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Detecting single nanoparticles using fiber-tip
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Sensing nano-objects, from nanoparticles to molecules, has become a crucial need in environmental monitoring, medi-
cal diagnostics, and drug development. Detection of single particles and molecules is highly desirable, as it provides
specific information on size, dynamics, and interactions. Current nanophotonic implementations rely on complex
optical readout schemes, limiting their application in the field. Here we demonstrate a nanophotonic fiber-tip sensor
with a compact sensor footprint and a simple readout scheme. We leverage advanced design methods to simultaneously
achieve a small mode volume Vm = 0.74 (λ/n)3, narrow linewidth 1λ= 0.4 nm, and a large modulation 1R ≈ 20%
in reflection from the fiber. This unique combination of properties opens the way to sensing weak nanoscale perturba-
tions in the vicinity of the fiber tip. In particular, we experimentally demonstrate the real-time detection of single 50 nm
nanoparticles. This opens a route towards real-time sensing of single nanoparticles, and potentially single molecules,
in environmental monitoring and diagnostics. © 2024 Optica Publishing Group under the terms of the Optica Open Access

Publishing Agreement

https://doi.org/10.1364/OPTICA.516575

1. INTRODUCTION

The progress of nanoscience and nanotechnology has brought an
increased understanding of the role of nano-objects in biological
systems. For example, ultrafine particles (UFPs), i.e., particles
with diameters below 100 nm, can pose serious health risks when
inhaled, as they can penetrate deep into the most distal lung regions
and have the capacity to absorb toxic organic compounds due to
their relatively large surface area [1]. Due to their small size, they
are difficult to measure without the use of bulky and expensive
equipment in a laboratory setting [2]. For this reason, there is an
increasing need for compact sensing solutions to be deployed in
production environments and for environmental monitoring.
Fiber-optic sensors are known to enable the accurate measurement
of physical and chemical parameters at a distance, while being
minimally invasive and insensitive to electromagnetic interference.
However, due to the nature of fiber sensor manufacturing proc-
esses, the engineering of nanophotonic cavities for fiber sensing
has remained limited. In particular, low-loss, wavelength-scale
nanophotonic confinement, needed for sensing single nanopar-
ticles and molecules, has not been achieved in the context of fiber
sensing. The most common fiber sensors, fiber Bragg gratings
(FBGs), rely on a weak periodic modulation of the refractive index
over a centimeter-scale distance along the fiber. The corresponding

narrow (sub-nanometer) reflection peak provides high wavelength
imprecision and enables sensing temperature or strain in the fiber,
but it is relatively insensitive to localized changes in the environ-
ment of the fiber. This makes FBGs unsuitable for measuring small
particles or molecules and limits their application in biochemical
and environmental sensing. In order to extend the functionalities
of fiber sensors, a variety of “lab-on-fiber” technologies have been
investigated, aimed at producing localized resonant structures
within the fiber or on top of it [3,4]. Using these approaches,
fiber-optic sensors for biological cells with dimensions in the
micrometer range have been realized [5,6], and the detection of
an average concentration of nanoparticles from a fiber tip has also
been demonstrated [7,8]; however, sensing of single nanoparticles
has not been achieved. Attempts at defining fiber-tip nanopho-
tonic sensors are generally plagued by the difficulty of processing
micro- and nano-structures on the fiber, as needed for optimal
light confinement. As a possible solution, nanophotonic structures
fabricated on a semiconductor wafer have been transferred to the
fiber tip using various methods [9–12]. In particular, the transfer of
photonic crystal cavities (PhCCs) stands out as a promising route,
as PhCCs can feature extremely high quality factors (Q) together
with ultrasmall mode volumes (Vm) [13,14]. These properties
make them suitable for sensing localized refractive index changes,
such as those induced by biomolecules or single particles [15–19].
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Fig. 1. (a) Sketch of a PhCC fiber-tip sensor, schematically showing the far-field emission of a standard PhCC (red) and the desired PhCC (yellow).
(b) Transferred PhCC on the cleaved facet of a telecom fiber. Inset: close-up of the L3 cavity.

