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Abstract
GaAs nanopillar arrays were successfully fabricated by metal-assisted chemical etching using Au nanodot arrays. The
nanodot arrays were formed on substrates by vacuum deposition through a porous alumina mask with an ordered
array of openings. By using an etchant with a high acid concentration and low oxidant concentration at a relatively
low temperature, the area surrounding the Au/GaAs interface could be etched selectively. Under the optimum
conditions, Au-capped GaAs nanopillar arrays were formed with an ordered periodicity of 100 nm and pillar heights
of 50 nm.
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Background
III–V compound semiconductors have attracted attention as next-generation materials and potential alternatives to silicon-based semiconductors because of their
excellent properties including superior carrier mobility
and direct band gap. Nanostructures with ordered periodicity and/or high aspect ratio are considered to be important element in various applications including optical
and optoelectronic devices because of their low cost and
high conversion efficiency compared to conventional
thin film-based devices [1–4]. In general, to fabricate
low-dimensional semiconductors (e.g., nanowires), dry
processes such as molecular beam epitaxy, vapor–liquid–solid epitaxy, and metal-organic vapor-phase epitaxy are used [1, 5–7]. Although these methods have
many advantages including high patterning accuracy,
their drawbacks include high cost and size limitations of
the patterning area in practical applications. Therefore,
alternative methods that enable the simple and costeffective fabrication of nanostructures are needed.
Metal-assisted chemical etching, which was proposed
by Li and Bohn in 2000 [8], is a commonly used fabrication method owing to its relative simplicity and low cost.
Recent studies have demonstrated that metal-assisted
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chemical etching can be applied to fabricate complex nanostructures such as deep, straight nanopores, helical nanopores, sloping channels, cycloids, and spirals [4, 9–12].
However, since the report by Li et al., most studies have reported the fabrication of silicon nanostructures; few investigations have focused on the nanofabrication of III-V
compound semiconductors [13, 14], and the formation of
ordered nanometer-scale structures on GaAs substrates is
particularly poorly understood. To expand the range of applications of metal-assisted chemical etching, it is desirable
to develop a nanofabrication method for III-V compound
semiconductors that does not depend on the dimensions of
the resultant patterns.
In a previous study, we fabricated microbump arrays
of InP [15] and line patterns and pillar arrays of GaAs
[16] using metal-assisted chemical etching. However, the
dimensions of the resultant patterns (e.g., periodicity
and widths of the line patterns) ranged from several micrometers to several tens of micrometers. To the best of
our knowledge, no study has reported the formation of
ordered GaAs nanostructures with submicron-scale or
smaller periodicity using metal-assisted chemical etching
for the following reasons: (1) it is difficult to control the
shape and size of noble metals used as a catalyst on the
nanometer scale and (2) the etching phenomenon of
GaAs is less well understood compared to the case of
silicon. Thus, we attempted to clarify the etching
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mechanism of GaAs on the nanometer scale. In this
study, we demonstrate that ordered nanopillar arrays
with a periodicity of 100 nm can be fabricated on GaAs
substrates using metal-assisted chemical etching with a
patterned Au catalyst. The effects of etchant composition and etching time on the morphology of the etched
GaAs substrate are also investigated.

Methods
The principle of the fabrication of GaAs nanopillar
arrays via metal-assisted chemical etching is shown
schematically in Fig. 1. A through-hole porous alumina mask with an ordered array of openings was
prepared by two-step anodization followed by twolayer anodization [17]. The first anodization was carried out on electrochemically polished aluminum
(99.99% purity) at a constant voltage of 40 V in
0.3 mol dm−3 oxalic acid at 30 °C for 3 h. The anodization voltage of 40 V is well-established as a selfordering condition that produces a highly ordered
pore arrangement in anodic alumina [18].
After the first anodization, the first anodized alumina layer was removed in a mixed solution of phosphoric acid and chromic acid at 80 °C. Subsequently,
the second anodization was conducted for 1.5 min
under the same conditions as the first anodization.
Based on the principle of two-layer anodization, the
specimen was anodized again at a constant voltage of
40 V in 12 mol dm−3 sulfuric acid at 5 °C for 8 min
to prepare a sacrificial alumina layer. The throughhole porous alumina mask was formed by dissolving
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the sacrificial alumina layer in 2 wt% phosphoric acid
at 30 °C for 20 min. Further chemical etching was
conducted in 5 wt% phosphoric acid at 30 °C for
15 min to increase the pore diameter of the alumina
mask.
After rinsing the alumina mask in distilled water,
the obtained alumina mask was set on an n-type
GaAs substrate [Si-doped, 2.35–2.67 × 10−3 Ω cm,
(100) crystal orientation]. Subsequently, a 30-nm-thick
Au layer was evaporated through the alumina mask
using a vacuum deposition system by the resistance
heating formula (ULVAC KIKO Inc., VPC-410) with a
pressure below 1 × 10−3 Pa (Fig. 1a). The thickness of
the Au layer was measured using a quartz crystal
microbalance, and the deposition rate of Au was
0.02 nm s−1. After metal deposition, the alumina
mask was removed in 5 wt% phosphoric acid at 25 °C
for 30 min (Fig. 1b).
The Au-coated GaAs substrate was chemically etched
in HF containing KMnO4 (Fig. 1c). KMnO4 acts as an
oxidizing agent in an acidic solution [19–22]. The
morphologies of the alumina mask, deposited Au layer,
and etched GaAs substrate were evaluated by fieldemission scanning electron microscopy (FE-SEM; JEOL
JSM-6701F). The chemical composition of etched GaAs
substrate was evaluated by auger electron spectroscopy
(AES; JEOL JAMP-9500F). Auger electron spectra are
easily acquired from selected points or areas of the surface. Here, AES elemental mapping image was acquired
with an accelerating voltage and emission current of
30 kV and 15 nA, respectively.

