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Abstract: The efficient incoupling of light into particular fibers at large angles is essential for a
multitude of applications; however, this is difficult to achieve with commonly used fibers due to low
numerical aperture. Here, we demonstrate that commonly used optical fibers functionalized with
arrays of metallic nanodots show substantially improved large-angle light-collection performances at
multiple wavelengths. In particular, we show that at visible wavelengths, higher diffraction orders
contribute significantly to the light-coupling efficiency, independent of the incident polarization, with
a dominant excitation of the fundamental mode. The experimental observation is confirmed by an
analytical model, which directly suggests further improvement in incoupling efficiency through the
use of powerful nanostructures such as metasurface or dielectric gratings. Therefore, our concept
paves the way for high-performance fiber-based optical devices and is particularly relevant within
the context of endoscopic-type applications in life science and light collection within quantum
technology.

Keywords: fiber optics; plasmonic gratings; nanodot; light collection

1. Introduction

Over the past half century, optical fiber has revolutionized modern telecommunication
technology and industry from various perspectives [1–3]. Up to today, optical fiber re-
search still represents a major scientific field within the optics community with applications
ranging from highly efficient bio-sensor devices [4–7] to broadband light sources [8–10].
However, suffering from a small numerical aperture (e.g., the NA of single-mode fiber 28
(SMF-28) is only 0.14 at λ = 1550 nm), the light collection efficiency of commonly used
step-index fibers is insufficient for many applications and cannot satisfy the demands of
emerging applications such as wide-field endoscopes [11] or quantum photon probes [12].
To address this challenge, we have recently introduced a universal approach for improv-
ing the light-incoupling ability of optical fibers through integrating plasmonic nanodot
arrays [13] and dielectric concentric rings [14] on end faces of SMF-28. Through exploiting
different diffraction orders, this leads to significant improvements in coupling efficiency,
especially at very large angles at infrared wavelengths. In the present work, we extend
the spectral range of this concept and experimentally demonstrate a significant improve-
ment of light-coupling efficiencies across a wide incident angle interval (30° < θ < 85°) at
selected visible and infrared wavelengths. We specifically choose 550 nm as one of the
excitation wavelengths to investigate the coupling concept at such a short wavelength,
whereas the measurements at 1650 nm serve as a reference. Note that, theoretically, at
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any individual wavelength within the spectral range (i.e., from 550 nm to 1650 nm), the
coupling efficiencies can be improved by our approach.

The structure targeted here is schematically illustrated in Figure 1a. Here, an SMF-28
fiber tip functionalized by an array of hexagonally arranged gold nanodots is excited
by either a p- or a s- polarized beam (indicated by a green arrow) under an incident
angle of θ (wavelength λ). The grating deflects a certain amount of transmitted power
to a defined diffraction order (for example, the −1st order is illustrated in Figure 1a
by a dark red arrow). The diffracted light couples to the fiber modes, leading to an
enhancement of the light-coupling efficiencies at angles that otherwise show little coupling
efficiency in case of a fiber with an unstructured interface. The incoupling efficiency η is
defined here as η(θ) = Pout/Pin, where Pout and Pin are the fiber output and input powers,
respectively (see labels ‘Pout’ and ‘Pin’ in Figure 1a). Note that, in the following, we use the
normalized incoupling efficiency defined as ηnorm(θ) = η(θ)/η(θ = 0◦) to clearly highlight
the increases in value enabled by the nanostructures.

Figure 1. A schematic (a) illustrating the concept of the nanoarray-assisted fiber-based light collection
at incoupling angles of θ. (b,c): The scanning electron microscopy (SEM) images of gold nanodot
array (D: 480 nm, Λ1: 1.9 µm, Λ2: 1.7 µm) located at the core section of an SMF-28. In (b), the orange
shadow denotes the fiber mode area.

2. Theoretical Toy Model Analysis

For understanding the light-coupling process from a semi-quantitative perspective,
we utilize a strongly simplified one-dimensional scalar model [15] to describe the coupling
efficiency/incident angle dependence η = η(θ) at a fixed wavelength. The model is based
on the electric field integral between the fundamental fiber mode (HE11-mode) and the
exciting wave just below the nanostructure that is partially generated by the nanodot
grating (the model is depicted in Figure 2a). In the case of SMF-28, the HE11 mode can be
approximated by a Gaussian profile (E ≈ exp( x2

w2 )) due to the weak guidance approxima-
tion, and the excitation field is assumed to be a plane wave (wavelength λ, wavenumber
k0 = 2π/λ). Note that, as mentioned above for theoretical analysis, we normalize the
coupling efficiency to its value at perpendicular incidence ηnorm(θ) = η(θ)/η(θ = 0◦).
As the first step, we defined the coupling strength Cb(θ) parameter to characterize the
coupling into a fiber with no nanostructure:

Cb(θ) ∼ cos θ

∣∣∣∣ ∫ ∞

−∞
e
−x2

w2 eikx xdx
∣∣∣∣2 (1)
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where kx is the projection of wavenumber k0 along the x-axis (kx = k0 sin θ). The normalized
coupling efficiency of the bare fiber ηb(θ) is then defined as ηb(θ) = Cb(θ)/Cb(0).

