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Abstract: Recently, a novel Photonic Integrated Circuit (PIC) paradigm based on the use of a new kind of ultra-directive, 
low-loss, highly-efficient and broadband silicon nanoantenna has enabled the first demonstration of an on-chip wireless 
interconnect, with potential applications in reconfigurable networks and lab-on-a-chip systems. Despite the fact that the 
far-field properties of these nanoantennas have been widely studied, their near-field behaviour stays unexplored. In this 
work, we study this feature through scanning near-field optical microscopy (SNOM). For this purpose, we design and 
characterize an on-chip 2-port wireless link using a tailored SNOM. The conducted near-field measurements will be useful 
to improve the design of these integrated photonic devices with potential impact on a variety of applications, from 
biosensing to optical communications. 
 

1. Silicon Nanoantennas: Introduction 

On-chip optical interconnects have proved to overcome 
the ever-increasing power consumption and restricted 
throughput of the copper-based electronic nanowires mostly 
used in large-scale integration systems. As a consequence, 
PICs will be crucial for high-performance computing, ultra-
fast networks, and lab-on-a-chip devices [1, 2], especially in 
areas such as spectroscopy [3] or biomedicine [4]. These 
demanding applications will require novel features, such as 
dynamically-reconfigurable light pathways, as well as an on-
chip control of optical radiation, due to the stringent design 
rules and limited on-chip reconfigurability of wired schemes, 
which usually lead to complex topologies and large footprints 
[5,6]. Furthermore, current on-chip waveguide-based 
structures cannot provide the far-field light-target interaction 
required by a number of sensing devices [7-9]. In the same way 
as radio frequency and microwave antennas have enabled a 
myriad of applications (in a wide range of fields, from 
telecommunications to biomedical image, for instance), on-
chip wireless devices promise to overcome a number of current 
PIC limitations, paving the way to a broad assortment of new 
functionalities. 

Most studies on wireless on-chip devices are based on the 
use of plasmonic nanoantennas [10-17] made up of metals 
such as gold or silver, which can constitute an efficient 
solution in some applications belonging to the fields of 
spectroscopy or optical sensing, as a consequence of their 
ability to concentrate electromagnetic fields. However, 
plasmonic nanoantennas do not normally yield an optimal 
staging when trying to establish non-guided communications 
or data transmission in the near-infrared wavelengths, as a 
result of their poor radiation properties and high metallic 
absorption at optical frequencies. The radiation ability of 
silicon particles has been demonstrated in different studies [17, 
18], establishing the superior efficiency of silicon 
nanoantennas in comparison with plasmonic ones.   

Recently, a novel PIC paradigm based on the use of a new 
kind of ultra-directive (directivity higher than 150), low-loss, 

highly-efficient (total efficiency close to 90%) and broadband 
silicon nanoantenna has been proposed [19]. Moreover, these 
dielectric antennas employ silicon as the constituent material, 
which assures their compatibility with the Complementary 
Metal-Oxide-Semiconductor (CMOS) technology. This 
alternative platform has enabled new on-chip applications, 
including reconfigurable networks and ultra-integrated 
biomedical devices. While the far-field behaviour of the 
aforementioned antennas (e.g., directivity and radiation 
efficiency) has been deeply studied [19], their near-field 
properties remain mostly unexplored. Here, we fabricate (see 
section 3) and thoroughly study the near-field behaviour of this 
kind of antenna both numerically and experimentally (see 
section 6).  This study paves the way to the design and 
improvement of new integrated photonic devices. All designs 
and experiments correspond to a wavelength λ = 1550 nm. 