However, previous demonstrations of fiber-tip PhCCs have been
limited by a relatively large mode size [20–23], limiting sensitivity,
or poor coupling to the fiber mode [24,25], preventing an accurate
measurement of the resonant wavelength in reflection. This is
related to the large modal mismatch between the sub-micrometer
PhCC resonance and the field of a single-mode fiber, which pre-
vents their direct coupling. In fact, leakage from standard PhCCs
predominantly occurs at large angles that do not couple to the
fiber mode [Fig. 1(a)]. In this paper, we demonstrate the possibil-
ity to overcome this mismatch by advanced PhCC engineering,
to achieve efficient, direct coupling between a highly localized
PhCC mode and the fiber mode. Using this approach, and a sim-
ple and reproducible fiber-transfer method, we experimentally
demonstrate fiber-tip sensors [Fig. 1(b)] with an unprecedented
combination of high Q/V values and high visibility in reflection
(reflection modulation 1R ≈ 20%). This allows us to achieve a
wavelength imprecision down to 45 fm (more than three orders
of magnitude lower than previous fiber-tip PhCCs demonstra-
tions [7]), which, together with the small mode volume, provides
an unprecedented sensitivity to local perturbations. Using these
sensors, we demonstrate the real-time detection of single ultra-
fine particles in an aqueous environment, with diameters down
to 50 nm, by directly probing the reflected power of the PhCC
fiber tip.

2. RESULTS AND DISCUSSION

A. Simulations

Previous work aimed at improving the directivity of PhCCs
focused on increasing the coupling into high numerical aperture
(NA) collection lenses [26–29]. Most of these studies combine
“gentle confinement” (fine tuning of the hole position to increase
the Q-factor [30]) with band folding, where a subharmonic lattice
is introduced by doubling the lattice constant [26,27]. In this work
we make use of the L3 defect (three missing holes in a hexagonal
lattice), which has shown small mode volumes and Q-factors that
can be optimized by slight geometrical adjustments [14,30–32].
Figure 2(a) shows a standard L3 cavity with gentle confinement,
while Fig. 2(b) displays the same cavity with gentle confinement
and band folding. Gentle confinement acts by moving the holes
at the side of the L3 cavity; this reduces the amount of light lost at
large angles within the light cone, which increases the Q-factor
[30]. The 10 holes closest to the cavity on the x axis are shifted,

similarly to Ref [31]. The subharmonic lattice is defined by increas-
ing the radius of every second hole around the L3 cavity in the
x direction by an amount dr = 0.06× a , where a is the lattice
constant. The far-field distributions in k-space of the PhCCs of
Figs. 2(a) and 2(b) are shown in Figs. 2(d) and 2(e), respectively.
These were simulated using the finite element method (FEM)
software package COMSOL Multiphysics [33] (Supplement 1).
We obtain an approximate estimation of the coupling efficiency
η to the fundamental mode of the fiber by integrating the k-space
electric field intensity (modulus square of the Fourier transform
of the field) within the NA and dividing it by the correspond-
ing integration over the light cone at the top and bottom of the
slab (Supplement 1). For the standard L3 cavity the vertical out-
coupling is low as there is little power radiated within the NA,
whereas the intensity is maximal at the K -points on the x axis
(kx =

2
3 ×

2π
a ), resulting in a coupling efficiency into the fiber

as low as 9× 10−5. When introducing the subharmonic lattice,
the field at kx =

π
a is folded over kx =

π
2a resulting in a far-field

component at kx = 0 (0-point), which increases the coupling
efficiency into the fiber for this perturbation to 8× 10−3. This
band-folding principle has shown good results for coupling with
external optics where a large numerical aperture (NA≥ 0.5) is used
[26,27]. However, the case of coupling to a standard single-mode
fiber investigated here is much more challenging, due to the small
NA= 0.14 [indicated with the white circle in Figs. 2(d)–2(f )].
In particular, the band folding also introduces additional loss in
the light cone outside the fiber NA, substantially reducing the
Q-factor [from 1850 for the cavity in Fig. 2(a) to 1085 for the
cavity in Fig. 2(b)], even though only a small fraction of light is
coupled to the desired output channel (i.e., the cavity is still heavily
undercoupled). No substantial improvement was observed in a
systematic set of simulations with different shifts and on different
band-folded structures. We conclude that another approach is
required to squeeze the far field more efficiently within the NA of
the fiber while maintaining a high Q-factor.