Fig. 1 Schematic model of the fabrication of GaAs nanopillar arrays. a Vacuum deposition of Au on a GaAs substrate through porous alumina
mask. b Removal of the mask. c, d Chemical etching of GaAs using Au nanodot arrays as a catalyst
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Results and Discussion
In metal-assisted chemical etching, it is essential to
precisely control the dimensions of the metal catalyst
to obtain the desired design on the substrate surface.
Because the morphology of the resultant structure depends on the initial geometric pattern and dimensions
of the metal catalyst, a patterned metal catalyst is required to fabricate ordered nanostructures on semiconductor surfaces. In this study, an alumina mask
with an ordered array of openings was used to control the size and arrangement of the metal catalyst.
For a dry metal-deposition process, the thickness of
the mask is critical because metal deposition through
a thick mask with narrow apertures is physically difficult. In the case of porous alumina, the thickness of
the mask can be adjusted with high reproducibility by
changing the anodization time. Here, an approximately 300-nm-thick through-hole porous alumina
mask was prepared on a GaAs substrate. The alumina
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mask was set with its surface facing upward. The top
and bottom diameters of the openings in the alumina
mask were approximately 80 and 70 nm, respectively.
The slightly larger diameter of the top opening compared to the bottom opening was attributed to chemical etching during the preparation of the alumina
mask.
Figure 2 shows a typical well-ordered Au nanodot
array on a GaAs substrate. The nanodot array corresponds to the configuration of the self-ordered pore
array in the anodic alumina mask, as shown in Fig. 2a.
Although the controllability of Au deposition should
be further improved, the metal deposition through
the alumina mask demonstrated herein is suitable for
the large-scale production of ordered noble-metal dot
patterns on semiconductor substrates in terms of the
simplicity and efficiency of the fabrication process.
Note that each Au nanodot had nearly the same
diameter of approximately 70 nm; this diameter was

