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 ABSTRACT 

A nanofabrication method for the production of ultra-dense planar metallic 

nanowire arrays scalable to wafer-size is presented. The method is based on an 

efficient template deposition process to grow diverse metallic nanowire arrays

with extreme regularity in only two steps. First, III-V semiconductor substrates

are irradiated by a low-energy ion beam at an elevated temperature, forming 

a highly ordered nanogroove pattern by a “reverse epitaxy” process due to

self-assembly of surface vacancies. Second, diverse metallic nanowire arrays

(Au, Fe, Ni, Co, FeAl alloy) are fabricated on these III-V templates by deposition

at a glancing incidence angle. This method allows for the fabrication of metallic

nanowire arrays with periodicities down to 45 nm scaled up to wafer-size 

fabrication. As typical noble and magnetic metals, the Au and Fe nanowire arrays

produced here exhibited large anisotropic optical and magnetic properties,

respectively. The excitation of localized surface plasmon resonances (LSPRs) of

the Au nanowire arrays resulted in a high electric field enhancement, which was

used to detect phthalocyanine (CoPc) in surface-enhanced Raman scattering 

(SERS). Furthermore, the Fe nanowire arrays showed a very high in-plane 

magnetic anisotropy of approximately 412 mT, which may be the largest in-plane

magnetic anisotropy field yet reported that is solely induced via shape anisotropy

within the plane of a thin film. 
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1 Introduction 

Because of their large surface-to-volume ratio with 

very high shape anisotropy [1], ultra-dense nano-

structured metal arrays could be integrated into 

high-density memory devices [2], interconnections 

in integrated circuits [3], plasmonic devices [4], nano-

electrodes [5], thermal heaters [6], and biological 

nano-sensors [7], applications that have attracted much 

attention in recent years. Conventionally, metallic 

nanowires are fabricated by top-down approaches, 

e.g., optical lithography, which makes it possible to 

fabricate planar nanowire (NW) arrays. However, the 

spatial resolution of such arrays is constrained by the 

optical diffraction limit, making nanoscale application 

unattainable [8]. Although electron-beam lithography 

offers a high patterning quality at a much better 

dimensional limit, the fabrication of nanowire arrays 

in a periodicity regime below 50 nm is still very 

challenging. Moreover, electron-beam lithography is 

quite inefficient for patterning at the wafer-scale level.  

In contrast to top-down approaches, nanofabrication 

techniques based on self-organization and self-assembly 

allow for simple and low-cost production of dense 

metallic nanowire arrays, and thus such techniques 

have been considered as promising complementary 

methods [9, 10]. One method, which only allows the 

fabrication of vertical nanowire arrays, is electro- 

deposition via nanoporous templates such as anodized 

aluminum oxide films with a high density of nanopores 

[11–13]. However, there is a broad size distribution, 

and it is difficult to place the nanowires at a specific 

location for device fabrication and investigation. 

Another effective approach to fabricating planar metallic 

nanowire arrays is using glancing-angle deposition 

on a self-organized nanopatterned substrates [14]. 

Because of the self-masking effects, the periodicity 

and the regularity of the metallic nanowires depend 

significantly on the surface structure of the templates. 

The quality of the templates is a key issue to 

fabricating the metallic nanowire arrays. The faceted 

surfaces can be achieved by several techniques,  

such as thermal etching (NaCl [15]), semiconductor 

heteroepitaxy (GeSi-on-Si [16]), and high-temperature 

annealing (sapphire [17]). These nanopatterned surfaces 

have been applied as templates to fabricate metallic 

nanostructure arrays by shadow deposition [18–20]. 

However, the numerous topographic defects and 

relatively large periodicity of these templates still limit 

the practical application of metallic nanowire arrays. 

