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Abstract: Guided optics spectrometers can be essentially classified into two main families:
based on Fourier transform or dispersion. In the first case, an interferogram generated inside
an optical waveguide and containing the spectral information is sampled using spatially
distributed nanodetectors. These scatter quasi-non-perturbingly light into the detector that is
in contact with the waveguide, helping to reconstruct the stationary wave. A dedicated FFT
processing is needed in order to recover the spectrum with high resolution but limited spectral
range. Another way is to directly disperse the different wavelengths to different pixels, either
introducing differential optical path in the same propagation plane (multiple Mach-Zehnder
interferometers or Arrayed Waveguides Gratings), or using a periodic structure to
perpendicularly extract the optical signal confined in a waveguide (photonic crystals or
surface gratings), and by means of a relay optics, generate the spectrum on the Fourier plane
of the lens, where the detector is placed. Following this second approach, we present a laser-
fabricated high-resolution compact dispersive spectro-interferometer (R>2500, 30nm spectral
range at A = 1560nm), using four parallel waveguides that can provide up to three non-
redundant interferometric combinations. The device is based on guided optics technology
embedded in bulk optical glass. Ultrafast laser photoinscription with 3D laser index
engineering in bulk chalcogenide Gallium Lanthanium Sulfide glass is utilized to fabricate
large mode area waveguides in an evanescently-coupled hexagonal multicore array
configuration, followed by subsequent realization of nanoscaled scattering centers via one
dimensional nanovoids across the waveguide, written in a non-diffractive Bessel
configuration. A simple relay optics, with limited optical aberrations, reimages the diffracted
signal on the focal plane array, leading to a robust, easy to align instrument.

© 2017 Optical Society of America

OCIS codes: (140.3390) Laser materials processing; (230.7370) Waveguides; (220.4000) Microstructure fabrication;
(220.4241) Nanostructure fabrication; (130.3120) Integrated optics devices; (120.6200) Spectrometers and
spectroscopic instrumentation; (120.3180) Interferometry.
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1. Introduction

The aim of this work is to propose a development and fabrication concept for an integrated
high resolution compact spectro-interferometer for spatial and drone applications, using
ultrafast laser photoinscription and embedded fabrication in bulk optical glass. Our approach
to achieve spectral resolution is to use a waveguide grating to sample the optical signal within
a laser-fabricated optical guide and relay optics to generate the spectrum in the Fourier plane
with limited optical aberrations. The spectrum is thus obtained without any moving part,
limiting vibration effects and enhancing robustness of the spectrometer. In addition, the
multichannel realization has allowed to show non-redundant interferometry using the same
optical device. From the material processing point of view, a multiscale 3D ultrafast laser
processing technique using beam engineering is demonstrated, enabling standard waveguide
fabrication and nanoscale scatterers to sample optical signals.

Integrated optics spectrometers have been proposed in a variety of ways: generation of an
interferogram inside an optical waveguide, and use of nanodetectors in order to sample the
signal, followed by a dedicated FFT processing in order to recover the spectrum with high
resolution but limited spectral range [1]. Another way is to directly disperse the different
wavelengths to different pixels, either introducing differential optical path in the same
propagation plane (multiple Mach-Zehnder interferometers [2], Arrayed Waveguides
Gratings [3] or Planar Concave Gratings [4]). These last approaches are highly mature, using
silicon photonics technology which means robust developments and high performances [5,6]
but also complex fabrication procedures and difficulties to couple external light to the highly
confined, small section mode of the silicon waveguide. Other approaches are using a periodic
structure to perpendicularly extract the optical signal confined in a waveguide (photonic
crystals [7] or surface gratings [8]), and by means of a relay optics, generate the spectrum on
the Fourier plane of the lens [9, 10], where the detector is placed. This last approach is limited
in efficiency as most of the signal is expected to be radiated towards the substrate. However,
directivity of the flux is optimal in this configuration, allowing for easier relay optics. A
second drawback of this approach is that using a unique lens to focus light diffracted by the
grating, chromatic aberrations appear (the focal point changes with wavelength), so that in
order to reach ideal sampling one would need to move the detector along the Locus line.
Finally, most of the preceding techniques are based on classical lithographic techniques. In
this work, we present an alternative approach to fabricate the diffusion grating (the rapidly
growing technique of direct laser writing of photonic structures [11, 12]) used to fabricate the
large mode area waveguide (multicore approach [13—16]) and the nanoscale diffraction
grating (Bessel voids [17—19]). The extracted signal is then coupled to an optical set-up where
aberrations are limited by the use of an afocal optical system to image a series of several
sampled parallel waveguides. But the most important feature of the device presented
hereunder is the possibility to obtain the spectrum of different sources simultaneously, as each
waveguide represents one input source and is re-imaged on the detector (focused mode). Or
alternatively, in the defocused mode, it allows to overlap the different inputs (here, up to four
telescopes) using a non-redundant configuration, that can be used in spectro-interferometry
applications. This can be used in a variety of telescopes arrays (VLTI, CHARA, KECK) in
order to reduce the footprint of spectro-interferometry projects such as ASTRA/KECK [20] or
aperture synthesis projects such as MATISSE/VLTI [21], or aperture masking concepts
(FIRST [22]) where spectrum together with the pairwise combination of signal coming from
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the telescopes or sub-apertures is used to generate interference fringes, where amplitude and
phase of the fringes are the observables. Finally, size reduction of spectro-interferometers is
compulsory to develop spatial projects such as FIRST-LITHIUM, a proof of concept cubesat
interferometer that will test two telescope beam combination [23].

