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Abstract—The development of ultra-compact lightweight op-
tical instrumentation that can be used on-machine and to
carry out in-process measurements is vital in realizing improved
manufacturing processes, increasing the quality of parts being
made while saving time and energy by reducing scrappage
rates. Only incremental progress is being made in developing
suitable instrumentation based on conventional components such
as traditional refractive elements as fundamental limits in terms
of size and weight are already reached. Here we demonstrate
a chromatic confocal sensor that utilizes the natural chromatic
aberration found with a basic hyperbolic metalens to realize
an ultra-compact and simple probe. Further, we demonstrate
how this can be combined with a compact specklemeter as the
detection element, thus realizing the whole sensing system in a
compact manner. Even with the proof-of-principle instrument in
its preliminary and unoptimised state we achieve the successful
recovery of the location of a scatterer as it is scanned over
a 227 µm range, with a standard deviation of error in the
position of 1.37 µm. Sensors of this form can be deployed in
areas where traditional instrumentation would typically impede
the manufacturing processes, increasing the number of processes
that can have metrology applied directly and providing real-time
feedback to improve manufacturing outcomes.

Index Terms—Chromatic confocal sensors, laser-writing, met-
alens, scattering flat fiber, speckle patterns

I. INTRODUCTION

There has recently been significant interest to implement
metrology in a manner that can deliver on-machine [1]–

[3] and, ideally, real-time in-process [4], [5] measurements
to provide feedback during manufacturing. By proliferating
small and lightweight sensors to provide the required feedback,
the realisation of smart and autonomous processes would be
possible [6]. This would allow bespoke one-off items to be
made without the significant trial-and-error steps needed to
refine the process and correct for errors, and would allow
more consistent items to be produced when carrying out larger
runs, in both cases reducing scrappage rates and saving time
and energy [7]. Unfortunately, most optical instrumentation
currently available is too bulky and heavy for this purpose,
and new approaches need to be sought to realise it in an ultra-
compact and lightweight form that will allow it to be deployed
in the space available without interfering with other processes
[8], [9].
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Chromatic confocal sensing (CCS) [10] is ideal for many
measurement tasks [11] as it measures the location of a surface
without the need to mechanically scan any elements, and the
simple signal that they generate allows for high-speed signal
processing to be carried out. As such, it has recently been
deployed in numerous applications such as for on-machine
measurements on diamond turning machines [12], [13], for
layer thickness measurements [14], to carry out measurements
when using micro-EDM drilling and milling machines [15],
and for in-situ measurements of surface roughness [16] and
if greater compactness is achieved still more applications will
open up as, while it has been deployed in these applications,
the chromatic confocal probes are still currently unwieldy.

In this technique the sensor effectively acts as a set of
confocal probes [17]–[21] being used in parallel, each utilising
a different wavelength of light and focussing it to a different
point after the lens. This leads to the position of a measurand
filtering the incident broadband light such that only a narrow
band is returned, and whose wavelengths are dependent on
the surface location. By determining the wavelength most
strongly returned using a combination of a spectrometer and
the application of a simple peak fitting algorithm, the location
of the measurand is immediately obtained. By applying a
beam-scanning approach it is also possible to produce both
surface topography and form information.

The wavelength filtering process is achieved by using a
probe that focuses different wavelengths to different points
along the optical axis i.e. it imparts substantial logitudinal
chromatic aberration (LCA) by design. Typically, this may
be done in a couple of different manners, such as using
groups of lenses or hyperchromatic diffractive optical elements
(DOEs). When a group of lenses are used, they take up
significant space, restricting how much the instrument can be
miniaturized, while hyperchromatic DOEs are large, complex,
and difficult to manufacture. However, particularly relevant
to this work is the observation that basic hyperbolic metal-
enses can possess significant chromatic aberration which is an
inherent aspect of their operation. In many applications this
is considered a disadvantage, but for CCS we have shown
it can be used to realize the required spectral filtering when
combined with a pinhole, and the planar and compact nature
of the metasurface presents substantial advantage with regard
to potential miniaturization of the front-end probe. While in
[22] we demonstrated this functionality using a metasurface
designed to focus a collimated beam of light, here we present
an improved design that focuses the light directly from the end
of an optical fibre. This removes the need for an additional
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collimator and greatly reduces the size and the weight of the
probe.