By placing a plasmonic nanodot array (interdot distance (pitch) Λ) on the fiber facet,
the corresponding nth diffraction order modifies the projection of the wave vector on the
x-axis, and thus replaces kx by (kx + nG) (lattice vector G = 2π

λ ). Therefore, the coupling
strength Cg(θ) is changed to:

Cg(θ) ∼ cos θ

∣∣∣∣ ∫ ∞

−∞
e
−x2

w2 ∑
n

anei(kx+nG)xdx
∣∣∣∣2 (2)

Here, the coefficients an represent the relative amplitudes of the diffracted waves. The
summation covers all possible diffraction orders in the medium below the grating including
the non-diffracted wave (n = 0). As a result of this modification, the nanograting-enhanced
coupling efficiency follows the equation ηg(θ) = Cg(θ)/Cg(0). Note that, for the shortest
wavelength used in this work (λ = 550 nm), both −1st and −2nd orders (i.e., n = −1 or
n = −2) contribute to efficiency enhancement, while for λ = 1650 nm only the −1st order
(i.e., n = −1) is relevant. In addition to the two mentioned wavelengths, the toy model
suggests that nanograting enhanced light-incoupling concept should principally work for
any wavelength within the demonstrated spectral range.

Figure 2. A theoretical model (a) of fiber light-coupling efficiencies for calculations at wavelengths of
550 nm (b) and 1650 nm (c), respectively. The dashed vertical lines in (b,c) correspond to additional
enhancement position calculated by the grating equation.

The theoretical efficiencies ηnorm(θ) at λ = 550 nm and λ = 1650 nm are plotted in
Figure 2b,c, respectively. For the coefficients of the diffracted waves, we have used an
= 0.1, which are estimated by the amount of scattered power which is in the order of
the filling factor of the grating taking into account the distribution of the power across
four diffracted waves. Note that the toy model represents a coarse approximation of the
experimental circumstances and should only be qualitatively compared to experimental
results. In each diagram, the black curve represents bare fibers, which all fail to operate
beyond angles of 20° (η < 10−6). In addition to the maximum value at normal incidence
(θ = 0°), nanostructure-enhanced fibers exhibit substantially improved incoupling efficien-
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cies particularly at the angles labeled as ‘−1st’ and ‘−2nd’ (refer as local maxima), in which
the overall amplitude is close to the order of 10−4. It is notable that different pitches (green
line: Λ1 = 1.9 µm, orange line: Λ2 = 1.7 µm) could modify the line shape of η and thus lead
to an additional degree of freedom to vary the local maxima. For instance, in the case of
the short wavelength (λ = 550 nm), the maximum of the −2nd peak for Λ = 1.9 µm (green
line in Figure 2b) is located at around 35°, while for the Λ = 1.7 µm the counterpart (orange
line) of this maximum approaches 40° (see the vertical dashed lines in Figure 2b).

As shown in ref. [13], the angles of maximal incoupling are related to the lattice
constants of the grating and can be approximated by a diffraction order equation, which is
given by θ = arc sin(−nλ

Λ ) [16] and in particular includes the diffraction order n. For the
short wavelength (λ = 550 nm), two maxima from two diffraction orders (−1st (n = −1)
and −2nd (n = −2)) induce a substantial improvement in incoupling efficiency, while only
the −1st order contributes to the case of the long wavelength (λ = 1650 nm), as already
shown in ref. [13]. This effect is clearly visible from the diffraction order equation: the
shorter wavelength contributes two values of incidence angle θ (λ = 550 nm, Λ1 = 1.9 µm,
θ−1st ≈ 17° and θ−2nd ≈ 35°), whereas only one value of θ exists for the identical incidence
scenario for the long wavelength (λ = 1650 nm, Λ1 = 1.9 µm, θ−1st ≈ 60°).

Here, we would like to point out that the SMF-28 exhibits higher-order modes at
λ = 550 nm, which would demand including the respective modes in the theoretical
model. However, our simple analytical model (Figure 2) shows good agreement with
experimental data hereafter despite the mode differences. This is partially because the
power fraction of fundamental mode dominates, and the higher modes have no major
influence on the line shape of the light-incoupling efficiency. Therefore, we believe this
simplified model is valuable in revealing the overall characteristics of the light-incoupling
process for the configuration investigated here and the errors caused by the multimodeness
are sufficiently small.

