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Abstract

In this paper we present a metrological measurement technique that is a combination of fibre
optic interferometry and a microelectromechanical system (MEMS) sensor for photon force
(PF) measurement with traceability via an electromagnetic method. The main advantage of the
presented method is the reference to the current balance, which is the primary mass/force
metrological standard. The MEMS cantilever transduces the PF to a deflection that can be
compensated with the use of the Lorentz force. This movement is measured with the use of the
interferometer and does not require any mechanical calibration. Combining the MEMS current
balance system with interferometry is a unique and fully metrological solution. The resolution
of the proposed measurement technique is calculated to be 4 pN Hz %3 (2% uncertainty). The
PF-MEMS used for the investigation is a cantilever with a resolution of 46 fN Hz %3, which
was calculated from the thermomechanical noise and is far below the resolution limit of the
whole system. Because the whole construction is based on a fibre optic system, it does not
require any complex adjustment procedure and may work as an optomechanical reference in any
metrological laboratory.
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1. Introduction

Electromagnetic radiation carries momentum that gives rise to
the photon force (PF) Fpr [1] according to the equation

Fpp=—"—""—, ey

where P is the optical power, c is the speed of light, and R and A
are the reflection and the absorption coefficients, respectively.
The phenomenon was predicted independently by Maxwell in
1873 and Bartoli in 1876 [2, 3]. The first experimental verific-
ation was made by Nichols and Hull in 1901 [4, 5].

During the long history of optomechanical investigations,
the application of micromechanical devices has opened up
new experimental possibilities. In general, miniaturization
of measurement tools improves the measurement resolution,
sensitivity and repeatability. Moreover, a higher resonance fre-
quency of microdevices makes them less sensitive to disturb-
ances and enables faster operation at smaller excitation ener-
gies In this way, many important experiments have been done
using cantilever-based microdevices integrating highly reflect-
ive mirrors [6—8].

At the microscale, radiation pressure (RP) supports many
important technologies such as optical tweezers (object trap-
ping) [9, 10], optical cooling [11, 12] and high-power laser
emission measurement [ 13—15]. Although the obtained results
have been impressive and noticeable, the measurement pro-
cedures were using time-consuming and increased the uncer-
tainty calibration process, for example when using a canti-
lever as a force sensor, determination of the spring constant is
needed [16]. Another approach is to calibrate the spring con-
stant parameter with the use of a known, i.e. previously calcu-
lated, PF. Neither of these approaches is a fully metrological
solution related to recognized standards.

In many experiments, the mechanical response of a
micromechanical device is analysed using a bulk optics set-
up [17]. It is difficult to carry out precise adjustments and the
size of the whole device is another weakness of such a solu-
tion. From that point of view, optical fibre technology opens
up additional possibilities for reliable optomechanical invest-
igations [6, 18].

Optical fibre technology, using flexible, low-mass fibres,
offers a handy set-up, which, moreover, is significantly less
sensitive to external disturbances. The only mechanical con-
straint of a fibre-based system occurs while coupling light to
or from the fibre. A microelectromechanical system (MEMS)
is a micromachine whose deflection or displacement is con-
trolled electrically. As the MEMS and the diameter of a single
telecom fibre (typically 125 pum) are of the same order of mag-
nitude, they can be flawlessly integrated. In turn, this allows
us to take advantage of, for example, silicon micromachin-
ing, which has become a mature technology that is being
more often applied in various applications [19, 20]. From
that point of view, further progress in optomechanical invest-
igations should be obtained if MEMS can be more broadly
applied.

In this paper we present a measurement technique that uses
a PF-MEMS cantilever as a force sensor for RP investiga-
tions. The main advantage of the presented method is the refer-
ence to the current balance. The MEMS cantilever transduces
the PF to a deflection, and can be compensated with the use
of the Lorentz force. The displacement is measured with the
use of a fibre optic Fabry—Perot (FP) interferometer. Interfero-
metry combined with the architecture of MEMS cantilevers is
a common and convenient method with applications including
atomic force microscopy [21, 22]. Combining the MEMS cur-
rent balance system with interferometry is a unique and fully
metrological solution. A Kibble balance is the primary stand-
ard for 1 kg (10 kN) determination [23, 24]. The latest literat-
ure reports present a miniaturized version of that construction
[25] that allows the measurement of hundreds of micrograms
(single millinewtons). We present a solution for the measure-
ment of tens of picograms (hundreds of piconewtons). The
PF-MEMS conductive cantilever with isolated mirrors and a
dedicated fibre optic head forms an ideal system for RP invest-
igations. As the whole construction is based on a fibre optic
system, it is very convenient to use in any metrological laborat-
ory. On the one hand the current balance compensation method
allows us to omit the mechanical calibration that is substan-
tial for any cantilever mass/force sensor (i.e. determination of
spring constant k and quality factor Q). On the other hand this
approach allows force measurements down to the range of tens
of piconewtons.

