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Highly compact and easy-to-use optical chip interferometer
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In this paper, we present a compact, inexpensive, and easy-to-use optical chip interferometer
based on the telecom integrated waveguide technology. The measurement evaluation is focused

on the resolution and the noise level of the sensor. The power spectral density of 100 fm Hz

-1/2

@ 10 kHz is reached in static conditions. The same level is obtained with the standard Allan
deviation for both short and long term measurements. Dynamic performances are also evaluated
with sub-nanometer measurements made with piezoelectric systems. The potential bandwidth of
the sensor is very high and is currently only limited by electronics (250 kHz). Published by AIP

Publishing. [http://dx.doi.org/10.1063/1.4963899]

. INTRODUCTION

The development of sensors dedicated to nanotechnology
is a full topic for several years and is still challenging.
Sensing systems can still be the key elements to success in
a nanotechnology process. '

As illustrated in Ref. 3 or Ref. 4, laboratories and
industries have close relationship while working on the
sensor prototypes for nanotechnologies. However, industrial
partners are often more interested in products with degraded
performances. It usually allows for better compactness and
lower prices while ease of use, robustness, and reproducibility
are preserved. On the other hand, academic partners and
researchers develop new systems to constantly improve the
performances.

Since a few years, our work was closely related to the
development of an original sensor which has been used for
specific applications like multi-scale positioning with our
partner Teemphotonics.

Applications dedicated to nanoscales can relate to the
manipulation of nano-objects’ but also to the positioning at
nanometer level of macro-objects (sample-holder or macro-
tools,>* for example). In that case, the required performances
are slightly different as multiscale capability is a concern.
The stroke may be indeed in a centimetric range while the
resolution is sub-nanometric. Nowadays, multiscale is still a
challenge. In the literature, high resolution and high accuracy
lead generally to a limited stroke lower than 1 mm. The main
exceptions which are presented are mainly the interferometers
and the encoders.

Several sensors made with different technologies allow
for sub-nanometric performances.® Strain sensors, piezoelec-
tric sensors, capacitive sensors, inductive sensors, encoders,
and interferometers are the most common examples. Among
all these technologies, the interferometry is obviously a good
solution that combines both the good resolution and long
stroke.” Moreover, interferometers allow accuracy and trace-
ability for displacement measurements. Their main drawbacks
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are their sensitivity to the medium index and their price that
make them difficult to use in many applications.

Encoders may achieve similar performances to those
obtained with a sensor based on the interferometry. For
that purpose, Invar or Zerodur gratings are designed so that
the periods are sub-micrometrics. In Ref. 8, encoders with
nanometric resolution are presented. Moreover, they can be
used to measure displacements over a few centimeters with
very low and periodic non-linearities. However, for such
performances, these sensors are expensive compared to other
existing solutions. The compactness may be also an issue
depending on the application and the available workspace.
Fabry-Perot interferometers exhibit similar performances but
suffer from a very complex tuning especially for fiber models.’

Other sensors are more affordable but do not necessarily
meet the required performances like nanometric resolution and
long range. For example, the resolution of inductive sensors is
satisfying but not the accuracy. Capacitive sensors appear also
as a good solution. However, a long range is difficult to achieve
and the bandwidth is only of a few kilohertz. In Refs. 10-13,
an integrated system consists of an emitting and a collecting
fiber. High resolution and high bandwidth with a reasonable
cost are made possible. But long terms drifts appear and lead to
a lack of precision when a long term measurement is needed.
In Refs. 14 and 15, two other systems are proposed. They
are based on triangulation techniques. CCD and photodiode
arrays are used but the bandwidth of those systems is limited.
The compactness may be an issue again depending on the
application.

This paper presents an interferometer with a fully
embedded optical chip. In that way, the end-user should expect
to set up his system without thinking of possible complex opti-
cal paths. In addition to its very good performances, this sensor
demonstrates that low sensitivity to external disturbances and
ease of use can be achieved. The interferometer uses an
external telecom source, and integrated optical waveguides are
inside the package. It partially explains why this sensor may be
inexpensive compared to other interferometers. In Section II,

Published by AIP Publishing.
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the interferometer is presented with some technical details
concerning the internal chip. In Section III, the experimental
setup is described. In Section IV, we present and discuss the
experimental results.

