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ABSTRACT: Semiconductor nanowires can act as nanoscaled optical bers, "7 isotropic
enabling them to guide and concentrate light emitted by surface-bound emission

uorophores, potentially enhancing the sensitivity of optical biosensing. While ~ °#1

parameters such as the nanowire geometry and the uorophore wavelength can
be expected to strongly in uence this lightguiding e ect, no detailed
description of their e ect on in-coupling of uorescent emission is available
to date. Here, we use confocal imaging to quantify the lightguiding e ect in
GaP nanowires as a function of nanowire geometry and light wavelength. Using
a combination of nite-di erence time-domain simulations and analytical
approaches, we identify the role of multiple waveguide modes for the observed
lightguiding. The normalized frequency parameter, based on the step-index
approximation, predicts the lightguiding ability of the nanowires as a function
of diameter and uorophore wavelength, providing a useful guide for the design
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of optical biosensors based on nanowires.
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he use of vertical, elongated nanostructures such as

nanopillars, nanowires> and carbon nanotubes® for
biosensing applications has been the subject of several recent
studies.”> One motivation is their high surface-area-to-
footprint ratio, which is typically bene cial for signal enhancing
in biosensing by e ectively increasing the available sensing
area.

Notably, semiconductor nanowires have attracted signi cant
interest for biosensing because of their electrical properties, in
particular in the context of nanowire-based eld e ect
transistor (FET) sensors.®’ Numerous reports discuss the
interactions of nanowires with biomolecules such as proteins,®
model membranes,® and even living cells.’® Given the
importance of uorescence-based techniques in biological
imaging, the optical properties of nanowires are also of interest.
These structures can potentially enhance the performance of a
large class of biosensing applications in combination with

uorescence microscopy, for example to characterize the
binding rate of biomolecules on a surface.

Recent works reported potential ways to enhance biosensing
based on uorescent biomolecules by using lightguiding
properties of nanowires.™* Light emitted by uorophores
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bound to the nanowire surface can couple into the nanowire
core due to near- eld interactions, as in an optical ber.*” In a
free-standing nanowire, light can be guided to its tip, regardless
of the uorophore position along the nanowire length.
Harnessing this e ect would potentially allow nanowires to
be used as signal integrators for the uorescence generated
close to their surface," thereby increasing the signal-to-noise
ratio.""***> This lightguiding e ect, in addition to the high
surface-area-to-footprint ratio, makes nanowires excellent
candidates for improving the detection of low-level uo-
rescence signals.

The waveguiding properties of semiconductor nanowires
have been previously extensively studied in the context of
nanowire lasing,*® *® LEDs,'® and nanowire-based solar
cells.?®?* Waveguiding in nanowires depends on both
nanowire diameter and light wavelength, and e cient wave-
guiding has been shown to manifest only above a threshold
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diameter.”” Coupling in multiple waveguide modes has also
been extensively reported in nanowire lasers.”® 2° It is then
reasonable to expect that a nanowire’s ability to guide light
emitted by a surface-bound uorophore will strongly depend
on the waveguide modes it can support, and therefore on its
geometry, as well as on the uorophore emission.

However, in order to be able to design an e cient,
nanowire-based optical biosensor, it is necessary to fully assess
their lightguiding properties as a function of relevant
parameters and for the speci ¢ case of surface-bound

uorophores. Unlike lasers, uorophore emission is not
coherent and its bandwidth spans over tens of nm. The wide
emission spectra of uorophores, together with the frequent
use of multiple uorescent dyes in the same assay, makes it
imperative to collect as much light as possible over a large
wavelength interval in the visible spectrum. Moreover,

uorophores are located outside the nanowire boundaries,
meaning that in-coupling can only happen in partially localized
modes.

Although the in-coupling of uorophores has recently been
observed in a variety of Ill V nanowires, such as GaP,'!
GaAs,™ and InAs,** the dependence on uorophore emission
wavelength has been experimentally addressed only for a
speci ¢ nanowire diameter,"* and no detailed account of
multimode in-coupling of uorophore emission in nanowires is
available to date.