2. Measurement set-up

2.1. The microcantilever as a measurement tool

In our experiment we used a PEF-MEMS cantilever [26], which
was a U-shaped, 500 pum long, 130 wm wide and 1.5 pm thick
structure with a stiffness of about 100 mN m~"' [17]. The can-
tilever was manufactured using silicon-on-insulator techno-
logy. High boron doping was applied to make the structure
conductive, which, in turn, made its movement controllable
in a magnetic field (making use of the Lorenz force actu-
ation). The effective current line was shorter than the total
width of the cantilever and was equal to 100 um, which was
evaluated by finite element method modelling [27]. The can-
tilever integrated two mirrors, separated by 125 pm, which
made it ideal for further connection to the optical fibre meas-
urement head. In our set-up mirror M, was dedicated to the
structure actuation and mirror M; was applied for the deflec-
tion detection (figure 1(a)). In this case, one optical fibre OF,
provided actuation radiation while another, OF;, was used
for displacement measurement as illustrated in figure 1(b).
The reflection and absorption coefficients of the mirror metal-
lization were 90% and 10%, respectively [17]. The detec-
tion mirror M; was placed at the very end of the structure
and the actuation mirror M, was separated from the rest of
the structure so that the thermal influence on the actuation
could be neglected. It has to be highlighted that the mirrors
were metal layers sputtered on the cantilever’s silicon body
during the micromachining process, thus avoiding a costly,
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Ma - actuation mirror, Md - detection mirror

OFd - interferometer fibre, OFa - actuation fibre

Figure 1. PF-MEMS cantilever with actuation and detection mirrors M, and M, with the effective current line highlighted in red (a), and a
dedicated fibre optic head with actuation and detection fibres OF, and OF}, (b) for optomechanical studies.

Table 1. Parameters of the microcantilever.

fres (Hz) 0o
31.8

k(mNm™")  Fp (N HzZ %)

5965.9 153 46

time-consuming and manual mirror mounting process such
as that described in [7, 8]. The structure’s dimensions were
optimized to improve its optomechanical operation [28]. Such
a construction of the Lorentz loop combined with two dedic-
ated mirrors that was insensitive to thermal actuation made the
PF-MEMS cantilever ideal for the current balance experiment
[23, 29].

The cantilever’s parameters were measured using a SIOS
SP-S 120 precise laser vibrometer. Cantilever actuation, which
was needed for the beam calibration, was carried out while
immersing the structure in a magnetic field excited by a Hal-
bach array. Current biasing was carried out with the use of a
bipolar Howland current source. Based on the measured res-
onant curves, a spring constant k, a quality factor Q and a
resonant frequency f s were calculated. For the structure of
interest these were as presented in table 1. Additionally, the
cantilever’s force resolution F,,; was calculated considering
the thermomechanical structure vibration, as already shown
[28]. It has to be highlighted that the structure’s thermal force
resolution is far below the limit of the presented measurement
system. The noise floor of the designed tool was calculated
to be equal to 46 fN Hz >, while the presented measurement
set-up resolution was 4 pN Hz %3, so the PE-MEMS itself
did not limit the resolution of the measurements.

2.2. Fibre optic measurement set-up —actuation and
detection

The fibre optic measurement head consisted of two single-
mode fibres (telecom, SMF-28 ultra, Corning Glass) moun-
ted in a silicon V-grooved substrate (see figure 2). Fibre OF,
was used for actuation, whereas fibre OF ; was used for detec-
tion. Actuation was done using a light from a superluminescent
diode modulated at the microcantilever resonance frequency
of 5965.9 Hz. The measurement head was placed at a distance

1. Cantilever in holder 2. Optical fibres
in silicon V-grooves

3. Custom optical fibres holder
with angular alignment

4. Digital microscope

5. 3-axis translation stage

Figure 2. PF-MEMS cantilever and the fibre optic head adjustment
set-up.

of 50 um from the PF-MEMS cantilever to avoid hydrostatic
interactions between the fibre and the vibrating structure. The
numerical aperture of the OF , was 0.5 and the fibre’s core dia-
meter was 9 um. Hence, the actuation spot did not go beyond
the surface of mirror M. The maximum optical power acting
on the vibrating structure was 36.48 mW.

The deflection of the PF-MEMS cantilever, when it was
actuated by RP, was measured by a FP interferometer operat-
ing with a resolution of 100 fm Hz "> as presented in a pre-
vious paper [30]. The wavelength of the investigating beam
was 1306.8 nm, which in this case was the metrological refer-
ence of A\/4 =326.7 nm for further deflection measurements
(single fringe reference).