Il. INTERFEROMETRY SETUP
A. Description of the setup

The optical chip has been designed initially for geophys-
ical applications by the CEA/DAM (CEA: Commissariat
a I’énergie atomique, DAM: Direction des applications
militaires). The major concern was to optimize the noise
level at low frequency because seismology phenomena and
properties often appear in the sub-hertz range. The setup has
been partially described in Ref. 16 where a first version has
been built and tested. This prototype, made with macroscopic
optical components, demonstrates very good noise results as
low as 100 fm Hz"'/> @ 8 Hz. The second version has been
built with the integrated waveguide technology to enhance
the immunity to environmental disturbances, so that it is
more compact and compatible with the vacuum environment.
Evolutions have been also designed on optical paths inside
the chip, for example to minimize the optical dead path. The
version used in this paper corresponds to the third one without
the evolution for vacuum compatibility.

The main optical system is fully integrated in an optical
chip with an optical waveguide structure. The technology used
for the chip is described in Ref. 17. The chip has been made
by Teemphotonics, based on their knowledge of the integrated
optics process. The waveguides are designed for the 1.55 ym
telecom window wavelength for convenience and limited cost.
The optical setup is illustrated in Fig. 1(a).

An external laser source is connected through a fiber. The
chip is very compact (see Fig. 2 for a picture with dimensions)
and the package is represented in the right bottom insert of the
figure. It is made of steel for vibration isolation and thermal
homogeneity. All the inputs and the outputs are fibered. The
output lens focuses the beam toward a mobile mirror and
makes the system very easy to use. The lens is a collimating
Grin lens. The beam is slightly diverging but the available
range is a few centimeters as explained in the experimental
part. The tuning of the system relies on the optimization of the
retro-injected signal level in the chip.

The optical design presented in Fig. 1(b) is a mix between
a Michelson interferometer and a Young interferometer.
Indeed, the general architecture of the design is based on a
Michelson interferometer since we use a reference arm with a
fixed length and an arm with a varying length for measurement.
Nevertheless, in order to get two outputs in quadrature, the
interference between the two arms is implemented through
a Young interferometer. The quadrature between M; and
M, is assured when designing the chip. The distance d,,,
between the waveguides at the output of the IFPZ is directly
transferred from a photomask to the glass wafer through a
photolithography step with a resolution better than 0.1 um.
d,,; 1 such that

dow = — = ——, ey

D n-pup-L
4 4d;,
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FIG. 1. Sketches of the optical chip. (a) optical representation with simpli-
fied optical paths of the beam in the chip; an external laser diode is used,
Y junctions allow coupling between two paths, taps are junctions with only
few percentages (1% to 5%) of coupling, and IFPZ is the Interference Free-
Propagation Zone; the four output signals are Reference 1 (R) is a part of the
incoming signal, Reference 2 (R>) is a part of the retro-injected signal, and
Measurement 1 (M) and Measurement 2 (M) are the two quadrature signals
at the output of the interference area; (b) principle of the interferometer and
focus on the IPFZ area which is a double-slit structure with two outputs.

where D is the spatial period of the sinusoidal interference
pattern at the output of the IFPZ, n is the effective index of
the planar waveguide in the IFPZ area, y is the operating
wavelength in vacuum, L is the length of the IFPZ, and d;,, is

a) View of the overall
experiment with
active table (TS140)
and marble for
passive isolations

b) Dimensions of the
interferometer

FIG. 2. Photography of the experiment. (a) The optical breadboard is fixed
on an active table (piezoelectric systems, in blue on the photography) and
placed on a marble which is also on an optical breadboard with four passive
isolation feet; the overall system is protected from air flows by a plexiglas box
and dark cover; (b) the interferometer is fixed on the breadboard in front of
the mobile mirror (in static condition for the experiment but it can be driven
by piezoelectric actuator if necessary).
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the distance between the waveguide at the input of the [FPZ
area.

The optical loss in the IFPZ function is in the 12-14 dB
range. Comparing to other solutions with lower optical loss,
the implementation of an IFPZ allows a very low sensitivity
to technological fluctuations of the manufacturing process.