Here, we present a comprehensive description of the
lightguiding e ect’s dependence on a broad range of nanowire
diameters (50 260 nm) and uorophore emission wave-
lengths (520 650 nm) and show that higher-order waveguide
modes are essential to understand and predict the in-coupling
and guiding of light for biosensing applications.

We used confocal microscopy to excite and detect the
emission signals of uorophores attached to nanowires and to
determine the pro le of uorescence intensity along the length
of the nanowire.** Lightguiding nanowires show an increased
signal at the nanowire tip, consistent with previous studies,*
while we detect a near-constant emission intensity pro le along
the nanowire length when no lightguiding takes place. After
quantifying the strength of the lightguiding e ect, we use nite-
di erence time domain simulations to interpret our experi-
ments in terms of multiple waveguide modes. Furthermore, we
establish that the normalized frequency parameter, used in the
context of optical bers, can be used to predict the lightguiding
e ect.

In this study, we chose to work with GaP nanowires, due to
the indirect bandgap of GaP at 2.26 eV, which leads to
negligible absorption in most of the visible wavelength range.
Moreover, GaP is known to be biocompatible,®?" increasing
the range of its possible applications for biosensing, including
in vivo studies using optical microscopy.

GaP nanowires were grown using metal organic vapor
phase epitaxy from seed Au particles deposited in square arrays
(Figure 1a) on a GaP substrate (see Supporting Information
Section 1 for experimental details). Nanowires were spaced by
1 m, which, according to theoretical modeling, is su cient to
optically decouple the nanowires from one another and thus
allows us to analyze each nanowire as an individual optical
object.”® Using a combination of axial and axial/radial growth
from Au seed disks of varying sizes, we obtained a range of
GaP nanowires samples with diameters d = 50, 100, 130, 160,
175, 195, 210, and 260 nm and 3 4 m in length (see
Supporting Information Section 1 for details). Nanowires were
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Figure 1. (a) SEM image of a GaP nanowire array (1 m spacing, d =
100 nm). (b) SEM image of a single nanowire, coated with 10 nm of
Al,O5. Nanowire diameter, d, is de ned by the core GaP diameter (in
this case 70 nm). (c) Confocal xy slice of A488-labeled nanowire
array (1 m spacing, d = 50 nm), at two di erent magni cations.

subsequently coated with 10 nm of alumina (Al,O;) using
atomic layer deposition to facilitate further functionalization, as
described below (Figure 1b). Our modeling shows that the
waveguiding properties of the nanowires depend primarily on
the diameter d of the GaP core. Therefore, in the following, we
identify nanowires by their GaP core diameter.

Nanowires were functionalized with biotinylated bovine
serum albumin, which adsorbs well on alumina surfaces.?®
Fluorescently labeled streptavidin was then bound to biotin to
achieve a homogeneous distribution of uorophores on the
nanowires surface*?*° (Figure 1c and Supporting Informa-
tion Section 2). We used three di erent uorophores: Alexa
Fluor 488 (peak emission wavelength = 520 nm), Alexa
Fluor 546 ( =570 nm), and Alexa Fluor 633 (= 650 nm). In
the following we refer to them as A488, A546, and A633,
respectively (see Supporting Information Section 3 for the
emission spectra of the uorophores used). Prior to
functionalization with uorescent dyes, nanowires showed no

uorescence signal.

Nanowires were imaged using confocal laser scanning
microscopy (Leica TCS SP5), acquiring z-stacks of two-
dimensional images with a vertical distance of 130 nm between
each image. Images were acquired along the entire length of
the nanowires, and the uorescence intensity pro le was
extracted for each nanowire in the image as the average
intensity value in a circle centered on the nanowire position
using an ImageJ script.**

Lightguiding manifests itself in the uorescence pro les as
an increased emission intensity at the nanowire tips, compared
to that observed along the nanowire length™* (Figure 2a,b). In
order to assess the extent of lightguiding as a function of d and

