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In this paper, the technological approach for diameter modulated GaAs nanowires fab-
rication via electrochemical etching representing simple and cost-effective technology is
demonstrated. At optimized applied potential, in the same technological process, the
growth of GaAs nanowires oriented perpendicular to the crystal surface occurs. At the
same time, simultaneously growing tilted pores penetrate the nanowires resulting in modu-
lation of nanowires along the whole length. In 40 min of anodization the as long as 200 pm
nanowires were obtained. A selective modulation of nanowires via anodization at two dif-
ferent applied potentials is demonstrated. The tree-dimensional modulation of diameter will
give the possibility to increase the area of their applications.
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INTRODUCTION

Gallium arsenide represent an important technological material due to its electrical
and optical properties finding in a variety of electronic and optoelectronic at high-speed
applications. The reduction of size of the material give rise to enhanced or even new un-
usual properties. During the two decades a lot of technological approaches were elaborated
for low-dimensional materials obtaining. The electrochemical etching proved to be the
most cost-effective and simple technology for nanostructuring of III-V and II-VI semicon-
ductor materials [1]. Different morphologies of porous GaAs were reported [2, 3] including
the formation of nanowires via anodization [4—7]. The nanostructuring of GaAs via anodi-
zation in NaCl based electrolyte proved to be environmentally-friendly approach [7, 8]. It
is worth to mention that up to now, no current line oriented pores were reported in ano-
dized GaAs.

To increase the area of GaAs nanowires application a lot of effort have been focused to
modulation of diameter along the nanowire length aiming to improve the thermoelectric
properties [9] as well as their functionalization with metals [10, 11] or semiconductor mate-
rials [12].

The goal of this paper is to demonstrate a simple and cost-effective in one-step ap-
proach for diameter modulated GaAs nanowires fabrication.

MATERIALS AND METHODS

Crystalline 500 ym thick (111)B-oriented n-GaAs substrates with a free electron con-
centration of 2x10" cm™ were used. The samples were sonicated in acetone for 15 min,
cleaned in distilled water and dried. In order to remove the native oxide from the surface,
the samples were dipped in a HCI:H,O solution with ratio (1:3) for 2 min. The anodization
of GaAs crystals was carried out in a common two-electrode cell, where the sample served
as working electrode. The design of electrochemical cell and description can be found in
early published paper [2]. A Keithley’s Series 2400 Source Measure Unit was used as po-
tentiostat. The current — voltage polarization curve was measured at a slope scan of
10 mV-s . A Vega Tescan 5130 MM Scanning Electron Microscope (SEM) equipped with
an Oxford Instruments INCA Energy EDX system operated at 20 kV was used to investi-
gate the morphology and chemical composition analysis of anodized GaAs crystals.

RESULTS AND DISCUSSION

In Figure la the current-voltage (I-V) curve of the electrochemical dissolution behavior
of (111)B GaAs substrate is presented. From the I-V curve clearly can be seen that the in-
terval of pore formation in from 2 V up to 5 V followed by exponential increase of the cur-
rent leading to the electropolishing. The mechanism of pore formation and transition from
the porous GaAs structures to nanowire arrays was discussed in early published papers
[2,7]. It should be mentioned that in semiconductor compounds three types of pores were
reported: crystallographically oriented pores; current line oriented pores; and fractal pores.
Up to now, no current line oriented pores were reported for anodized GaAs. The character-
istic for GaAs crystallographically oriented pores, in contrast to current line oriented pores,
can intersect each other and grow at low applied potentials or current densities.

The inset image in Figure 1a demonstrate the formation of pores during the anodization
at applied voltage 2 V that grow perpendicular to the (111)B oriented GaAs surface. As
mentioned above, the crystallographically oriented pores can intersect each other and at
optimized anodization parameters the formation of GaAs pores occurs concomitantly with
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the grow of pores that intersect the primary pores. With the further increase of the applied
potential interval 3—4 V the formation of GaAs nanowires with the diameter 200-300 nm
occurs (see Figure, b). At a certain applied voltage, 4.5 V in our case, a combination of
crysto pores aligned perpendicularly to the sample surface and tilted pores intersecting
them occurs; similarly to the pores growth from the inset in Figure, a. As a result, the di-
ameter modulated nanowires or perforated nanowires are obtained as is presented in Fig-
ure, ¢. The anodization process strongly depends upon the applied voltage. Taking into ac-
count this behavior, the formation of perforated and smooth GaAs nanowires arrays in the
same technological process at two different applied voltages is demonstrated as is pre-
sented in Figure, d.
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(a) The polarization curves measured at the beginning of the electrochemical anodization of
(111)B oriented GaAs substrate in 1M HNOj electrolyte. The inset in (@) represent SEM image of
anodized GaAs at applied potential 2 V. () SEM image of anodized GaAs sample at 3 V resulting in
formation of nanowires with a smooth wall. (c¢) SEM image of diameter modulated GaAs nanowires
with a length of 200 pm produced at 4.5 V with the enlarged SEM view in the inset. SEM image of
anodized GaAs substrate at 4.5V for 5 min with formation of perforated GaAs nanowires followed
by reducing the applied potential to 3 V for smooth nanowires obtaining
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CONCLUSIONS