To this aim, an open-source gradient-based optimization
method based on semi-analytical guided mode expansion (GME)
simulations was employed [34,35]. Its use for the optimization
of the far-field of PhCCs in free-space applications was recently
demonstrated in Ref [36]. This method is an efficient way to opti-
mize PhC structures, but it remains an inherently approximate
method. Therefore, we calculate the final coupling efficiency and
Q-factor using COMSOL. Our L3-cavity is defined in a 250-nm-
thick InP slab (nInP = 3.165) placed on top of a silica substrate
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Fig. 2. (a) L3 cavity with gentle confinement; (b) L3 cavity with gentle confinement and band folding; (c) L3 cavity optimized for Q and coupling;
(d)–(f ) Normalized k-space distributions (modulus square of the Fourier transform of the y component of the E -field at the InP/silica interface, in logarith-
mic scale) for the cavity with gentle confinement (d); for the cavity with gentle confinement and band folding (e); and for the cavity optimized for Q and
coupling (f ). The white and blue circles represent the numerical aperture of the fiber and the light cone of the fiber, respectively. The dashed lines denote the
first Brillouin zone.

(nfiber = 1.468) representing the fiber. The hexagonal PhC has a
lattice constant of a = 430 nm and a hole radius of r = 0.26× a .
The L3 cavity is defined by removing three holes at the center
of a supercell made of 20 columns and 14 rows, with periodic
boundary conditions. In the top right quadrant there are 82 holes.
These holes are shifted with respect to their original positions by
factors d x × a and dy × a in the x and y directions, respectively,
which is mirrored to the other quadrants, to maximize the objective
function

f = tan−1

(
Q
Q0

)
×

∑
kNA
|di |

2∑
kLC
|di |

2 −
∑

kNA
|di |

2
× |E(r= 0)|2,

(1)
where the quality factor, the efficiency, and the mode volume are
optimized. The first factor of Eq. (1) increases the quality factor
(Q) towards a target quality factor (Q0), where the inverse tangent
is used as a weighting factor [36]. The second factor of Eq. (1)
increases the ratio of the loss rates into the NA of the fiber to all the
other radiative losses. Here the loss rates are estimated from the sum
of the squared moduli of the coupling constants di , which describe
the coupling between the cavity and output fields [37], within the
NA of the fiber (

∑
kNA
|di |

2) and within the light cone at both
sides of the slab (

∑
kLC
|di |

2). The last factor of Eq. (1) increases
the electric field E at the center of the cavity to minimize the mode
volume. Typically after 20–30 optimization iterations the func-
tion reaches a maximum for the coupling efficiency. Our script is
publicly available for use by the community [38]. The responses
for the final obtained values of d x and dy (Supplement 1) (for all
holes) are then simulated using COMSOL. A result of the opti-
mization can be seen in Fig. 2(c), where a target Q0 = 104 was used
(the in-plane field distribution for this mode is provided in the
Supplement 1). In the respective k-space distribution [Fig. 2(f )] it
can be seen that the far field is more tightly confined within the NA
while simultaneously having much lower components between the

NA and the light cone as compared to the band-folded case. The
coupling efficiency from the finite element analysis is found to be
around η= 0.126 together with a Q-factor of 4400. Compared
to the band-folded case the coupling efficiency is 16 times higher
and the Q-factor is 4 times higher. This comes with the added ben-
efit, compared to the band-folding approach, that the hole radius
is constant, which makes the design more robust to fabrication
imperfections.

B. Optimization Limits

We further explored the limits of the optimization. First, the fact
that the cavity is placed on a fiber decreases the achievable Q-factor
considerably, due to the larger light cone. This is seen in the opti-
mization results for different target Q0 of Eq. (1) [Fig. 3(a)], where
the Q is limited to a maximum value of 5030, for a PhCC on glass,
while it reaches much higher values for a cavity suspended in air.
This is in line with previous reports of PhCCs on dielectric sub-
strates [24,39,40]. The second limit is that the NA of a single mode
(SM) fiber is very small, which limits the achievable coupling effi-
ciency. This is seen in the k-space plot of Fig. 2(f ), where the central
spot extends beyond the white circle representing the fiber NA.
To confirm this observation, in Fig. 3(b) the coupling efficiency is
optimized for different NAs for the suspended cavity (“air–air”)
and the cavity on glass (“air–fiber”). The efficiency of the cavity
on fiber is always lower, which we attribute to the larger light cone.
As expected, the efficiency increases for higher NA, where at an
NA= 0.4 a value of η= 0.43 for the suspended case is reached
(as compared to the ideal value of η= 0.5 for single-sided collec-
tion), due to leakage at the edges of the light cone. The trade-off
between efficiency and Q is analyzed in Fig. 3(c), where the points
represent the Q and η values obtained from the optimizations
with different Q0 targets, for two different NAs (0.14 and 0.3)
for suspended and on-fiber cavities. The band-folded design of
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Fig. 3. (a) Simulated Q-factors of optimized cavities as a function of optimization parameter Q0, for suspended PhCCs cladded by air on both sides
(“air–air”), and for PhCCs on fiber (“air–fiber”), for an NA= 0.14. (b) Simulated coupling efficiencies of cavities optimized for different numerical aper-
tures, for a target Q0 = 104. (c) Q-factor as a function of efficiency, for different Q0, for “air–air” and “air–fiber” cavities for two NAs (0.14 and 0.3). The
continuous and dashed lines are linear fits.