Self-organized surface patterns on semiconductors 

and oxide surfaces can be also induced by low-energy 

ion irradiation [21, 22]. For example, self-organized 

nanoscale wave structures on Si surfaces were pro-

duced by low-energy ion beam irradiation at room 

temperature [23–26]. Such wave structures can serve 

as templates for the fabrication of low-dimensional 

metallic nanostructure arrays, and the periodicity 

size can be reduced to below 50 nm [27–29]. Still, the 

main drawback of this method is that the Si surface 

is amorphized during ion bombardment at room 

temperature [30], and the presence of numerous 

topographic defects in the amorphous surface pattern 

is a serious disadvantage for the application of these 

patterns as templates for regular metallic nanowire 

arrays. 

Previously, we reported that faceted and crystalline 

nanopatterns can be fabricated via a so-called 

“reverse epitaxy” process on different semiconductor 

surfaces [31]. Above the recrystallization temperature 

of the materials, ion irradiation can be employed   

to produce highly ordered and crystalline patterns 

consisting of specific crystalline facets depending on 

the crystal structure and the surface orientation. 

These patterns are self-aligned, with a high degree of 

ordering along a specific crystal orientation. On single 

crystalline III-V surfaces with zinc-blende structures, 

e.g. GaAs (001) and InAs (001), the periodic nano-

grooves are oriented along the [11
＿

0] direction [32, 33]. 

Here, we demonstrate that these ordered patterns 

can potentially serve as templates for the fabrication 

of diverse metallic nanowire arrays (Au, Fe, Ni, Co, 

and FeAl alloy) consisting of well-separated nanowires 

with a periodicity below 50 nm. As a typical example, 

noble (Au) and magnetic (Fe) metal nanowire arrays 

were produced, which exhibited extremely large 

anisotropic optical and magnetic properties, respectively. 

In addition, the patterns of the crystalline GaAs 

surfaces could provide a platform for growing epitaxial 

Fe nanowires, which could be used as build blocks 

for the development of spintronics based on an 

Fe/GaAs system [34, 35].  
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2 Experimental section 

2.1 Preparation of the patterned template 

The ordered nanogroove patterns were formed on 

epi-ready GaAs (001) and InAs (001) by normal 

incidence of 1 keV Ar+ irradiation at 410 °C for GaAs 

(100) and 350 °C for InAs (100), respectively. An   

ion fluence of 1 × 1019 cm−2 was applied during the 

irradiation process.  

2.2 Fabrication of metallic nanowire arrays  

Au, Fe, Ni, Co, and FeAl alloy nanowires with 

thicknesses of 20 nm were deposited by molecular 

beam epitaxy (MBE). The metal deposition process 

was performed on the faceted GaAs (001) surface with 

a glancing angle of 80° to the surface normal (shadow 

deposition). The metallic nanowire arrays were formed 

on the facets of the nanogrooves. To avoid oxidization 

of the Fe nanowires, a 10-nm-thick Rh layer was 

deposited as a capping layer on the Fe in two steps, 

with incidence angles of 80° and 45°, respectively. 

2.3 Grazing incidence small-angle X-ray scattering 

measurements 

Grazing incidence small-angle X-ray scattering 

(GISAXS) measurements were performed on a 

modified Empyrean diffractometer equipped with 

two-dimensional side-by-side optics and an extended 

fine-focus Cu tube with a point spot size of 150 μm. 

We used a pixel detector (516 × 516 pixels, with a   

55 μm pixel size) to register the scattering signal. This 

setup allowed us to work without any beam stop. 

The sample–detector distance was set to 500 mm. The 

incident angle was set to 0.42° for all cases. 

2.4 Electrical characterization  

Atomic force microscopy (AFM) measurements for 

the Au nanowire arrays were performed using an 

Agilent 5500 AFM system to investigate the topography 

and the electrical characterization characteristics via 

Kelvin force microscopy (KFM). The measurements 

were performed under a well-controlled N2 environ-

ment to preserve the integrity and avoid possible 

contamination of the samples, as well as to circumvent 

the possible influence of the ambient conditions on 

the electrical measurements. Silicon probes with an 

electrically conductive coating (Cr/Pt), typical force 

constant of 3 N·m−1 and resonance frequency of 75 kHz, 

were employed for simultaneous topography and 

electrical measurements. This enables a direct 

correlation between the topography and the electric 

characteristics of the samples. Measurements were 

performed in tapping mode ensuring minimal contact 

between the AFM probe and the sample surface with  

a very high resolution. For KFM measurements, a 

feedback loop allows for maintaining a DC probe 

bias that counteracts the surface electrostatic force. 