The formation of diameter modulated GaAs nanowires via anodization of (111)B ori-
ented GaAs substrates is demonstrated in a single step process. The morphology and
chemical composition were systematically investigated by means of scanning electron mi-
croscopy. The approach is based on anodization at optimized applied potential allowing
simultaneous growth of pores oriented perpendicular and tilted to the GaAs surface. The
key factor allowing to modulate the GaAs nanowire diameter is the feature of crystal-
lographically oriented pores to intersect each other. A selective modulation of nanowires
via anodization at two different applied potentials is demonstrated. The tree-dimensional
modulation of diameter will give the possibility to increase the area of their applications.

FUNDING

The authors acknowledge financial support from the Ministry of Education, Culture and
Research of Moldova under the Grant #20.80009.5007.20.

REFERENCES

1. Porous semiconductor compounds / E. Monaico, I. Tiginyanu, V. Ursaki / Semicond. Sci. Technol. —
2020. —35. - 103001 (63 pp.). Doi: https://doi.org/10.1088/1361-6641/ab9477.

2. Evolution of pore growth in GaAs in transitory anodization regime from one applied voltage to an-
other one / E.I. Monaico [et al.] // Journal of Surface Engineering and Applied Electrochemistry.—
2021.— V. 57, Ne 2. — P. 165-172. Doi: https://doi.org/10.3103/S106837552102006X.

3. Formation of tetrahedron-like pores during anodic etching of (100) oriented n-GaAs / S. Langa [et al.] //
Electrochem. Solid-State Lett.— 2002.— 5.— P. C14—C17. Doi: https://doi.org/10.1149/1.1423803.

4. Electrochemically etched pores and wires on smooth and textured GaAs surfaces / X. Li [et al.] // Elec-
trochim. Acta. —2011. — V. 56. — P. 5071-5079. Doi: https://doi.org/10.1016/j.electacta.2011.03.084.

5. High-aspect-ratio vertically aligned GaAs nanowires fabricated by anodic etching / H. Asoh, S. Kotaka,
S. Ono // Mater. Res. Express. — 2014. — V. 1. — P. 045002 (6 pp). Doi: https://doi.org/10.1088/2053-
1591/1/4/045002.

6. High-aspect-ratio GaAs pores and pillars with triangular cross section / H. Asoh, S. Kotaka, S. Ono // Elec-
trochem. Commun. —2011. — V. 13. — P. 458-461. Doi: https://doi.org/10.1016/j.elecom.2011.02.020.

7. Electrochemical nanostructuring of (111) oriented GaAs crystals: from porous structures to nanowires / E.I.
Monaico [et al.] // Beilstein J. Nanotechnol. — 2020. — V. 11. — P. 966-975. Doi:
https://doi.org/10.3762/bjnano.11.81.

8. Pore Etching in I1I-V and II-VI Semiconductor Compounds in Neutral Electrolyte / .M. Tiginyanu [et
al.] // Electrochem. Solid-State Lett. — 2007. — V. 10, Ne 11. — P. DI127-D129. Doi:
https://doi.org/10.1149/1.2771076.

9. Impact of nucleation conditions on diameter modulation of GaAs nanowires / S.C. Crawford [et al.]
// Nanotechnology.— 2015.— V. 26— P. 225604. Doi: https://doi.org/10.1088/0957-4484/26/22/225604.

10. Core—Shell GaAs-Fe Nanowire Arrays: Fabrication Using Electrochemical Etching and Deposition
and Study of Their Magnetic Properties / E.V. Monaico [et al.] / Nanomaterials.— 2022.— V. 12.—
P. 1506 (11 pp). https://doi.org/10.3390/nan012091506.

11. Magnetic Properties of GaAs/NiFe Coaxial Core-Shell Structures / E.V. Monaico [et al.] / Materi-
als.— 2022.— V. 15.— P. 6262 (9 pp). https://doi.org/10.3390/ma15186262.

12. Core-shell structures prepared by atomic layer deposition on semiconductor GaAs nanowires /
V.V. Ursaki [et al.] // Crystals.— 2022.— V. 12.—P. 1145 (10 pp). https://doi.org/10.3390/cryst12081145.

324