, we averaged the signal from all the nanowires in multiple
elds of view (600 nanowires per typical 25 x 25 m? eld of
view, see Figure 2c), resulting in averaged intensity pro les
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Figure 2. (a) Schematic of the light emission pattern expected from lightguiding (top) and nonlightguiding (bottom) nanowires. (b) Confocal xz
image (z-stack cross-section) of two A488-labeled nanowire arrays: 1 m spacing, d = 130 nm (top) and d = 50 nm (bottom). The image of the
thinner nanowires (bottom) shows homogeneous emission of light along the length of the nanowires, while the image of the thicker nanowires
(top) shows emission increase at the nanowire tips, indicating that uorescence emission couples into the nanowires and is guided to the tips. (c)
Fluorescence intensity pro les obtained by averaging all nanowire pro les in the respective original images. (d) Representative uorescence
intensity pro les for nanowires of various d (left to right: 50, 100, 130, 175 nm) and with surface-attached uorophores emitting at di erent
wavelength ranges (see Supporting Information Section 3 for the emission spectra). Each pro le shown is an average over several hundred
nanowires. Pro les for all the tested d are available in Supporting Information Section 6. The pro les have been normalized to the area under the
curve for visual comparison (details in Supporting Information Section 4).

along the nanowire length for each combination of d and uorescence along the length of the wire. The observed slight
(Figure 2d). Pro les of broken/fallen nanowires were excluded increase in intensity near the substrate surface is attributed to
from the analysis, together with those of nanowires located the presence of uorophores on the surface of the substrate
within 0.5 m from the image border, in order to avoid between nanowires (see Supporting Information Section 5). In
artifacts in the data analysis. To facilitate the comparison of the contrast, light emitted by uorophores attached to nanowires
uorescence pro les between nanowires of di erent sizes and/ of larger d appear to be coupled into the nanowire and guided
or labeled with di erent uorophores, the pro les have been to the nanowire tips (Figure 2a), in agreement with earlier

normalized to the area under the curve for visual comparison reports.** For a given d, the lightguiding e ect increases as

(see Supporting Information Section 4). is decreased (Figure 2d, Supporting Information Section 6).
We observe enhanced lightguiding properties, manifested by The observed dependence of the lightguiding e ect on d and
an intensity pro le with a more pronounced peak near the can be analyzed in analogy to step-index optical bers. As the
nanowire tip, for larger d and for shorter  (Figure 2d). nanowire diameters are of the same order of magnitude as light
Speci cally, the thinnest nanowires (d = 50 nm) show a wavelength in the visible range, coherent scattering/di raction
homogeneous uorescence intensity pro le along their length from di erent locations of the nanowire cross-section® can
for all wavelengths, consistent with isotropic emission of lead to optical resonances that manifest as distinct optical
4798 DOI: 10.1021/acs.nanolett.8b01360
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modes in the nanowire. In the context of step-index optical

bers, the normalized frequency parameter, also referred to as
V number,** is frequently used to estimate the number of
bound modes. V is de ned as

d =

V= = rlzore25 rI:Iad2 (1)
where s the light wavelength, d is the diameter of the core of
the ber, and n,, and ny,y are the refractive indexes of the
core and the cladding of the ber, respectively. In this case, we
use the refractive index of water for the cladding, implicitly
assuming the water cladding is extended in nitely and that
there is no oxide coating. The approximation is justi ed as the
refractive index of water ( 1.3) and alumina ( 1.7) are
relatively similar, in contrast to the refractive index of gallium
phosphide ( 3.4), and the alumina cladding is thin (10 nm).

To quantify the strength of the measured lightguiding e ect
(see Figure 3a), for a given combination of d and , we

Figure 3. (a) Measured asymmetry parameter, a, as a function of the
normalized frequency parameter, V, for every combination of d and

tested (color-coded for wavelength as indicated in the legend). V was
calculated for each data point as a weighted average over the
corresponding  uorophore’s emission spectrum, resulting in the
horizontal error bars shown. Vertical error bars represent the
deviation of a within the measurements. (b) Graphic representation

of how the asymmetry parameter a = lb is de ned (see main text for

details; axes are the same as those in Figure 2d). One expects a = 1 for
a perfectly symmetric peak, a 0 for an in nitely long,
nonlightguiding nanowire, and a 0.2 for a nonlightguiding wire
about 3.5 m long, observed under confocal illumination. Examples of
how the parameter a is determined are given in the Supporting
Information Section 7.