This enables a quantitative analysis of changes of the 

electric charge distribution along across the sample 

surface. 

2.5 Optical characterization 

Ellipsometry measurements were performed with a 

Woollam M-2000FI. A 2-nm-thick CoPc thin layer was 

deposited in vacuum at 10−10 mbar controlled by a 

quartz crystal microbalance detector. For the Raman 

spectroscopy measurement, a LabRam HR800 spec-

trometer was used in backscattering geometry with a 

50× long working distance objective (N.A. = 0.5). The 

Raman signal was decomposed by a 600 lines/mm 

grating and recorded with an electron-multiplying 

charge-coupled device (CCD) detector. The laser 

power was set to 1 mW.  

2.6 Magnetic characterization 

The magnetic characterization was carried out using 

a broadband ferromagnetic resonance (FMR) setup 

with tunable frequencies from 10 MHz to 50 GHz. 

The magnetic system was excited by a microwave 

field generated by an Agilent E8364B vector network 

analyzer, which was coupled into a coplanar waveguide 

where the sample is mounted flip-chip. The complex 

transmission parameter S21 was recorded as the FMR 

signal during a field sweep at a constant frequency. 

3 Results and discussion 

The fabrication process of metallic nanowire arrays is 

illustrated schematically in Fig. 1. The process consists 

of only two steps: (1) The III-V crystalline semicon-
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ductor surfaces are pre-patterned by low-energy ion 

irradiation at an elevated temperature above the 

recrystallization temperature of the materials (Fig. 1(a)); 

(2) the metal is deposited on the periodically patterned 

surface at a glancing incidence angle, which is typically 

60°–80 to the surface normal and perpendicular to 

the nanogroove axis (Fig. 1(b)). In the first step, the 

normal incidence ion irradiation of III-V surfaces at 

an elevated temperature leads to periodic faceted 

grooves oriented along the [11
＿

0] direction with a 

remarkably high order, as shown in Fig. 1(c). The 

Fourier transform in the inset shows well-resolved 

high order interferences, which indicate the lateral 

ordering of the faceted nanostructure. The surface 

instability, which is responsible for the formation of 

these structures, results from the restrictions in the 

surface diffusion of vacancies due to the Ehrlich– 

Schwoebel barrier at the step-edges [36]. For III-V 

semiconductors with a zinc-blende structure, the   

[11
＿

0]- and [110]-aligned step-edges are no longer 

energetically equal. A symmetry-breaking driving force 

exists on the (001) surfaces of these materials due to  

 

Figure 1 Schematic illustration and SEM top-down images of 
the ordered and faceted nanogroove pattern preparation and  
the metallic nanowire array formation: (a) and (c) The faceted 
nanogroove array is formed on III-V surfaces in only one step 
under low-energy Ar+ irradiation. (b) and (d) Metallic nanowires 
on III-V facets are fabricated by deposition under a glancing 
incidence angle. The inset of (c) is the fast Fourier transform (FFT) 
pattern of the SEM image. 

the stacking of alternating planes of Ga(In)As and to 

the exclusive formation of dimer rows of Ga (In). The 

facets observed on the ion-irradiated surfaces are 

close to the {114} crystal planes, which have an angle 

of 19.47° with the GaAs (001) and the InAs (001) 

surfaces (see Fig. S1 in the Electronic Supplementary 

Material (ESM)). The periodicity and facet orientation 

can be tuned by using a surface with different miscuts 

or by applying different irradiation conditions [32]. In 

the second step, because of the self-shadowing effect, 

the metal was deposited on the sidewalls of the facets 

facing the deposition beam instead of on the bottom 

of the nanogrooves; thus, ordered metallic nanowire 

arrays were formed with the same periodicity as the 

nanogrooves (Fig. 1(d)). Therefore, the periodicity of 

the metallic nanowire arrays can be tuned by using 

templates with different periodicities (typically in 

the 45–100 nm range). In addition, the size of the 

nanowires can be altered by varying the deposition 

thickness of the metal (see Fig. S2 in the ESM). 