The details of the principle with free beams and optical
components can be found in Ref. 16. Basically, two Y junc-
tions separate the beam along the measurements path and two
taps provide the two reference arms (R and R,) with a small
amount of power (junction with 1% to 5% of coupling). At the
output of the interference area, two measurements signals are
available (sine-cosine outputs, M; and M;). The four outputs
are converted into voltages with the photodetector module (this
is made with classical transimpedance structures). The optical
interference between the reference path and the mobile path is
made in the IFPZ area (Interference Free-Propagation Zone)
which is a double-slit structure as illustrated in Fig. 1(b). R,
allows compensations due to power fluctuations of the source,
and R, allows compensations regarding the power of the retro-
injected signal.

B. Details about the position calculus

First, each chip is calibrated before use. The Y junctions
may be indeed slightly unbalanced and the insertion loss can
also be different from one chip to another. The calibration
aims to measure the K;; parameters that characterize the chip
and coupling between the four outputs. The calibration can
be made once or every time that the chip is manipulated
because the parameters are dependent also on the insertion
loss in the fibers that can be very sensitive. They are defined
by Egs. (2) and (3)

M,
Ky = R
1
, 2
. M 2)
2 g
(Ml,max;Ml,min) _ Rl % K“
K> =
o 3)
(M2,max;M2,min) _ Rl % K12
K> = R
)

where for Eq. (2) the retro-injected signal is blanked, and for
Eq. (3), a displacement is imposed to obtain the sinusoidal
response on M, and M,. M; .. and M, ,,;, represent the
maximum and minimum values of the sinusoidal waveform.
Typical values for Kj;, Ki», K>, and K, are around
0.6 to 0.7.

Second, the K;; parameters are used to normalize the
measurements with Eq. (4)

My(1) = (K11 - Ri(1) + Ko1 - Ro(1))
24/Ki1 - Ri(1) X K2y - Ro(t)

My(t) = (Kip - Ri(t) + K» - Ro(t))
24/K12 - Ri(1) X K2 - Ro(t)

Ml,norm(t) =

“)

MZ,n()rm(t) =

where ¢ is the time.
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The normalization allows to be more robust to power
fluctuations of the source (thanks to R;) and of the retro-
injected signal (thanks to R»).

Once the normalized signals are obtained, it allows the
estimation of the classical Lissajous ellipse, described by
Eq. (5)

&)

Ml,norm(t) = AO - COS (¢ (t)) + XO
Mo o) = Bo - sin ( (1) + Do) + Yo

where Ay, By, Xo, Y, and @ are the parameters of the ellipse.

Once the ellipse is fully estimated, the measurement of the
output phase ¢(¢) of the interferometer is derived from Eq. (5)
and finally the output expression of the displacement is
A-A¢ (1)

dr ©
where A is the wavelength of the source, A¢ is the phase
variation measured with the Lissajous method, and Ax is the
displacement of the mobile mirror.

The computation of the phase is made in real-time and
the bandwidth of the interferometer output is actually limited
by the sample frequency of the data acquisition board.

The only limitation on the computing is the maximum
displacement speed. The maximum phase shift between two
acquisitions should be it because of the indeterminate forms
and Shannon criteria. For a sample frequency of 30 kHz
and a wavelength of 1.55 ym, the maximum speed is almost

10 mm s~

Ax(t) =

lll. EXPERIMENTAL SETUP

The aim of this work is mainly to evaluate the interferom-
eter in quasi-static conditions or with very small displacements
in order to estimate the long term performances. Therefore,
a particular care is attended to monitor the environmental
conditions of the experiment. Fig. 2 represents a photography
of the whole setup. The interferometer is hardly fixed on a
breadboard in front of a mobile mirror which can be tuned
for retro-injection. The breadboard is placed on an active
table (active piezoelectric system TS140 from Table Stable)
that isolates from building vibrations with a relatively low
bandwidth. The table is placed on a marble which is fixed
on a second optical breadboard with four passive feet. The
experiment is protected from air flow disturbances with a
Plexiglas box covered with a dark sheet to eliminate the light
perturbations. There is no active temperature regulation but
this parameter is monitored.