 
 

 

Fig. 1.  (a) Schematic top view of the antenna and 
directors. (b) 3D representation of the antenna used to 
build the studied links. 
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2. Nanoantenna design 

Following the work in [19], we study a silicon 
nanoantenna consisting of a 10-µm-long inverted-taper (see 
Fig. 1a). This nanoantenna is already able to radiate the field 
with a directivity higher than 50. Nonetheless, to further 
improve the directivity of the inverted taper nanoantenna while 
maintaining a reduced footprint, we added different planar 
structures working as directors (in the same way as in typical 
Yagi-Uda antennas [20]). Specifically, each director is made 
up of two silicon strip pieces. The full antenna is shown in Fig. 
1. To analyse the response of this nanoantenna, 3D simulations 
were performed with the commercial software CST 
Microwave Studio. The results show an extremely high 
directivity with one, two and three pairs of directors (with the 
directivity increasing as the number of director pairs grows) 
[19]. While the three-pair configuration provides the highest 
directivity, the improvement with respect to the two-pair 
configuration is not too high (~33%). For this reason, we chose 
an inverted-taper antenna followed by two pairs of directors as 
the structure under study, since this configuration already 
satisfies the directivity requirements of our experiment (see 
below) and simplifies the design and fabrication of the sample. 
To enable not only the near-field characterization of the 
proposed antennas but also a far-field testing (see section 4), 
we chose a basic 2-port nanolink consisting of two identical 
antennas with a gap distance d between them (see Fig. 2). 

Note that the performance of the nanolink in terms of 
power efficiency is maximised when the nanoantennas are 
covered with a thick SiO2 layer. Therefore, this is a basic 
requirement for low-loss high-speed data transmission 
applications. However, this thick SiO2 layer entails a strong 
limitation concerning near-field measurements, since the 
intensity of the evanescent field of the mode supported by this 
structure is too weak. To mitigate this problem, we performed 
different simulations of the optical response of the nanolink as 
a function of the thickness of the SiO2 layer. We chose the 
minimum thickness of this layer (220 nm) that ensured a 
similar behaviour of the near-field intensity through all the 
elements of the nanolink, while keeping a sufficient long-
distance transmission capacity so as to allow the 
aforementioned far-field characterization.  

Throughout the whole study, we operate in TE mode. In 
this respect, the width of the silicon waveguides carrying light 

to/from the nanoantennas (450 nm) was designed to operate in 
monomode regime. 

With these considerations in mind, we designed and 
fabricated a sample containing three different nanolinks 
(labelled as Link a, Link b, and Link c) with a gap d = 30 µm, 
allowing us to verify the repeatability of the process.  Input and 
output grating couplers [21, 22] enabled vertical light injection 
(extraction) to (from) the chip. The connection between the 
nanoantennas and the gratings was performed via tapered 
waveguides (see Fig. 2a).  

3. Fabrication 

The silicon antennas, grating couplers and waveguides 
were fabricated over standard silicon-on-insulator (SOI) 
samples from SOITEC wafers with a top silicon layer 
thickness of 220 nm (resistivity ρ~1-10 Ω·cm-1, with a lightly 
p-type background doping of ~1015 cm3) and a buried oxide 
layer thickness of 220 nm. The fabrication is based on an 
electron-beam direct-writing process, CMOS-compatible, 
performed on a coated 100-nm hydrogen silsesquioxane (HSQ) 
resist film. This electron-beam exposure was performed with 
a Raith150 tool and has been optimized to reach the required 
dimensions employing an aperture size of 30 μm with an 
acceleration voltage of 30 KeV. After developing the HSQ 
resist using tetramethylammonium hydroxide, the resist 
patterns were transferred into the SOI samples using fluoride 
gases via an optimized inductively coupled plasma-reactive 
ion etching process. Finally, a 220 nm-thick silicon dioxide 
upper cladding was deposited on the SOI sample by using a 
plasma-enhanced chemical vapor deposition system from 
Applied Materials. To ensure the correct fabrication of the 
sample, Scanning Electron Microscope (SEM) images were 
taken, focusing on the nanolinks and the directors of the 
nanoantennas (see Fig. 2b). 