In this study, different metallic nanowire arrays 

were successfully deposited on the faceted GaAs (001) 

surfaces. Figures 2(a) and 2(b) show the top views of 

the scanning electron microscopy (SEM) of Au and  

 

Figure 2 Top-down SEM and cross-sectional transmission 
electron microscopy (TEM) of highly ordered Au and Fe nanowire 
arrays deposited on faceted GaAs (100) surfaces. (a) and (b) SEM 
images of Au and Fe nanowire arrays. (c) and (d) Cross-sectional 
bright-field TEM images of the Au and Fe nanowires, and (e) and 
(f) the corresponding high-resolution TEM images. To avoid 
oxidization of the Fe nanowires, 10 nm of Rh was deposited as a 
capping layer. 
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Fe nanowires deposited on the faceted GaAs surfaces 

by MBE. Ni, Co, and FeAl alloy nanowire arrays 

were also produced by this method, as shown in 

Fig. S3 in the ESM. The deposition thickness of the 

metal was approximately 20 nm, with the metallic 

nanowire arrays all aligned along the [11
＿

0] direction. 

To avoid oxidization of the Fe nanowires, a 

10-nm-thick layer of Rh was deposited as a capping 

layer. To see the morphology of the metallic 

nanowire arrays on a smaller scale, cross-sectional 

transmission electron microscopy (XTEM) was 

performed, as shown in Figs. 2(c) and 2(d). It was 

found that the metallic nanowires were located on 

the side of the facets exposed to the deposition beam. 

The periodicity of the metallic nanowire arrays was 

approximately 45 nm, with an inter-nanowire 

spacing of less than 20 nm. These dimensions reveal 

the remarkably high integration density of the metallic 

nanowires. In addition, the morphology of the metallic 

nanowire arrays can be improved by annealing in 

high vacuum. The surface became smoother after 

annealing at 250 °C (see Fig. S4 in the ESM). As 

indicated by Figs. 2(e) and 2(f), the Au and Fe 

nanowires were mainly polycrystalline. This may 

have been the result of native oxide layer formation 

on the crystalline GaAs facets as the sample was 

taken out of the irradiation chamber. To achieve the 

growth of epitaxial Fe nanowires on the crystalline 

GaAs facets, careful surface treatment is needed to 

remove the native oxide layer [37, 38].  

In addition to SEM and XTEM measurements, 

GISAXS analysis makes it possible to measure the 

lateral ordering and orientation of the metallic 

nanowire arrays in macroscopic length scales [39, 40]. 

Figure 3(a) shows the GISAXS patterns of the Fe 

nanowire arrays measured just above the critical angle 

of total external reflection [41], as demonstrated in 

Fig. 2(b). The asymmetry of the intensity distribution 

resulted from the fact that the Fe nanowires were 

deposited on one side of the faceted substrates [42]. 

Compared with the GISAXS results shown in Ref. [42], 

the GISAXS patterns in our work are well separated 

 

Figure 3 GISAXS pattern of Fe nanowire arrays on the faceted GaAs substrate. The X-ray beam followed the direction of GaAs [11
＿

0],
and the incident angle was set to be 0.42°. The line profiles of (a) as a function of the scattering vector is shown in (b). q|| is the in-plane 
scattering vector. (c) The X-ray beam followed the GaAs [11

＿

0] direction ( = 0), and the sample stage was rotated to 45, 90, 135, 
180, 225, 270, and 315. (d) Plot of the intensities of the first-order diffraction peak q1 (the white arrow) as a function of rotation angle. 
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and more distinct. In addition, the grating rods of the 

GISAXS patterns changed sharply as a function of 

rotation angle  (Figs. 3(c) and 3(d)). This indicates 

that the Fe nanowire arrays fabricated here were 

well ordered and oriented along a single direction 

over macroscopic length scales. Figure 3(b) shows an 

integrated line profile over the entire grating signal 

along the in-plane scattering vector (q). The periodicity 

of the nanowire was calculated to be 45 nm, which is 

in agreement with the value obtained from Fig. 2(d). 

