIE.
To make an AAO mask with a higher density and

smaller pores, the AAO was prepared through a second
anodization at 25 V in 0.3 M sulfuric acid for 150 sec.
After the second anodization, the AAO was slightly etched
via immersion in aqueous 5 wt% phosphoric acid for
5 min at 30 �C. Then the remaining aluminum substrate
was removed in saturated HgCl2 solution. The AAO was
dipped again for 5 min in aqueous 5 wt% phosphoric
acid. The nanoporous alumina mask with through-hole
of smaller-diameter through holes was placed on the InP
substrate. Figure 4(a) shows FESEM image of the top-
view of the nanoporous alumina mask exposed to the ion
bombardment induced by ICP-RIE for 90 sec. As shown
in Figure 4(a), the nanoporous alumina mask was dam-
aged by the ion bombardment induced by ICP-RIE. The
InP substrate was etched for 15 sec by ICP-RIE, using

Fig. 4. FESEM images of the top views of the (a) alumina mask etched for 90 sec; (b) nanohole array on the InP substrate etched for 15 sec; and
(c) nanohole array on the InP substrate etched for 30 sec via ICP-RIE using the alumina mask prepared at 25 V in 0.3 M sulfuric acid.

the nanoporous alumina mask prepared at 25 V. Then the
alumina mask was dissolved out in chemical-etching solu-
tion. The nanohole array that was formed on the InP sub-
strate after removal of the nanoporous alumina mask is
shown in Figure 4(b). Although etched for 15 sec by ICP-
RIE using the alumina mask, the nanohole array on the
InP substrate was not well formed. The configuration of
the nanohole array on the InP substrate after etching for
30 sec via ICP-RIE using the alumina mask can be clearly
seen in Figure 4(c). The ion bombardment induced by
ICP-RIE responded properly on the InP substrate through
the nanoholes of the alumina mask. The uniform array of
nano-sized pores produced in the alumina mask was suc-
cessfully transferred to the InP substrate. At a low anodiza-
tion voltage in sulfuric acid, a nanoporous alumina mask
with a high pore density can be prepared. A nanohole
array was formed on the InP substrate with an average
pore density of about 2.6 (±0.2)× 1010 cm−2, as shown
in Figure 4(c). The average diameter of holes on the InP
substrate was 30± 5 nm. The nanohole configuration on
the InP substrate depended on the hole morphology of the
alumina mask and the etching time by ICP-RIE.
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The light emission property from the InP substrate with
a nanohole array was studied by PL intensity measurement
at room temperature. Figure 5(a), the PL intensity from the
nanohole array on the InP substrate is shown to have been
enhanced compared with that from the InP substrate with-
out such structure. The emission spectra of the nanohole
array on the InP substrate showed a broad peak centered
at 932 nm. After all, the peak position obtained from the
nanohole array on the InP substrate did not shift from the
InP substrate without such structure. The PL spectra were
observed via the excitation with a 514 nm Ar-ion laser
source at the incident power of 40 mW.
The nature of the InP band gap has been discussed by

many researchers.25–27 PL emission bands give informa-
tion about the electronic states in the gap of InP sub-
strate. It is often difficult to determine the exact origins
of these states due to various types of imperfections, such
as the vacancies and atoms on surfaces, because they may
be very close in the luminescence bands.28 The band gap
of undoped InP is 1.35 eV at room temperature.25�26 The
PL peak is attributed to a superposition of the conduc-
tion band-to-valence band (CV) transition and the shallow
donor-valence band (DV) transition.24 The DV transition
shows itself at around 7–10 meV below the CV peak.27

Fig. 5. PL spectra of (a) the InP substrate and nanohole array formed
on the InP substrate using the alumina mask prepared at 40 V in 0.3 M
oxalic acid at 3 �C, and of (b) the nanohole array measured with different
laser powers.

It was recently reported that the emission photon energy
of the n-InP substrate was near 1.3 eV at room temper-
ature for a carrier concentration of n = 2× 1018 cm−3.2