Fig. 2(b) is also reported for comparison. As expected, the increase
in Q with increasing Q0, observed in Fig. 3(a), comes at a cost of
reduced efficiency. By increasing the NA, this trade-off is shifted,
enabling higher efficiencies at the same Q-factor. On the other
hand, suspending the cavity increases both Q and η. While there is
no guarantee that the optimization method provides global max-
ima of the objective function, the observed trade-offs suggest that
we are probing the physical limits of loss and coupling. We note
that, while in this work we focus on PhCCs in physical contact with
the fiber and on a standard SM fiber, these are not fundamental
limitations, as it is possible to transfer suspended membranes on
fiber tips [41], and SM fibers with NAs up to 0.41 are commercially
available [42].

C. Characterization

The PhCCs were fabricated on a 250-nm-thick InP membrane
using standard semiconductor nanofabrication and then trans-
ferred to the fiber tips using the approach demonstrated in Ref. [9]
(Supplement 1). An electron-microscope image of the optimized
L3 cavity on fiber is shown in Fig. 1(b). After the transfer, the
PhCC is measured in reflectance through the fiber, using a super-
luminescent diode (SLED), a 50:50 fiber-optic coupler, a manual
fiber polarization controller, and an optical spectrum analyzer
(OSA). The absolute reflectance is derived by dividing the spec-
trum from the fiber-tip PhCC by a reference spectrum obtained by
replacing the sensor with a fiber-optic retroreflector. We swept the
Q0 parameter of the objective function [Eq. (1)] from 102 to 105,
fabricated the PhCCs, and measured them experimentally. The Q0

parameter sweep was used in order to experimentally confirm the
possibility of controlling the Q-factor. Three reflectance spectra of
fiber-tip sensors with different Q0 can be seen in Fig. 4(a). Using
coupled mode theory, a fitting function is derived (Supplement 1).
The corresponding experimental values for the efficiencies and
Q-factors from the fitting function are compared to the simu-
lated ones in Fig. 4(b). Both the efficiency and Q-factor show
the expected trends with the target Q0 and are in agreement with

the simulated values, except for a lower value of the experimental
Q-factor, which is most likely due to fabrication imperfections.
It should be noted that the efficiency is highly dependent on the
alignment of the fiber with the center of the cavity, where minor
deviations decrease the efficiency severely. This is reflected in the
error bars in Fig. 4(b), which denote the standard deviation of
repetitive transfers on similar structures (with high Q0). Overall
Fig. 4(b) shows we can reproducibly achieve Q-factors of few
1000s together with coupling efficiencies >10%. The obtained
combination of Q/V values and modulations depths are consider-
ably larger than other demonstrated fiber-tip sensors [22,43–45].
In particular, the only other demonstrations of wavelength-scale
optical confinement on fiber tips did not probe the resonance
directly in reflection, but made use of photoluminescence of
embedded quantum dots [7,24,25], severely limiting the practical
application.

D. Ultrafine Particle Sensing

The optimized L3 cavity on the fiber tip can be used as a pre-
cise sensor of refractive index (RI), with a low limit of detection
(LOD) (Supplement 1). While bulk RI sensing does not require
a small mode volume, the unique features of our nanophotonic
fiber sensor are essential when detecting individual nano-scale
objects, such as single nanoparticles. Here we take advantage
of the unique combination of ultrasmall mode volume and
wavelength imprecision, to demonstrate fiber sensing of single
nanoparticles. Two aqueous suspensions of positively charged
amine-coated polystyrene particles (n = 1.56) with a diameter
of 200 nm (weight fraction= 2× 10−5 and concentration=
4.5× 109 particles/ml) and 50 nm (weight fraction= 5× 10−6

and concentration= 7.2× 108 particles/ml) are used. The sensor
surface is activated using plasma cleaning, giving rise to negatively
charged hydroxyl groups. This leads to electrostatic interactions
causing nanoparticle adsorption onto the fiber-tip surface in a
random fashion. Other configurations are also possible where par-
ticles are electrostatically charged before detection [46], negatively
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(a) (b)