Noble metal nanostructures generally exhibit unique 

optical properties in the visible spectral range because 

of the excitation of localized surface plasmon resonances 

(LSPRs) [27, 43, 44], which generates many appealing 

phenomena such as surface-enhanced Raman spec-

troscopy (SERS) [45–47]. In this work, the Au nanowire 

arrays were characterized optically by spectroscopic 

ellipsometry and Raman spectroscopy. As shown in 

Fig. 4(a), polarization-dependent results of the effective 

dielectric function show a significant optical anisotropy 

response depending on the electric field orientation 

with respect to the nanowire axis. The polarization  

of the incident light was chosen to be parallel (E) or 

perpendicular (E) to the nanowires. The imaginary 

part of the effective dielectric function, Imag[εeff], reveals 

the optical properties of the fabricated nanostructures, 

and in particular the wavelength range where the 

plasmonic excitations occur (absorption). From the 

black line shown in Fig. 4(a), the peak at 270 nm, the 

double peaks at 400 and 420 nm, and the step at  

875 nm are related to the band structure of the GaAs 

substrate. After the deposition of 30-nm-thick Au 

nanowires, the dominance of the GaAs peaks vanishes. 

Different behaviors in Imag[εeff] can be observed for 

E and E. For the case of E, Imag[εeff] increases with 

the increasing wavelength, which suggests typical 

Drude behavior of continuous metallic films [48]. In 

contrast, Drude-type behavior is absent in E; instead, 

a dominant absorption peak at approximately 600 nm 

appears, as shown by the blue dashed line in Fig. 5(a), 

which comes from the LSPRs. Here, we observe a 

clearly resolvable LSPR peak in Imag[εeff] for E, which 

confirms the results above regarding the well-defined 

shape and separation of the Au nanowires. The 

excitation of localized surface plasmons results in a 

high electric field enhancement, which is frequently 

used in high-sensitivity molecular detection in SERS. 

For example, ultrathin films of phthalocyanine (CoPc) 

are usually challenging to detect by Raman spectros-

copy because of the inefficient nature of inelastic 

scattering during the measurements [49]. However, 

plasmonic enhancement from metallic nanowires helps 

overcome this sensitivity limitation, as discussed below. 

The black line in Fig. 4(b) suggests that the feature 

Raman peaks of a 2-nm-thick CoPc layer cannot be 

well observed on a bare GaAs substrate. Regardless of 

the faintly resolved peaks, a plateau appears between 

850 and 1,000 cm−1 that belongs to the GaAs substrate. 

In contrast, a clearly resolved Raman spectrum of 

CoPc was measured on the plasmonic Au nanowires, 

as indicated by the red line in Fig. 4(b), because   

the wavelength of the HeNe laser used during the 

measurement (633 nm wavelength, 1 mW) matched 

the LSPR of the Au nanowires. The SERS enhancement 

factor at the peak of 1,540 cm−1 can be estimated as 

~ 130. It is concluded that this self-aligned Au nanowire 

array is an efficient substrate for SERS applications. 

In addition, noble metal nanowires are ideal candidates  

 

Figure 4 Optical characterization of Au NWs deposited on a 
periodic, faceted GaAs surface. (a) Polarization-dependent imaginary 
part of the effective dielectric function measured by spectroscopic 
ellipsometry. (b) Raman spectra of an ultrathin film (2 nm) of CoPc 
on bare GaAs and with Au NW, respectively. 
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for interconnects in nanoelectronics because of their 

high chemical stability and electrical conductivity. The 

electrical properties of the fabricated Au nanowire 

arrays were investigated by KFM, and the I–V curve of 

a single Au nanowire is shown in Fig. S5 in the ESM. 