4. Far-field Characterization 

Prior to the study of its near-field behaviour, the link 
was characterized in the far field to verify its correct 
performance. In particular, the link power efficiency ηP = 
PRX/PTX (PRX and PTX are the received and transmitted power, 
respectively) of the three fabricated 30-µm-long nanolinks was 
experimentally measured. For this purpose, an External Cavity 
Laser (ECL) was employed to inject light to the input vertical 

 
Fig. 2.  (a) Schematic top view of the vertical coupler grating, waveguides and nanoantenna. (b) Scanning Electron 
Microscope (SEM) image of the fabricated 2-port-link. 
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gratings of the sample via an optical fibre at wavelengths of 
1540-1590 nm. The signals exiting the output gratings were 
received with a photodetector. Maximum power efficiency 
was ensured by optimizing the polarization of the signal and 
through the previous alignment of the input and output fibres 
with the help of an optical microscope.  
 As a reference, ηP was also simulated using CST 
Microwave Studio (see Fig. 3). According to the simulations, 
the power efficiency should be around -34 dB for a wavelength 
of 1550 nm, showing a good agreement with the experimental 
results (see Fig. 3). It is worth mentioning that an additional 
structure consisting of two vertical grating couplers linked by 
an almost lossless 12-µm-wide waveguide was measured to 
quantify the experimental loss introduced by the grating 
couplers. This loss was subtracted from the measured values 
of ηP to allow a direct comparison with the simulation. 
 Note that the SiO2 layer employed to cover the 30-
µm-long links was significantly thinner than in previous 
designs [19] (220 nm vs 2 µm) to allow a near-field 
characterization of the device, which resulted in a lower link 
power efficiency. A frequency shift between the experimental 
and theoretical results is noticed, which might be a result of 
deviations introduced in the fabrication process. In particular, 
the plasma-enhanced chemical deposition technique used to 
build the 220-nm SiO2 layer that covers the sample and the 

free-space link gap is prone to introduce small air bubbles 
within it, giving rise to inhomogeneities in the aforementioned 
free-space region, which can alter its optical response. 
Secondly, since the upper surface of this SiO2 layer coincides 
with that of the antennas (where the field intensity is higher), 
the effect of its roughness can be significant as compared to a 
typical (thicker) cover layer. Finally, some imbalances caused 
by the exposure field of the e-beam when lithographing the 
nanolinks may happen, providing slightly altered gap distances 
or antenna misalignments. In any case, the good agreement 
observed in terms of power efficiency assures the expected 
radiation behaviour of the nanoantennas, and hence the 
presence of the sought near field to be explored via SNOM 
technology, which is the core idea of our study. 
  

5. SNOM Setup 

SNOM measurements were performed with a commercial 
MultiView 4000 system (Nanonics Imaging Ltd.) working in 
collection mode. A bent fibre tip (Nanonics Imaging Ltd) with 
a 400 nm aperture, Cr/Au coated, pre-mounted on a tuning-
fork working in tapping mode at 36.94 kHz was used to scan 
the lithographed sample while it was kept fixed (see Fig. 4a). 
The sample was vertically illuminated with an optical fibre 
mounted on a 3D stage. Since the vertical grating coupler has 
been designed to couple light at 11º, we achieved this angle 
using an adjustable angle mounting plate (see Fig. 4b). The 
whole system (sample, input fibre and SNOM tip) could be 
pre-visualized with a vertical optical microscope that enables 
a correct fibre-sample alignment and an accurate positioning 
of the SNOM probe on top of the lithographed structures (a 
sketch of the setup can be seen in Fig. 4c). The optical fibre 
was connected to a tuneable laser (EXFO FLS-2600) at a fixed 
light polarization and a power of 0 dBm was used (λ = 1550 
nm). The SNOM was controlled through the Nanonics 
Imaging Ltd Software and the near-field signal was detected 
using a FWPR-S Femtowatt Photoreceiver. 

6. Near-field Simulations & Measurements 
 
To guide and verify the SNOM characterization, we 

first studied numerically the near-field behaviour of the 
fabricated nanoantennas via CST Microwave Studio for a wide 
range of vertical distances. The near-field intensity was 

  
Fig. 4. (a) Schematic view of the setup. (b)(c) Pictures of the setup. 