3. Implementation and Characterization Setup

The array of hexagonal nanodots (lattice constant Λ1 = 1.9 µm and Λ2= 1.7 µm,
scanning electron microscopy (SEM) images presented in Figure 1b,c) are fabricated on a
cleaved end face of an SMF-28 using of modified electron beam lithography (more manu-
facturing details can be found in ref. [13]). The nanodots have diameters and thicknesses of
D = 480 nm and t = 40 nm, resulting in a plasmonic resonance at around λ = 1440 nm with
the full width at half maximum (FWHM) of 200 nm (a measured transmission spectrum is
provided in ref. [13]).

The coupling efficiencies have been measured at various incidence configurations
using a laser source (NKT Photonics SuperK Compact) together with several polarizers
(Thorlabs), focusing lenses (Thorlabs) as well as power detectors (Thorlabs). More details
to the typical setup are provided in ref. [13]. Note that, due to the detection limit of the
powermeter used, several points could not be detected for θ > 50°.

4. Experimental Results

The measured data at λ = 550 nm and λ = 1650 nm are presented in Figure 3a–d,
overall showing a strong impact of the nanodot array on incoupling efficiency. In general,
for both wavelengths the coupling efficiencies of nanostructure-enhanced fiber have been
improved to the maximum of about 10−4 at large incidence angles (i.e., from 20° to 85°),
while the distributions of local maxima strongly vary depending on wavelength and pitch.
In addition to the value maximum at normal incidence (θ = 0°), two less-distinguished
local maxima emerge at around θ = 20° and θ = 50° for λ = 550 nm (more obvious for the
green dots), while only one local maximum (around 50°) was observed for λ = 1650 nm.
This agrees with the theoretical model where both −1st and −2nd diffraction orders con-
tribute at shorter wavelengths, while only the −1st order is relevant when the pitch value
approximates the operation wavelength. Once again, the local maximum position of all
four figures can be predicted by the simple formula θ = arc sin(−nλ

Λ ), which are indicated
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as color-coded dashed lines in Figure 3. The local maxima position mismatch between
experiments and model predictions can be attributed to beam excitation differences (Gaus-
sian beam in experiment while the plane wave excitation in toy model) and fluctuations
of fabricated nanodot grating. Note that the line shape of the incoupling efficiency does
not depend strongly on the incidence polarization. Additionally, we have carried out an
additional efficiency measurement at 650 nm, resembling the data at 550 nm. Specifically,
the overall efficiencies are improved at angles of 30° and 55°, indicating the involvement of
both first and second diffraction orders.

Figure 3. Experimental coupling efficiencies at wavelengths of 550 nm (a,b) and 1650 nm (c,d) under
various incidence occasions (wavelength, angle, polarization, pitch condition, etc.). The vertical
dashed lines situated at different incoupling angles have been obtained from the grating equation
(i.e., θ = arc sin(−nλ

Λ )) and the two colors refer to varied pitch configurations (green: Λ1 = 1.9 µm,
orange: Λ2= 1.7 µm).

5. Conclusions

Even though optical fibers have been used to great success in a multitude of areas,
collecting light under large angles within different spectral regimes remains a key challenge
with commonly used fibers due to low numerical aperture. To meet this requirement, we
demonstrate in this work that optical fibers functionalized with arrays of metallic nanodots
located on the core of the fiber substantially improve light-collection performance at mul-
tiple wavelengths, extending the spectral domain of operation towards the visible. We
experimentally demonstrate a nanostructure-mediated enhancement of the light-coupling
efficiencies at large incident angles (from 30° to 85°) at two selected wavelengths (550 nm to
1650 nm), while nanostructure implementation relies on modified electron beam lithogra-
phy. The overall improvement lies within the order of 10−4, which can be improved in the
future by optimization of disk diameter and thickness, while the the additional maximum
in the angle spectrum at visible wavelengths is related to an additional diffraction orders.

Our concept represents a generic approach to increase light-coupling efficiencies
and can easily be further improved by using high-performance nanostructures such as
metasurfaces [17,18]. Note that commonly used multimode fibers have typical numerical
apertures of at NA = 0.5 [19], yielding maximum incoupling angles of θ = 30°. This
is substantially smaller than what can be achieved with our concept, emphasizing the
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importance of nanostructure-mediated incoupling. Therefore, we strongly believe that the
concept of light incoupling through nanostructures will have great impacts in various fields
of research and applications including bioanalytics (e.g., collection of Raman signals [20]),
life science (e.g., in vivo endoscopy [21]) or quantum technology (e.g., collection of light
from single emitters [22]). We would like to emphasize that particular applications that
require incoupling at large angles would benefit from the presented concept (e.g., in vivo
imaging).
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