Magnetic nanowire arrays are also interesting 

because of their potential application in high-density 

magnetic memories or sensors. As an example, in this 

study, the magnetic properties of the Fe nanowire 

arrays were investigated by angle-dependent broadband 

FMR. Figure 5 illustrates the measured in-plane 

angular dependence of the FMR resonance field of 

the fabricated Fe nanowire array (Figs. 2(b), 2(d), and 

2(f)) at a microwave frequency of 25 GHz. The inset in 

Fig. 5 reveals the frequency-field dependence along 

the out-of-plane axis (square), the in-plane long axis 

(diamond), and the in-plane short axis (circles). A 

strong increase of the resonance field is observed as 

the field is rotated from the nanowire long axis ( = 

0°, 180°) to the short axis ( = 90°), which is due to the 

strong shape anisotropy of the nanowires and can be 

calculated using the wires’ demagnetization factor, Ny. 

The fittings corresponding to the theoretical model 

(see FMR equation in the ESM) are also illustrated  

as red solid lines in Fig. 5. With the fitting parameters 

provided in Table 1, good quantitative agreement 

between the fitting results and the experimental 

measurement was obtained. This analysis yielded   

a vast in-plane shape anisotropy of ½0NyMS
2 = 

583.3 kJ·m−³, where μ0 is the vacuum permeability 

and M S  the saturation magnetization. This 

corresponds to an anisotropy field of μ0NyMS = 

696 mT originating from the large width-to-height 

ratio of the wires. However, the counteracting stray 

fields of neighboring wires reduce the effective 

in-plane anisotropy to Kip,eff = ½μ0NyMS
2 − K2 = 

345.2 kJ·m–3, where K2   is the uniaxial in-plane 

anisotropy. This corresponds to the effective 

anisotropy field of μ0HKip,eff = μ0NyMS − 2K2MS = 412 mT. 

To the best of our knowledge, this is the largest in-plane  

 

Figure 5 In-plane angle-dependent plot of the resonance field 
at a microwave frequency of f = 25 GHz. The inset shows the 
broadband FMR characterization along the three main axes. The 
red fitting lines reveal significant effective in-plane anisotropy of 
Kip,eff = 345.2 kJ·m−3 (0HKip,eff = 412 mT). 

magnetic anisotropy field obtained by self-assembly 

techniques [10, 50–53]. Thus, these faceted Fe nanowires 

can serve as the foundation for in-plane anisotropy 

optimization, with the possibility of achieving even 

higher values. The easy large-scale fabrication may 

be useful for many devices requiring high in-plane 

anisotropies, such as radio frequency (RF) devices 

[54]. Moreover, applications as magnetic waveguides 

[55, 56], wires for domain wall propagation [57, 58], 

or even biomagnetic sensors [59] are conceivable. 

4 Conclusions 

In summary, we have demonstrated an efficient 

method to fabricate diverse metallic nanowires by 

using a two-step method on periodic and faceted 

templates obtained by ion irradiation-induced “reverse 

epitaxy”. Because of the extreme regularity and 

ultrahigh density on a macroscopic length scales, the 

strong optical anisotropy of the fabricated Au nanowire 

arrays is promising for application as anisotropic 

plasmonic SERS sensors. Very large in-plane magnetic 

Table 1 Fitting parameters used for the FMR characterization depicted in Fig. 5 

Parameter Ny g-factor MS (kA·m–1) K2 (J·m–3) a  K2|| (J·m–3) a  K4 (J·m–3) a  K4|| (J·m–3) 

Value 0.33 2.09 1,677 0 238.1 67.9 60.4 

aK2 (K2||) and K4 (K4||) are the uniaxial and fourfold out-of-plane (in-plane) anisotropy constants, respectively. 
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anisotropy was obtained in the prepared Fe nanowire 

arrays that can serve as a foundation for high magnetic 

anisotropy tuning and multiple applications, such as, 

RF devices, magnetic waveguides and even biomagnetic 

sensors. Moreover, thanks to the crystalline surfaces 

of the templates, this two-step nanowires fabrication 

method can be further developed to fabricate other 

crystalline material nanowires such as semiconductors 

that can be deposited on the faceted templates. Overall, 

our finding offers an elegant alternative to large-scale 

patterning techniques because of its high regularity, 

and it will inspire further investigations on nanowire- 

based devices. 
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