Fig. 3.  Experimental (dashed (Link a), dashed-dotted (Link 
b) and dotted (Link c)) and theoretical (solid) power 
efficiency ηP of the different fabricated links. 
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collected by the SNOM working in collection mode, with the 
tip placed perpendicular to the sample, allowing a mode 
matching between the tip and the measured structures [23, 24].  
Measurements at different vertical distances zLIFT over the 
sample were performed. Particularly the SNOM tip was placed 
at zLIFT = 0.1 µm and zLIFT = 0.4 µm. The details for each case 
are discussed below. The measured images were edited using 
the WSxM Scanning Probe Microscopy Software [25]. 

6.1. Constant plane zLIFT = 0.1 µm  

In this case, the SNOM tip was retracted 100 nm over the 
sample, allowing us to operate in lift mode, scanning a 
constant plane without risk of crashing the probe due to 
irregularities at the sample topography (resulting from the lack 
of planarization after the fabrication process). 

6.1.1. Emitting antenna:  As expected, the simulation 
results show an electric field concentration at the inverted-
taper. Additionally, a slight field concentration can also be 
identified between the first pair of directors (see Fig. 5a). 
However, the corresponding measurements of the fabricated 
emitting antenna showing the electric field radiation between 
the first pair of directors were not in good agreement with the 
simulations (see Fig. 5b). These divergences could be 
attributed to fabrication failures, and the lack of planarization 
previously mentioned. It is worth mentioning that this 
discrepancy was solved by raising the tip height, as detailed in 
section 6.2. 

 

6.1.2. Propagation: The SiO2 region between the emitting 
and receiving antennas was studied at a retracted tip height of 
0.1 µm, giving us a portrait of the electric field propagation. 
The simulated radiated field distribution (see Fig. 6a) was 
recognizable in the performed SNOM measurement (see Fig. 
6b). This information could be exploited to obtain the radiation 
features of the antenna without demanding far-field 
characterization. 

6.1.3. Grating: Furthermore, near-field intensity was 
measured in the output grating (see Fig. 7). Even though the 
vertical grating was designed to work at 11º, and that the 
SNOM tip was perpendicular to the sample, we were able to 
verify the field concentration at the centre of the grid, 
confirming the correct behaviour of this device. 

6.2. Constant plane zLIFT = 0.4 µm 

6.2.1. Emitting antenna: The differences seen between the 
simulation and the measurement close to the sample at a tip 
height of 0.1 µm disappeared when raising the SNOM tip to 
0.4 µm. In this case, the measurement above the directors of 
the emitting antenna showed the typical field concentration of 
this kind of element, in good agreement with the numerical 
simulation (see Fig. 8).

Fig. 7.  3D representation of the AFM image of the 
grating coupler. In purple, near-field intensity measured 
at a distance of 0.1 µm above the grating coupler. 
 

 
Fig. 5.  Simulated (a) and measured (b) near-field 
intensity above the emitting antenna. Areas enclosed by 
dashed lines represent the same region in both images.   

 
Fig. 6.  Simulated (a) and measured (b) near-field intensity 
propagated between antennas. Areas enclosed by dashed 
lines represent the same region in both images. 
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7. Conclusion 
Our results show for the first time the near-field 

response of an on-chip wireless link, shedding light on its 
fundamental underlying mechanisms. This additional 
information will be useful to improve the design and 
optimization processes of these integrated photonic devices 
and could lead to the development of new applications in a 
variety of fields. 

As future work, it might be interesting to improve the 
near-field measurements by using a thinner SNOM tip and 
taking into account the tilt of the SNOM tip. 

Finally, this first approach to the near-field 
characterization in radiating elements at the nanoscale will 
pave the way to the analysis of other advanced integrated 
photonic devices such as lab-on-a-chip sensors or wireless on-
chip networks. 
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