determine the asymmetry of the uorescence signal along the
nanowires, as illustrated in Figure 3b. For this purpose, we

de ne the asymmetry parameter a = lb of a uorescence pro le

as the ratio between the part toward the tip (t) and that toward
the base (b) of the full width calculated at 2/3 of the peak
intensity value (Figure 3b). Based on this de nition, a is close
to 0 for nonlightguiding nanowires (note that it is exactly 0
only for an ideal, in nitely long nanowire, while it is around 0.2
for a 3.5 m long cylinder), and it is equal to 1 for ideal

4799

lightguiding nanowires (see Supporting Information Section
7).
We nd that the measured a value for the nanowires used in
this study increases monotonically as a function of V for 0 <V
< 2 and remains well above a = 0.5 for V > 2. This nding
indicates that the lightguiding properties, as measured by a, are
determined by the ratio between d and (since V is
proportional to d/ ) and can be predicted by the value of V.
For V > 2, the measured a value shows a considerable variance
around a mean of about a  0.8.

We have investigated this further by performing electro-
magnetic modeling based on the nite-di erence time-domain
(FDTD) approach, using Lumerical FDTD Solutions.** In
these simulations we have considered a single, in nitely long
cylindrical GaP nanowire,® coated with 10 nm of Al,O;* and
surrounded by water. To simulate light emission from a single

uorophore, we have used an oscillating electric dipole point
source located at 10 nm from the surface of the nanowire. To
take into account the fact that uorophores do not emit light at
a xed polarization we used an incoherent, unpolarized dipole
(see Supporting Information Sections 8 and 9). The resulting
electromagnetic eld inside the nanowire was calculated as a
function of time, and the coupling e ciency was determined
by calculating the power transmitted along the nanowire at a
distance of 3 m from the emitting dipole, as a percentage of
the total power emitted"® (Figure 4a). Note that the total in-
coupled power in the nanowire is double the amount
calculated this way: as the system is symmetric, an equal
amount of power ows in the opposite direction along the
nanowire, away from the dipole.

The FDTD results, summarized in Figure 4a, show a series
of ridges in the coupled power as a function of d and
consistent with the contribution of di erent waveguide modes,
explaining the experimentally observed variance in lightguiding
e ciency a for V > 2 (Figure 3a). This observation is
consistent with previous work showing that higher order
modes in nanowires can carry a signi cant fraction of
power.?>*° Speci cally, when plotting the calculated coupling
e ciency as a function of V for the wavelength ranges used in
the experiments, we nd a variance in coupling e ciency, in
good agreement with our experimental results (Figure 4b).
Moreover, the step-like onset of lightguiding for V 2
observed in the experiments is consistent with the FDTD
prediction. While the model used for Figure 4a considers an
e ectively in nitely long nanowire (see Supporting Informa-
tion Section 8.1), we have checked that the in-coupling onset
seen here is consistent with simulations that take nite-size
e ects into account (see Supporting Information Section 8.2).

Lightguiding in nanowires has previously often been
discussed in terms of the fundamental HE;; waveguide
mode, which gives lightguiding at the smallest diameter and
which has been known to cause strong in-coupling of light in
the form of absorption resonances.*®** To gain understanding
of the origin of the multiple ridges in Figure 4a, we analyzed in-
coupling into all the waveguide modes that show up in the
nanowire (see Supporting Information Section 10). The
physical picture that emerges is that the fundamental HE;;
mode describes the onset of lightguiding, as one can expect.
However, for increasingly large d, the fundamental waveguide
mode becomes too localized into the nanowire to allow
e cient coupling into the wire. Then, emerging higher order
modes take over the dominant role in lightguiding (see
Supporting Information Section 10). This is because these

DOI: 10.1021/acs.nanolett.8b01360
Nano Lett. 2018, 18, 4796 4802


http://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.8b01360/suppl_file/nl8b01360_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.8b01360/suppl_file/nl8b01360_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.8b01360/suppl_file/nl8b01360_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.8b01360/suppl_file/nl8b01360_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.8b01360/suppl_file/nl8b01360_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.8b01360/suppl_file/nl8b01360_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.8b01360/suppl_file/nl8b01360_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.8b01360/suppl_file/nl8b01360_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.8b01360/suppl_file/nl8b01360_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.8b01360/suppl_file/nl8b01360_si_001.pdf
http://dx.doi.org/10.1021/acs.nanolett.8b01360