3. Experiment and results

Two steps of operation were used in carrying out the entire
procedure. Thanks to the PF-MEMS design and the integrated
FP interferometer, the experimental set-up was not altered
in each step. In the first step, the cantilever was actuated
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Figure 3. PF-MEMS cantilever deflection under an
electromagnetic actuation force of 4.520 nN.

electromagnetically by biasing the Lorentz loop with an altern-
ating current with amplitude equal to /,, =400 uA. As a
result, the multifringe pattern was registered as shown in
figure 3. The magnetic field in the measurement set-up was
B = 113 mT, so the Lorentz force acting on the microcanti-
lever was 4.520 nN (the active part of the current line length
was 100 um long) [27]. The cantilever vibrated with an amp-
litude of about 1000 nm. A single fringe (which corresponds
to 326.7 nm of deflection) was measured as a reference and its
height was equal to 274 mV (see figure 3).

RP actuation was performed in the second step. The
Lorentz loop was shorted, and as the result the PF-MEMS
was not electromagnetically deflected. The estimated force
induced by PF on the cantilever was 0.231 nN (from equation
(1) and taking into account that due to Fresnel reflection,
the optical power used for actuation purposes was 96%
of the incoming one). It is important to notice that while the
photons were acting on mirror M,, the deflection was meas-
ured simultaneously on mirror M. The value of the the meas-
ured deflection was calculated to be 28.24 nm (the deflection
due to actuation on M, is 1.7 times smaller than when acting
on M, where the read-out was done).

The height of the fringe when the PF-MEMS cantilever
was displaced by impinging photons was 23 mV. Thus, based
on the height of the reference fringe, a displacement of 27.5 nm
was determined as shown in figure 4. The obtained conform-
ity between both calculated and measured data was proven
by multiple measurements. Recalculation of the PF gave a
value of 225 pN. All the experiments were conducted at
ambient conditions so low-frequency vibrations affected our
measurement results. Isolation from low frequencies had to
be done and our solution was to remove them via statistical
averaging.

When considering the measurement uncertainty, the most
influencial factor was the resolution of the PF-MEMS deflec-
tion read-out interferometer, which was 100 fm Hz%>. When
referencing to the current balance, the uncertainty of the
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Figure 4. Comparison of data used for the amplitude measurement
during RP actuation.

measurement is related to the values of the current flowing
in the PF-MEMS structure and the magnetic field in which
it is immersed (assuming the magnetic induction vector is per-
pendicular to the direction of the current flow). In this study,
standard laboratory equipment allowed us to obtain a force res-
olution value of 4 pN Hz 9.

In the standard approach to measurements, the uncertainty
value of the spring constant determination, which was calcu-
lated with the procedure proposed in [27] for typical spring
constants (k> 10 N m~'), has to be included in the calculus.
For soft cantilevers, like the one presented in this study (i.e.
k< 1 N m™!), the uncertainty is much greater and reaches
10%. Moreover, since all the experiments were carried out in
resonance mode, the uncertainty in determination of quality
factor Q has to be taken into account (introducing no more
than 5% to the uncertainty). In the case of our system, a PF
resolution of 15 pN Hz %3was calculated.

Thus, comparing the two approaches, the standard one and
the current balance, there seems to be a slight difference in the
resulting uncertainty in favour of the latter. Moreover, the cur-
rent balance mode requires a lot of improvements when using
advanced metrological solutions for electromagnetic induction
and current value measurement. Nevertheless, the fact that no
calibration process needed is the most important advantage of
the proposed measurement technique. In our opinion, achiev-
ing such high resolution (low noise floor) at ambient condi-
tions makes the proposed construction very attractive.

4. Conclusion

The obtained results demonstrate that both the PF-MEMS
cantilever (as the tool) and the fibre optic measurement set-up
are reliable solutions for quantitative optomechanical studies.
Thermal separation of the actuation mirror reduces thermal
influence on the structure’s movement, which improves the
selectivity of the investigations. The dedicated fibre optic
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set-up is compact and convenient to use in metrological
laboratories. Along with the double-fibre optical head, it
allows for repeatable analyses without the need for a time-
consuming and difficult adjustment processes. The specified
optical path of the actuation beam improves the resolution of
the PF calculations (so-called standard mode of operation),
here 15 pN Hz*3. The PF resolution derived from the cur-
rent balance mode of operation was 4 pN Hz 3. All these
features and the calculated PF-MEMS cantilever force resol-
ution of 46 fN Hz "3 form a reliable system for metrological
optomechanical investigations.

Data availability statement
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upon reasonable request from the authors.
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