Fig. 2 a Surface and b cross-sectional SEM images of an Au nanodot array formed on a GaAs substrate through an anodic porous alumina mask
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determined by the pore size of the bottom part of the
alumina mask, while the heights of Au nanodots were
primarily determined by the deposition time. In this
study, the height of each Au nanodot was adjusted to
be ~30 nm, as show in Fig. 2b.
After the formation of Au dot arrays on GaAs substrates, the specimens were immersed in a solution of
HF and KMnO4 for metal-assisted chemical etching. In
conventional metal-assisted chemical etching, the etching proceeds locally at the interface between the catalyst
and the underlying substrate, resulting in the formation
of pores or trenches in the direction perpendicular to
the substrate, and the metal catalyst sinks into the semiconductor as shown in Fig. 1c. The use of an etchant
composed of a high acid concentration and a low oxidant concentration is considered to promote smooth
consumption of the generated positive holes (h+) at the
metal/semiconductor interface. In this study, the oxidation of GaAs at the Au/GaAs interface is expected to
proceed directly by the generated h+.
Figure 3 shows a typical SEM image of the etched
GaAs surface using the patterned Au catalyst. Chemical
etching was conducted in solution containing
0.001 mol dm−3 KMnO4 and 20 mol dm−3 HF at a relatively high temperature of 45 °C. In this study, the concentration of KMnO4 was low (0.001 mol dm−3) to
suppress lateral etching. According to previous reports
by DeJarld et al. and Cheung et al., the lateral etching
rate increased with increasing oxidizing agent (KMnO4)
concentration [19, 21].
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Au catalysts, which were detected as circular bright
spots, were observed inside pores in many areas of the
GaAs substrate, as shown in Fig. 3. The diameter of the
pores observed in Fig. 3 coincided with the sizes of the
deposited Au nanodots shown in Fig. 2. These results indicate that conventional metal-assisted chemical etching,
which is shown schematically in Fig. 1c, occurred only at
the Au/GaAs interface and proceeded anisotropically
perpendicular to the substrate, i.e., in the <100>
direction.
In metal-assisted chemical etching, the etchant
composition and etching temperature affect the dynamics of carrier diffusion, oxidation, and product removal [19]. To open up new applications of etched
GaAs substrate, we attempted to fabricate GaAs
nanopillar arrays by changing the conditions of metalassisted chemical etching. Figure 4 shows typical
cross-sectional SEM images of etched GaAs surfaces
obtained using the patterned Au catalyst. By increasing the concentration of KMnO4, the morphology of
the resultant structure could be changed. In all cases,
GaAs nanopillars arranged hexagonally over the entire
specimen area were obtained. The tips of the pillars
were slightly tapered as a result of lateral etching.
The periodicities of the GaAs nanopillar arrays were
approximately 100 nm, corresponding to those of the
Au dot arrays used as catalyst and the pores of the
porous alumina used as the initial mask. To our
knowledge, the dimensions (e.g., periodicity) of the
structures obtained on GaAs via metal-assisted

Fig. 3 SEM image of top surface of GaAs substrate after Au-assisted chemical etching in solution containing 0.001 mol dm−3 KMnO4 and
20 mol dm−3 HF for 600 s at 45 °C
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Fig. 4 SEM images of GaAs nanopillar arrays fabricated by Au-assisted chemical etching in solutions containing 0.01 mol dm−3 KMnO4 and 5, 10,
or 20 mol dm−3 HF for 5 s at a 20 and b 45 °C

chemical etching in this study are smaller than those
reported for other GaAs structures [19–22].
When etching was conducted at a relatively low
temperature of 20 °C, Au catalyst was observed at the
tip of each pillar, as indicated by arrows. Figure 4a shows
that the etching rate increased with increasing HF concentration at the same oxidant concentration. At the
high HF concentration of 20 mol dm−3, the residual
GaAs pillar height was the highest.
Contrary to expectation that the oxidation of GaAs
at the Au/GaAs interface proceeds by the generated
h+, no chemical dissolution in the area of contact
between the Au catalyst and the underlying GaAs
substrate was observed in the case of Fig. 4. The
etching pattern is considered to be dependent on the
temperature of the etchant. At low temperature (e.g.,
20 °C), the rate of h+ consumption at the Au/GaAs
interface is thought to be lower than the rate of h+
injection; thus, h+ diffused into the area surrounding
Au-coated GaAs. Eventually, a GaAs nanopillar was
formed under the area of contact between the Au
catalyst and the underlying GaAs substrate because
site-selective etching occurred on the exposed GaAs
surface. In other words, the Au nanodots also acted
as a protective mask to prevent the dissolution of
the GaAs substrate. This etching phenomenon as
shown schematically in Fig. 1d is called inverse
metal-assisted chemical etching [19, 22]. In 2010, we
also demonstrated the formation of InP microbump
arrays using inverse metal-assisted chemical etching
under UV irradiation [15]. In contrast to conventional metal-assisted chemical etching, inverse metalassisted chemical etching proceeds in exposed III–V