At room temperature, PL intensity measurement over a
range of optical powers was performed on the same sam-
ple of nanohole array formed on the InP substrate, using
the alumina mask prepared at 40 V in 0.3 M oxalic acid.
Figure 5(b) shows the PL spectra that were measured at
different laser powers. The PL intensity of the emission
bands centered at 932 nm was enhanced by varying the
laser power. The peak positions did not shift while the
laser power was varied from 30 to 60 mW.
To further compare the improvement of the light extrac-

tion by the nanohole array, the ligh extraction from three
different samples was investigated: the bare InP sub-
strate, the InP nanohole substrate, and the AAO mask/InP
nanohole substrate. The AAO mask/InP nanohole sub-
strate was prepared by etching the InP substrate with a
nanoporous alumina mask. The InP nanohole substrate was
obtained by removing the alumina mask from the previ-
ous sample. The nanohole array was formed on the InP
substrate for 30 sec via ICP-RIE, using the nanoporous
alumina mask prepared at anodization voltage of 25 V in
0.3 M sulfuric acid. Figure 6(a) shows the FESEM image
of the top views of the nanoporous alumina mask and
nanohole array formed on the InP substrate. Figure 6(b)
shows the room temperature PL spectra measured from the
bare InP substrate, from the InP substrate with a nanohole
array, and from InP substrate with both a nanoporous alu-
mina mask and a nanohole array. The PL peak at 932 nm
from the InP substrate was due to the band edge wave-
length of the n-InP substrate. After all, the peak position at
932 nm did not shift, and the spectral width was almost the
same in the three samples. The PL intensity from the trian-
gular array of air cylinders with nanoholes on the InP sub-
strate showed threefold enhancement in comparison with
that from the bare InP substrate without such structure.
Furthermore, the PL intensity from the InP substrate with
both a nanoporous alumina mask and a nanohole arrays
showed forefold enhancement compared with that from the
bare InP substrate. Thses results revealed that the InP sub-
strate with nanoholes using a nanoporous alumina mask
showed much enhanced emission compared with the sur-
face of the porous InP structure without a nanoporous
alumina mask, resulting in the increased probability of
photon escape from the ordered structure.11

The nanopores formed on the surface of the InP sub-
strate induced the enhancement of the PL intensity from
the semiconductor. It seems that the nanoporous alumina
with the refraction index of 1.67 can reduce the difference
of the refraction indices of InP (n= 3�1) and air (n= 1�0).
Therefore, the light from the InP substrate covered with
the nanoporous alumina mask was more enhanced by
both the surface roughness of the InP substrate and the
mid index layer. After ICP-RIE etching, no PL spectrum
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Fig. 6. (a) FESEM image of the top views of the alumina mask and
nanohole array formed on the InP substrate for 30 sec by ICP-RIE using
the alumina mask prepared at the anodization voltage of 25 V in 0.3 M
sulfuric acid; (b) PL spectra measured from the InP substrate, the alumina
mask on the nanohole array, and the nanohole array formed on the InP
substrate.

was obtained from the InP substrate without well-formed
nanohole array. It is reported that the PL intensity of
the band edge is sensitive to plasma-induced damage,29

but in the case where the InP substrate is covered with
a nanoporous alumina mask after ICP-RIE etching, the
PL intensity showed more enhancement compared with
that from the bare InP substrate. The nanohole array on
the InP semiconductor provides angulrrandomization of
the total internal reflection, depresses total internal reflec-
tion and contributes to the efficient light extraction from
the semiconductor to the air. The internal light gener-
ated inside the semiconductor can efficiently escape into
the air through the nanooporous alumina mask and the
nanohole array on the surface of semiconductor substrate.
The nanoporous alumina mask can be used to provide
the appropriate surface texturing for enhancing the light
extraction efficiency without reducing the other optical
properties of the semiconductor in optoelectronic devices.

4. CONCLUSIONS

In this work, a nanohole arrays was fabricated on an InP
substrate via inductively coupled plasma reactive ion etch-

ing (ICP-RIE) with a nanoporous alumina mask. The shape
of the nanoholes on the InP substrate depended on the
etching time, and the pattern of the alumina mask was
controlled by the anodization condition. The average hole
diameter of the nanohole array formed on the InP sub-
strate via ICP-RIE for 30 sec by utilizing alumina mask
prepared at an anodization voltage of 25 V in 0.3 M
sulfuric acid solution was 30± 5 nm. The light output
property of the InP substrate with nanohole roughening
was studied via photoluminescence (PL) intensity measure-
ment. The emission bands centered at 932 nm (1.3 eV)
from the InP substrate covered with both nanoholes and a
nanoporous alumina mask showed fourfold enhancement
compare with that from the bare InP substrate. The peak
position obtained from the InP substrate with a nanohole
array did not shift from that obtained from the InP substrate
without such structure. The nanoporous alumina mask with
a medium refraction index can reduce the refraction index
difference between the InP substrate and the air. There-
fore, it seems that the light from the InP substrate cov-
ered with a nanoporous alumina mask was enhanced both
by the surface roughness of the InP substrate and by
the medium-refraction-index layer. The ICP-RIE technique
using a nanoporous alumina mask can be used as a prospec-
tive method for increasing the light output of light-emitting
diodes via nanohole surface roughening.
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