Nano Letters

Figure 4. Results from the FDTD simulations. (a) Predicted fraction of power coupled into an in nitely long nanowire for given d and . The
plotted fraction refers to the power ow inside the nanowire at a location 3 m from the emitting dipole, corresponding to half of the total power
coupled into the nanowire (the other half ows in the opposite direction). The observed “ridges” in the coupled power are due to the contribution
of di erent waveguide modes, white dots indicate the nanowire diameters used in the experiments, in correspondence to the peak emission
wavelength for the three uorophores. The three overlaid colored bands (green, yellow, and red) correspond to the emission ranges of the three
tested uorophores (A488, A546, and A633, emission spectra in Supporting Information Section 3). (b) Calculated coupling e ciency (colored
solid lines) compared to the experimental data from Figure 3a (data points). As uorophores emit over a range of wavelengths, the coupling
e ciency was calculated, for each d, as an average of the results shown in (a) weighted over the uorophores’ emission spectra.

higher-order, partially delocalized modes extend beyond the
nanowire surface enough to overlap with uorophores, but are
su ciently localized so as not to resemble a plane wave in the
surrounding medium and to enable guiding in the nanowire.

By analyzing = 500 nm (see Supporting Information
Section 10), we assign the rstridgeatd 95 nmin Figure 4a
to the fundamental HE;; mode, the second ridge at d 125
nm to the TEy; mode, the third ridge at d 180 nm to a
combination of the HE,;, TMy,;, and EH;; modes, the fourth
ridge atd 250 nm to a combination of the HE;,, HEj;, and
EH,; modes, and the next ridge at d > 300 nm appears to have
contributions from the TMg, TEy,, and HE,; modes.

In summary, we have established that the normalized
frequency parameter, V, predicts the onset of uorophore
emission in-coupling in nanowires for V > 2 as a function of d
and . Even though we nd the threshold values of d and  for
lightguiding speci cally for the material GaP in our experi-
ments, our considerations are based on general optical
principles and predict the same behavior more generally for
any nonabsorbing material. Furthermore, we have shown that
higher-order waveguide modes, beyond the fundamental HE,;
mode, need to be taken into consideration to understand and
predict the observed lightguiding behavior.

Lightguiding is expected to occur in any material with
refractive index high enough to support waveguide modes at
small d. However, it is important to also consider that materials
with bandgaps smaller than the uorophore emission wave-
length will lead to losses caused by band-to-band absorption in
the semiconductor, limiting the e cacy of the lightguiding
e ect for optical biosensing.

Besides the nanowire diameter and uorophore emission
wavelength considered here, the distance between uoro-
phores and surface of the Il V nanowire is another critical
parameter for coupling. The role of this distance has, so far,
only been investigated by changing the oxide coating
thickness,"> which can alter the optical properties of a
nanowire for thick coatings (>50 nm).** Control over mode

localization is also important and could be studied by using
noncylindrical nanowires or by controlling tapering.** Our
analysis did not consider far- eld di raction in the microscope
(i.e., confocal illumination and confocal detection) and near-
eld e ects on the nanowire ( uorophore excitation, emission,
and complete light nanowire interaction), e ects that should
be included in a future model.

The presence of multimode lightguiding of light emitted
from surface-bound uorophores is important for biosensing,
where the frequent use of several di erent uorescent dyes in
the same assay requires sensors that operate over a large
wavelength interval. Based on our results, lightguiding can be
predicted easily using the normalized frequency parameter V,
without the need for numerical computation. The possibility to
coat nanowires with various materials makes them versatile
substrates for several surface chemistry approaches,’ and near-

eld e ects (both for signal collection and in some cases
enhanced illumination®®) can be used for biosensing
applications,"**> enhancing the detection of uorescence
signals, for example, to detect the binding events between
biomolecules and labeled ligands in solution.
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