The laser source is a telecom laser module (ORION
Ri00085-1-00-1) with a wavelength value of 1542.135 nm (1).
The uncertainty and the influence of the wavelength will
be discussed in the sequel. The source is connected to the
interferometer module with an optical fiber and the power can
be controlled with a LabVIEW software. The mean power at
the output of the optical chip for the useful moving arm is
around 140 uW.

The four output signals can be sampled by different
systems of Analog-to-Digital Converter boards (ADC). The
first one is a 4 channel—fully synchronized—with 24 bits
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resolution (NI PCI-4472) which is a very low noise sample
system dedicated to noise sound analysis (with a maximal
sampling frequency of 102.4 kHz). The second one is a 4
channel—fully synchronized—16 bits resolution (NI PXI-
6143) with a higher sampling frequency (250 kHz).

The four signals are acquired with a LabVIEW software
and saved on a computer for a posteriori calculus. The calculus
includes low-pass filtering, statistical analysis, and calculus of
the ellipse. The position is then calculated and recorded in data
files for the post-treatment analysis. The sample frequency and
parameters of the filters are programmable.

The external mobile mirror can be either a simple mirror
mounted on tilt mechanical stages for tuning or a mirror
mounted on a specific mechanical system. The mechanical
stage can be driven with a piezoelectric actuator along the
measurement axis.

IV. RESULTS AND DISCUSSIONS
A. Static evaluation

Once the experiment is fully operational, the interferom-
eter is tuned by optimizing the retro-injected signal. R; signal
is optimized as well as the contrast on M; and M,. When
the interferometer is correctly tuned, the box is closed and the
measurement recorded during a calm period (in general during
the night or the week-end in order to minimize the human
activity perturbations). The first curves have been made with
the 24 bits ADC system.

Several distances between the output collimating lens and
mobile mirror have been tested. Nominal conditions are 1 cm
and 4 cm but several sets of distance have been tested (up to
6 cm) and results are very similar. Hereafter, we present results
for nominal conditions.

Fig. 3 shows measurements as a function of time over
10 min. The sampling frequency is 30 kHz but a mean is
calculated over 10 points to make the figure clearer. Therefore,

3
21 —— Static mirror - 1 cm
c
.0
2 0-
0
o
14
24
T T T T T T T T T T T
0 100 200 300 400 500 600
Time (s)

FIG. 3. Measurements of the relative position of the mirror in a static
configuration (the working distance is 1 cm). The sample frequency is 30 kHz
and a mean value is calculated with 10 points before plotting. The drift is due
to residual environmental perturbations but one can see that over 10 min, the
residual perturbations remain reasonable.
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FIG. 4. Plot of differential measurements. The experiment has been made
for two distances (1 cm and 4 cm) and plots have been separated for clarity.
The differential measurements are the difference between the positions at
time ¢ and ¢ +7s. Top view (a) is time dependent and bottom view (b) is
the distribution with a Gaussian profile.

the plotting frequency is 3 kHz. Of course, over 10 min,
a remaining drift appears and small perturbations of a few
nanometers are visible.

It is quite impossible to be fully insensitive to the envi-
ronment. In order to estimate the potential of the instrument,
a differential measurement has been plotted in Fig. 4. The part
(a) presents the data with respect to the time.

Two working distances have been used and separated on
the plot for clarity. The sampling frequency is 30 kHz and a
mean value is calculated with 10 samples so that the position
is updated at a frequency f = 3 kHz (the period Ty = 1/ f can
be modified). After this step, a difference is computed. Each
point of the plot is the result of the difference between the
mean position at time ¢ and ¢ + 7. The aim of this differential
measurement is to avoid all environmental perturbations and
to only measure the limits of the optical chip associated with
the instrumentation chain. The bottom curves represent the
respective histograms with Gaussian fits.

One can see that the remaining noise is Gaussian with
a standard deviation of 4.5 pm and 8 pm, respectively, for
I cm and 4 cm working distances. The performances for
the working distance of 4 cm are degraded because of the
output lens. The beam is collimated for a few centimeters and
is slightly diverging for higher distances. Consequently, the
retro-injected signal is lower for longer distance as well as
the signal to noise ratio. However, the performances are
below the nanometer level which makes the interferometer
competitive compared to the commercial apparatus. Taking
into account the present output lens, we have made some tests
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FIG. 5. (a) Fast Fourier Transform (FFT—top view) and (b) power spectral
density (PSD—bottom view) of the vibration measurements on the mirror in
a static configuration. On the FFT, we can clearly see the remaining vibration
of the building around 10 Hz and the flicker noise below 2 Hz. The PSD
noise level is around 400 fm Hz~!/? @ 100 Hz and seems to converge toward
a noise level of 100 fm Hz~'/? @ 10 kHz.

up to 6 cm stroke but it could be enhanced by changing the
lens.