compound semiconductor’s surfaces around metalcoated areas by the diffusion of h+ from metal catalyst and subsequent site-selective chemical etching.
Such a unique etching behavior has not been observed in silicon materials.
When metal-assisted chemical etching is conducted
at a high temperature of 45 °C, the generated h+ is
expected to be consumed as soon as it reaches the
boundary between Au, GaAs, and etchant, resulting
in the promotion of vertical etching. Even in this
case, however, inverse metal-assisted chemical etching
occurred. As shown in Fig. 4b, the etching rate increased with increasing HF concentration in the same
way as etching behavior of Fig. 4a. However, at a high
etching temperature of 45 °C and a high HF concentration of 20 mol dm−3, the Au catalysts were detached from the tips of the GaAs pillars because the
excess h+ generated by the relatively high
temperature, even in the short etching time of 5 s,
promoted the lateral etching of GaAs in the presence
of the Au catalyst. The shape controllability of the
pillars will be improved by the additional optimization
of etching conditions (e.g., etchant composition, concentration, and temperature). Attempts to clarify the
effects of the concentration of oxidizing agent on the
generation of h+ and morphology of etched GaAs are
currently underway.
To examine the effect of etching time on the geometry
of the etched GaAs structure, chemical etching was prolonged in 20 mol dm−3 HF and 0.01 mol dm−3 KMnO4
at a relatively low temperature of 20 °C. As shown in the
cross-sectional image in Fig. 5a, the depth of the GaAs
nanopillars reached ~50 nm. One of the notable features
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GaAs. However, the prolonged etching time of 1 min
resulted in decreased pillar height, as shown in Fig. 5b.
The decrease in pillar height was attributed to lateral
etching in the presence of Au catalyst and the subsequent detachment of the Au dots used as catalyst.
Although metal-assisted chemical etching, which
precisely controls the diffusion of h+ from metal catalyst, has not yet been fully accomplished, the nanofabrication of III-V compound semiconductors using
metal-assisted chemical etching offers a promising alternative for the design of ordered three-dimensional
structures without the use of dry processes. In
addition, the obtained Au-capped GaAs nanopillar arrays have potential technological and scientific applications in optoelectronic devices such as solar cells
that employ plasmonic nanostructures to enhance
light trapping [23, 24].

Fig. 5 Cross-sectional SEM images of a GaAs nanopillar array
fabricated by Au-assisted chemical etching at 20 °C for a 10 and
b 60 s in a solution containing 20 mol dm−3 HF and 0.01 mol dm−3
KMnO4. Inset shows a surface image of an Au-capped GaAs
nanopillar array

of the GaAs nanopillar arrays obtained in this study is
that the tip of each pillar was covered with Au, as shown
in the inset of Fig. 5a. Figure 6 shows the AES elemental
analysis of the same specimen. The AES maps for Ga
and Au of the etched GaAs indicate the presence of Au
at the tip of each pillar even after metal-assisted chemical etching for 10 s.
Because the pillar height was determined primarily
by etching time, etching was further prolonged from
10 s to 1 min to form arrays of higher pillars on

Conclusions
In summary, we have demonstrated the fabrication of
ordered GaAs nanopillar arrays on GaAs (100) substrates via Au-assisted chemical etching. Au nanodot
arrays with hexagonal lattice patterns and ordered
periodicities of 100 nm were formed by vacuum deposition through a porous alumina mask. The Au
nanodots had diameters of approximately 70 nm,
corresponding to the diameter of the bottom part of
the alumina mask, and served as a catalyst and a
protective mask. At relatively low temperature, Aucapped GaAs nanopillar arrays could be formed by
site-selective etching in the surrounding exposed
GaAs surface. These findings provide the first evidence for the more precise control of nanostructures
on GaAs substrates using a feasible approach based
on metal-assisted chemical etching. The unconventional lithography technique for the nanofabrication
of III–V compound semiconductors presented in this
communication overcomes the drawbacks of conventional methods and has potential technological and
scientific applications in various research fields.

Fig. 6 a Image of GaAs substrate after Au-assisted chemical etching and corresponding AES maps for b Ga and c Au. The etching conditions
were the same as those in Fig. 5a

Asoh et al. Nanoscale Research Letters (2017) 12:444

Abbreviations
AES: Auger electron spectroscopy; FE-SEM: Field-emission scanning electron
microscopy
Acknowledgements
This work was partially supported financially by a Grant-in-Aid for Scientific
Research (C) No. 26420744 and No. 17K06866 from the Japan Society for the
Promotion of Science. We also acknowledge the Ministry of Education, Culture,
Sports, Science and Technology of Japan (MEXT)-Supported Program for the
Strategic Research Foundation at Private Universities, 2013–2017.

Page 7 of 7

15.
16.

17.

18.
Authors’ Contributions
HA and HH conceived the idea and designed the experiments. RI carried out
all the experiments and data analysis under the instruction of HA. All the
authors contributed to the preparation and revision of the manuscript and
read and approved its final version.
Authors’ Information
HA is an associate professor, RI is a graduate student, and HH is an assistant
professor at the Department of Applied Chemistry, Kogakuin University.

19.

20.

21.

Competing Interests
The authors declare that they have no competing interests.

22.

Publisher’s Note

23.

Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.
Received: 2 April 2017 Accepted: 29 June 2017

References
1. Gudiksen MS, Lauhon LJ, Wang J, Smith DC, Lieber CM (2002) Growth of
nanowire superlattice structures for nanoscale photonics and electronics.
Nature 415:617–620
2. Föll H, Langa S, Carstensen J, Christophersen M, Tiginyanu IM (2003) Pores
in III-V semiconductors. Adv Mater 15:183–198
3. Yu K, Chen J (2009) Enhancing solar cell efficiencies through 1-D
nanostructures. Nanoscale Res Lett 4:1–10
4. Li X (2012) Metal assisted chemical etching for high aspect ratio
nanostructures: a review of characteristics and applications in photovoltaics.
Curr Opin Solid State Mater Sci 16:71–81
5. Mei X, Kim D, Ruda HE, Guo QX (2002) Molecular-beam epitaxial growth of
GaAs and InGaAs/GaAs nanodot arrays using anodic AlO nanohole array
template masks. Appl Phys Lett 81:361–363
6. Noborisaka J, Motohisa J, Hara S, Fukui T (2006) Fabrication and
characterization of freestanding GaAs/AlGaAs core-shell nanowires and
AlGaAs nanotubes by using selective-area metalorganic vapor phase
epitaxy. Appl Phys Lett 87:093109
7. Harmand JC, Patriarche G, Péré-Laperne N, Mérat-Combes M-N, Travers L,
Glas F (2005) Analysis of vapor-liquid-solid mechanism in Au-assisted GaAs
nanowire growth. Appl Phys Lett 87:203101
8. Li X, Bohn PW (2000) Metal-assisted chemical etching in HF/H2O2 produces
porous silicon. Appl Phys Lett 77:2572–2574
9. Tsujino K, Matsumura M (2005) Boring deep cylindrical nanoholes in silicon
using silver nanoparticles as a catalyst. Adv Mater 17:1045–1047
10. Tsujino K, Matsumura M (2005) Helical nanoholes bored in silicon by wet
chemical etching using platinum nanoparticles as catalyst. Electrochem
Solid-State Lett 8:C193–C195
11. Hildreth O, Lin W, Wong C (2009) Effect of catalyst shape and etchant
composition on etching direction in metal-assisted chemical etching of
silicon to fabricate 3D nanostructures. ACS Nano 3:4033–4042
12. Rykaczewski K, Hildreth O, Wong C, Fedorov A, Scott J (2011) Guided threedimensional catalyst folding during metal-assisted chemical etching of
silicon. Nano Lett 11:2369–2374
13. Li X, Kim Y-W, Bohn PW, Adesida I (2002) In-plane bandgap control in
porous GaN through electroless wet chemical etching. Appl Phys Lett 80:
980–982
14. Díaz DJ, Williamson TL, Adesida I, Bohn PW, Molnar RJ (2003) Morphology
evolution and luminescence properties of porous GaN generated via Pt-

24.

assisted electroless etching of hydride vapor phase epitaxy GaN on
sapphire. J Appl Phys 94:7526–7534
Asoh H, Yokoyama T, Ono S (2010) Formation of periodic microbump arrays
by metal-assisted photodissolution of InP. Jpn J Appl Phys 49:046505
Asoh H, Suzuki Y, Ono S (2015) Metal-assisted chemical etching of GaAs
using Au catalyst deposited on the backside of a substrate. Electrochim
Acta 183:8–14
Yanagishita T, Masuda H (2016) Facile preparation of porous alumina
through-hole masks for sputtering by two-layer anodization. AIP Adv 6:
085108
Masuda H, Fukuda K (1995) Ordered metal nanohole arrays made by a twostep replication of honeycomb structures of anodic alumina. Science 268:
1466–1468
DeJarld M, Shin JC, Chern W, Chanda D, Balasundaram K, Rogers JA, Li X
(2011) Formation of high aspect ratio GaAs nanostructures with metalassisted chemical etching. Nano Lett 11:5259–5263
Mohseni PK, Kim SH, Zhao X, Balasundaram K, Kim JD, Pan L, Rogers JA,
Coleman JJ, Li X (2013) GaAs pillar array-based light emitting diodes
fabricated by metal-assisted chemical etching. J Appl Phys 114:064909
Cheung H-Y, Lin H, Xiu F, Wang F, Yip S, Ho JC, Wong C-Y (2014)
Mechanistic characteristics of metal-assisted chemical etching in GaAs. J
Phys Chem C 118:6903–6908
Song Y, Oh J (2014) Thermally driven metal-assisted chemical etching of
GaAs with in-position and out-of-position catalyst. J Mater Chem A 2:
20481–20485
Atwater HA, Polman A (2010) Plasmonics for improved photovoltaic
devices. Nat Mater 9:205–213
Li J, Wei H, Shen H, Wang Z, Zhao Z, Duan X, Xu H (2013) Electrical source
of surface plasmon polaritons based on hybrid Au–GaAs QW structures.
Nanoscale 5:8494–8499