Fig. 4. (a) Reflectance spectrum of fiber-tip PhCCs optimized for different target Q0. (b) Comparison between simulated and experimental values of η
and Q for a sweep in Q0.
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Fig. 5. (a) Resonance and differential shift over time for digital binding events of 200 nm diameter particles. (b) SEM image of 200 nm particles near the
center of the L3 cavity. (c) Resonance and differential shift over time for digital binding events of 50 nm diameter particles. (d) SEM image of 50 nm parti-
cles on the surface of the fiber-tip sensor.

charged particles are detected by a positively charged surface with
polyelectrolyte [47], or particles are accelerated towards the sensor
surface, which is coated with an adhesive [48]. A constant flow
of deionized water at 50 µL/min was used in the first 30 min to
stabilize the temperature of the sensor. Afterwards, the particles
were flown past the fiber-tip sensors at 50µL/min (Supplement 1).
In Fig. 5(a) the progressing shift in fitted resonant wavelength and
the differential shift can be seen with an integration time of 1 s
for the 200 nm particles using an optical interrogator. Multiple
discrete red shifts are observed and are attributed to single-particle
binding events, based on the criterion that the differential shift
is larger than the LoD= 3σλ (σλ = 0.5 pm in these experi-
ments). The discreteness of the shifts makes it straightforward

to differentiate them from gradual changes in the bulk refractive
index or temperature. This attribution was further confirmed by
taking electron-microscope images at the end of the experiment.
The particles that induced the resonance shift can be seen close to
the L3 cavity [Fig. 5(b)]. The range in shifts is caused by the exact
binding position within the PhCC mode volume, as we assume
that the size and refractive index are monodispersed. UFPs with
a diameter of 50 nm were also detected as seen in Fig. 5(c), where
more than 20 binding events were identified. This experiment
was repeated several times on different fiber-tip sensors and com-
pared to simulations, which show a good agreement of wavelength
shift (Supplement 1). We note that, differently from previous
demonstrations of single-particle sensing using on-chip PhCCs
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[18], microcavities [49,50], and plasmonic sensors [51–53], our
approach requires no coupling optics and uses commercial fiber-
optic interrogation equipment, making it readily applicable to
practical application cases. According to perturbation theory and
simulations, the wavelength imprecision of σλ = 45 fm obtained
with fixed-wavelength interrogation (Supplement 1) provides a
detection limit of 12 nm particles (Supplement 1). This assumes
that the nanoparticles land exactly at the center of the cavity, and
indicates that large biomolecular complexes such as IgM, viruses,
and extracellular vesicles may be detectable. This number could
be further improved by using PhCCs with smaller mode volumes,
such as H1 or H0 cavities [31], higher Q, and improved interro-
gation. With these improvements it could be possible to approach
the fundamental thermodynamic limit [54,55] and sense single
biomolecules [18,49,51–53], such as antibodies or inflammatory
proteins.

3. CONCLUSIONS

We demonstrate a nanophotonic fiber-tip sensor that combines the
unique advantages of semiconductor nanophotonic cavities with
the readout convenience of fiber sensors. To this aim, we simul-
taneously optimize the quality factor, mode volume, and fiber
coupling efficiency of a photonic crystal cavity using a gradient-
based optimization method. These cavities were realized using
standard nanofabrication methods and transferred to the fiber facet
using a scalable wafer-to-fiber transfer technique. As a result, we
obtain a fiber-tip sensor with an unprecedented combination of
quality factor, mode confinement, and reflectance modulation.
These PhCC fiber-tip sensors can be used for refractive index
sensing with a low limit of detection and for real-time detection
of single ultrafine particles with diameters down to few 10 s of
nanometers, which may have relevant applications in environ-
mental monitoring. By further optimizing the cavity design, the
interrogation system, and biofunctionalization of the PhCC sur-
face [56], this approach could also enable the detection of single
biomolecules with high specificity. Besides the immediate applica-
tions to industrial sensing, biosensing, and air-quality monitoring,
the proposed combination of semiconductor nanophotonics and
fiber sensing represents a new avenue for the practical application
of advanced nanophotonic devices. By using higher NA fibers and
suspended structures, nanophotonic cavities with best-in-class
characteristics can be directly coupled and interrogated through
single-mode fibers, with no coupling optics, dramatically reducing
packaging complexity and cost for nanophotonic devices ranging
from single-photon emitters to nano-optomechanical sensors.
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