Fig. 5 represents the Fast Fourier Transform (FFT) and the
Power Spectral Density (PSD) of the measurements. The FFT
is used as a tool to check that the remaining noise is mainly in
the low frequency spectrum range. It is due to the vibrations of
the building which are very hard to cancel. The remaining free
oscillating frequencies appear around 5 Hz, 9 Hz, and 12 Hz
and of course some noise in a very low frequency.

On the PSD plot, the frequency range covered by the
measurements is quite large, from 0.01 Hz to 15 kHz. We
can see also the noise due to oscillating frequencies around
10 Hz. The PSD noise level is around 400 fm Hz~!/?> @ 100 Hz
and converges to the level of 1072® m?>/Hz @ 10 kHz, which
corresponds to 100 fm Hz~!/2 @ 10 kHz.

In complement to the results obtained with an analysis for
high frequencies, a longtime estimation has been performed.
Several sets of measurements have been recorded, either
over short time with 30 kHz sampling frequency or with
mid and long term range with 1 kHz and 100 Hz sampling
frequencies. The Allan standard deviation o,'® has been
estimated for different integration times 7. Note that the
residual oscillation noise due to the building environment
has not been compensated because it would have required
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FIG. 6. Allan standard deviation depending on the integration time t. Several
curves have been plotted to explore different time domains. The very short
term standard deviation (up to 20 ms) remains below 10 pm. The fourth top
curve ascends up to 100 pm or even several nm because of the environmental
perturbations that influence the long term (>100 s) and the two bottom curves
are calculated on differential positions to explore the potential of the long
term stability.

band-pass filtering and we did not want to suppress the useful
information. Fig. 6 represents the plots of the Allan standard
deviation depending on the integration time 7 from 3 x 10~*s
to 20000 s (one night-long and more).

For the working distance of 1 cm, the very short time
estimation of the Allan standard deviation remains mainly
below 10 pm and below 1 nm for integration time up to tens
of seconds (black square, green triangle, and blue triangle
curves). We can see again that the signal to noise ratio is
lower and that the measurements can be degraded for a higher
working distance. The bump between 1072 s and 107! s corre-
sponds to the remaining noise of the building at a few hertz
and the level may depend on the moment when the records
are performed. The experiments made for a long duration
(1 h-long or more) lead to a drift of several nanometers.
This is mainly due to the environmental conditions like the
temperature and the mechanical deformations.

In order to estimate the potential of the apparatus, the
techniques described in Fig. 4 are used. The differential
measurements are calculated to avoid drifts and the Allan
standard deviation is plotted. It corresponds to the two bottom
curves (blue diamonds and purple triangles). Acquisition has
been made either with the 24 bits ADC system or the 16
bits ADC system. The long time estimation (>1 h) seems to
converge toward the level of 20 fm.

It is then likely that the performances could be better for
long time integration time with better environmental condi-
tions: vacuum condition or air conditioning, a better active
anti-vibration table, and no residual mechanical oscillation.

B. Dynamic evaluation

The mobile mirror is now driven by a piezoelectric
actuator along the axis of the interferometer. The aim of this
part is to evaluate the dynamic performances of the whole
system. To avoid the natural residual vibration detected before
(5, 12, and 9 Hz mainly), the piezoelectric actuator is driven
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FIG. 7. (a) Steps of 0.5 nm @ 15 Hz (sampling frequency of 30 kHz). The
piezoelectric is in an open-loop control mode and the measurement resolu-
tion of the interferometer is obviously below 0.1 nm. Residual mechanical
oscillations appear on each front; (b) FFT without steps (red curve downside,
with the natural oscillation frequency around 9 Hz) and with the steps (black
curve upside with 15 Hz line and the odd harmonics 45 Hz and 75 Hz).

with a square waveform (a frequency of 15 Hz and a magnitude
of a few millivolts).