While this metasurface implementation of the probe allows
it to be realised in an ultra-compact form, the vision for
an ultra-compact and low cost CCS sensor is not achievable
without also addressing the size of the detection element,
as conventional spectrometers represent a large part of the
overall system cost and bulk. Here we propose replacing
the spectrometer with a specklemeter, a device that uses the
highly wavelength dependant speckle pattern produced when
light passes through a disordered medium to determine its
wavelength [23], [24]. This is a compact and low cost element
that can be realised in a highly compact form directly on
the end of an optical fibre. The specklemeter in this work is
formed by laser writing a pseudo-randomized set of scattering
voids into a section of fused quartz flat fiber [25]–[27] spliced
onto the end of the single mode optical fibre that the light to
be analysed is passing through. While such devices work best
with monochromatic light, as broadband light will wash out the
speckles generated, here we demonstrate that the band of light
filtered from the broadband light source by the metasurface
based probe is narrow enough to still allow its use in this
application, successfully allowing the retrieval of the location
of the scatterer from the speckle pattern produced. While the
specklemeter may be used to determine the spectral content of
the light returned into the system, in this work we circumvent
this step by directly relating the location of the scatterer to
the speckle pattern produced. This approach allows the entire
sensor to be realized in a low-cost and miniaturised form,
allowing for its deployment in a broad range of applications
where the size and cost of currently available instrumentation
is prohibitive.

II. THE CHROMATIC CONFOCAL METALENS PROBE

A. Design, function and construction of the probe

A CCS probe takes broadband light as an input and after
scattering the light from the object of interest, only a narrow
band of light is collected whose wavelengths depend on
the scatterer’s location. Thus, to determine the location of
the scatterer, all that is needed is to find the wavelength
of light most strongly returned. An illustration of such a
probe is shown in fig. 1. Here the metasurface-based probe
takes light from a point source which, in this case, is the
aperture of a single-mode optical fiber. The LCA afforded
by the metasurface results in different wavelengths of light
being focused into unique positions along the optical axis.
Fig.1. parts (b) and (c) illustrate how different portions of
the incident light is filtered when scattering from a mirror
located at different distances away from the probe. While all
of the illuminating light is reflected from the measurand, only
those wavelengths that were in optimal focus at the mirror
surface will be focused back onto the fiber aperture and thus
effectively couple back in. The wavelengths of light that are
out of focus on the mirror surface are also out of focus on the
plane containing fiber aperture after scattering.

While we have recently demonstrated that a basic single-
surface hyperbolic metalens can also be used, however, in that

Fig. 1. The operating principle of the chromatic confocal metalens probe.
The metasurface takes broadband light from the end of the fiber and focuses
different wavelengths to different locations after it. Parts (b) and (c) illustrate
the manner in which the broadband light is filtered. In part (b) the red light is
in focus on the mirror, and hence refocussed onto the fiber, while the green
and blue is out of focus. In part (c) the mirror has moved leading to the green
light being focused on the fibre after returning, while the red and blue is out
of focus.

work the metalens needed to be combined with a collimating
element after the end of the fibre [22]. In this work we
present an improved realization, with the metalens designed
to function using light directly off the end of an optical fiber
allowing the creation of an ultracompact chromatic confocal
probe. In this form, the length of the probe is simply that
needed to expand the light from the end of the fibre sufficiently
and its height and width corresponds to the area of the
metasurface used.

Metasurfaces manipulate light using arrays of sub-
wavelength nanostructures (meta-atoms) and allow the func-
tionality of a refractive optical element to be achieved without
the size and weight of the traditional components. Each
individual meta-atom can be selected to facilitate the simulta-
neous manipulation of the phase, amplitude and polarization
of incident light [28], [29]. However, in this work only the
manipulation of phase is employed. Furthermore, meta-atoms
with rotational symmetry have been chosen by design to
minimize their sensitivity to different polarizations. The meta-
atoms employed are of the ’truncated waveguide’ type [30]–
[32], and specifically are cylindrical GaN pillars arranged
in a square array of period 450 nm on an Al2O3 substrate.
By modelling the effect that arrays of pillars with varying
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radii have on the light, a set can be identified that allows the
phase delay to be varied over 2�. This allows the phase of an
arbitrary, but known, incident wavefront to be converted into
an arbitrary outgoing wavefront (modulo 2�). The height of
all of the pillars on the metasurface is fixed at 750 nm to ease
their manufacture, while the 2� variation in the phase delay
is achieved by varying the radii from 70 nm to 180 nm in 10
nm steps. The metasurface is designed to focus light with a
wavelength of 660 nm to a point 1 mm after the metasurface.
If the top of the metasurface lies in the plane z = 0, then
to produce a spherical wavefront centered on the focal point,
the phase of the light after the metasurface should take the
following form [31]:

�(x; y) = �2�

�

(√
x2 + y2 + f2 � f

)
(mod 2�) (1)

where �(x; y) is the phase of the light at the point (x; y) on
the top of the metasurface, � is the wavelength of the light and
f is the focal length of the metalens. To establish the required
phase delay at each point across the metasurface, it is not only
the phase after it that needs to be known but also the phase
of the incident light. The varying phase delay introduced by
the metasurface operates to transform the former into the latter.
The phase of the light from the optical fiber is approximated as
a point source located at aperture of the fiber. The fiber used is
Nufern 460 HP with a quoted mode field diameter of 3.5 ± 0.5
�m at 515 nm, so its approximation to a point source is well
justified. The designed spacing between the fibre aperture and
the base of the metasurface is 7 mm which, assuming the fibre
NA remains close to the quoted value of 0.13, is more than
sufficient for the emanating cone of light to expand to cover the
entire 1 mm square area of the metasurface. It should be noted
that upon reaching the metasurface, the light has been refracted
at both the air/Al2O3 substrate and the Al2O3=GaN interface.
The phase of the incident light is calculated by identifying rays
that propagate from the point source to the base of each of
the pillars of the metasurface and calculating the optical path
length along the path. It is assumed that the required phase
delay at each point on the metasurface will change the incident
phase at the point (x,y) at its base to the target phase at its
top at the point (x,y) i.e. the approximation is made that the
impact of the metasurface height can be ignored.

All of the steps in the metasurface design consider its effect
on light with a wavelength of 660 nm, without considering
its impact on other wavelengths. With the pillar structures
discussed earlier, eq. 1 is only satisfied at 660 nm. Away
from this wavelength, the wavefront is still close to a spherical
shape, however the curvature of the wavefront for longer wave-
lengths is more curved than would be given by eq. 1, leading
to light with wavelengths longer than 660 nm being focused
closer to the metasurface, while for shorter wavelengths the
inverse is true [22]. This is also accompanied by increased
lateral chromatic aberration, however a clear focal point is still
achieved across the wavelength range considered in this work.
Of course, such aberrations are also present when using both
DOEs or refractive lenses to achieve the required wavelength-
dependent focal position.

Fig. 2. SEM images of the GaN pillars that make up the metasurface (a) top
view; (b) angled view. The pillars are 750 nm high, in a square array of period
450 nm and have radii that vary from 70 nm to 180 nm

The metasurfaces were manufactured using an e-beam and
dry etch process by Kelvin Nanotechnology Ltd. (Glasgow)
and an SEM image of part of the manufactured metasurface
is shown in fig. 2.

B. Verification of metasurface function using a spectrometer

Fig. 3. A schematic of the experimental setup. Light from a supercontinuum
source is coupled into a fibre before passing through a splitter. The light
that leaves the end of the fibre, which is considered to approximate a point
source, is collected and focused by a metalens with different wavelengths
of light being focused to different points along the optical axis. A mirror
mounted on a translation stage is scanned along the optical axis leading to
different bands of light coupling back into the fibre. The light returning is
split, with 90% being directed to the specklemeter, and 10% being directed
to a conventional spectrometer to help aid the assessment of the function of
the system.

A schematic of the experimental setup is shown in figure 3.
A broadband light source (WhiteLase micro, Fianium 450-
2000 nm, 60 mW) launched light into a 50:50 coupler/splitter,
with half being lost to a beam dump and the other half exiting
the fiber and illuminating the metalens. A planar mirror was
mounted on a translation stage (MTS25-Z8, Thorlabs) and
placed approximately 1 mm after the metalens to act as the
object whose location is being measured. The back-scattered
light is coupled back into the fiber and passes back through the
system, before being divided again. 90% of the returning light
power is incident on the specklemeter. The remaining 10% is
coupled to a conventional spectrometer (CCS100, Thorlabs)
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