Fig. 7(a) shows the results of time measurements with a
sampling frequency of 30 kHz. We clearly see the steps with
an amplitude of 0.5 nm. However, the piezoelectric actuator
is in an open-loop control mode and the steps are thus very
disturbed, with second order oscillations on the front edges.

Fig. 7(b) is the FFT view. Two curves have been plotted
(separated for clarity). The top one (black) is obtained when
the piezoelectric actuator is driven with the waveform. The
bottom one is obtained when no signal is applied to the
actuator. The free oscillation around 9 Hz is due to the building
in both cases. On the top curve, the signal excitation frequency
of 15 Hz is present as well as the odd harmonics (45 and
75 Hz).

C. Discussion

This system reaches very good performances when noise
level is concerned as demonstrated in experiments. It is
difficult to compare exactly the noise performances between
all the systems presented in the literature because, at very
low level, the environment is overriding. Nevertheless, power
spectral density level reaches typically 20 pm Hz~'/> @ 100 Hz
for strain sensors,® 1 pm Hz™'/?> @ 100 Hz for capacitive
sensors for 10 um stroke or mostly 40 pm Hz"'/2 @ 100 Hz

Rev. Sci. Instrum. 87, 103103 (2016)

for capacitive sensors for 100 um stroke,' 50 fm Hz"'/? @
100 Hz for piezoelectric strain sensors for few u m stroke,’
and 10 pm Hz"!/> @ 100 Hz for integrated thermal position
sensors for 100 um stroke.?® QOur sensor, with a 400 fm
Hz™ ' @ 100 Hz, is thus highly competitive compared to
other sensors in terms of noise. Furthermore, these sensors are
always dedicated to applications that require a stroke of a few
micrometers. They have also a low bandwidth compared to
the potential of systems based on the interferometry. For these
sensors, the performances can be better for lower frequencies
when the interferometry is very sensitive to the environment.
It is very difficult to compare the PSD between commercial
interferometers but, as far as we know, the noise level is
very good. A recent example of closed-loop phase-locked
prototype”! shows noise level around 100 pm Hz~!/2 @ 100 Hz
and 100 fm Hz"'/? @ 10 kHz.

In the domain of compact and integrated interferometer,
many scientists have prospected for ultra-high performances.
Fiber optic interferometers are highly sensitive to the envi-
ronment because of the sensitivity of the fiber optic. Fabry-
Perot fibered interferometers usually reach few pm Hz™!/2.22
The Atomic Force Microscopy (AFM) community has also
developed several dedicated interferometers to sense the
cantilever and obtained outstanding performances near of the
shot noise, few fm Hz 12739 Nevertheless, these systems
are usually not suitable for applications that require a long
stroke.3!=4

The environmental conditions are also critical for the
system behavior and the performances. The interferometer
that we have presented was first designed for a seismometer.
Experiments were performed in a dedicated deep underground
station and 100 fm Hz '/2 @ 8 Hz was reached. However,
we did not succeed to reproduce these ideal conditions in
our laboratory. The noise isolation is not the only issue
for environmental conditions. The temperature fluctuation
is an important factor since it changes the refractive index
of air (around 107 in relative value for 1°C change). The
fluctuation of the wavelength of the source is also a parameter
which influences the long term measurements. For the RIO
source that we are using, the Allan standard deviation of
the wavelength is limited to 1078 over thousands of seconds
(15 fm @ 1.55 um). Moreover, the source is also affected
by the temperature and it limits the actual displacement
range. For example, with an uncertainty of 1°C, the relative
uncertainty of the wavelength is 3 x 1077, The displacement
range is then equal to the resolution divided by 3 x 1077
As a consequence, the maximum range is 3 mm if 1 nm of
accuracy is required. This may be problematic for applications
like multiscale scanning when the displacement range is a
concern.

To improve the system, we plan to develop a chip which
may be used with a red source instead of the infrared one.
That would allow the use of ultrastable sources (red lasers,
for example). It could be also easier to set up especially
for applications like AFM scanning when the focus of the
beam on the cantilever is difficult. A future version will
be also vacuum compatible, allowing the integration in a
vacuum chamber (chambers of electronic microscopes, for
example).
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