The second issue is the demonstration of a multiscale 3D laser processing technique
enabling both micron-sized refractive index engineering [24] and nanoscaled structures [25]
together with large mode area waveguides, in order to improve coupling and flux collection
of the incident optical beam. A non-linear laser processing renders the optical design flexible
and mechanically stable, embedded in bulk optical glasses [26, 27].

The manuscript is organized as follows. The fabrication technique is described, followed
by the optical characterization of its optical functions. The conclusion section resumes the
optical performances we have obtained in our near infrared spectro-interferometer prototype.

2. Sample fabrication and simulations

The first part in the construction relies on the fabrication of embedded waveguides and the
realization of a regular pattern of scattering centers. In order to pave the way to mid-infrared
applications, we decided to use commercial GLS glass (transparent up to 12 microns) and use
a pulsed femtosecond laser to engrave the optical waveguides [28-30], as well as the
sampling centers. The waveguides were fabricated using an ultrafast laser photoinscription
technique set in a longitudinal scan configuration, with a scan of the laser spot along the
propagation axis. High repetition rate (100 kHz) 150 fs laser radiation at 800 nm central
wavelength from a Ti:sapphire amplified laser system was used in a moderate focusing
configuration (NA = 0.3) along with an energy compensating scheme balancing optical
aberrations at increasing processing depth. Thus an input power varying from 230 mW down
to 50 mW was used for a 300 pm scan speed. The irradiation source is equally equipped with
a pulse envelope control unit in the time and space domains based on spectral and spatial
phase modulation. Positively chirped 1.2 ps laser pulses were used to keep nonlinear
distortions at a low level. The procedure is described in [15]. The GLS material is particularly
interesting for laser photoinscription technique as it shows a large processing window of
positive Type I index changes. A multicore configuration is used to achieve large mode area
guiding in the NIR and MIR with single mode characteristics. This is based on a centered
hexagonal arrangement of 37 parallel waveguides (and 5 pm radial separation between
individual traces) with an index contrast in the range of 107*-107. A view on the multicore
waveguide structure and mode diameter at 1550nm is given in Fig. 1. Injection in the central
trace and evanescent coupling towards neighboring waveguides ensures coherent modal
superposition [13, 14] and the formation and propagation of a single mode in the GLS
transparency window [15]. This allows to realize a large area mode, 20pm FWHM, extending
over the physical section of the waveguide.

(b) : (c) 15500m Mode Profile
} o8 1 :
4 3 - " FWHM:zzpm
ateral O m‘"'-“'—‘lwi-w'r: o ;

Fig. 1. (a) Multicore hexagonal single mode waveguide fabricated in GLS using short laser
pulses. (b) Image of the mode obtained using a 1550nm SLED (same scale as (a)) and (c)
mode profile showing large FWHM.
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We fabricated a set of four large-mode-area channel waveguides [13—-15, 30] aligned in a
plane, with a center-to-center separation of 250 um and buried at 800 um from the surface. In
a second step, a non-diffractive irradiation procedure [17, 18] was used to generate a series of
one-dimensional voids, transverse to the waveguides, with a characteristic section below 500
nm and an axial dimension above of 150 pm, separated by 30 um (See Fig. 2). An ultrafast
Ti-Sapphire amplified system at 1 kHz repetition rate is used. Picoseconds pulse Bessel
beams of 10° half-cone angle (inside the material) were employed to generate enough energy
concentration in order to create localized unidimensional micro-explosion, where the lateral
release of pressure creates one-dimensional axially-uniform cavities, to avoid nonlinear
distortions and to ensure extended uniform voids [18, 19].

The main interest of laser writing for making the elongated nanovoids is that we can
easily cover a sampling length of 1cm, without mask replacement, in a very short time (few
seconds). Besides, we can adjust the position of the hole with respect to the waveguide, in
order to optimize the extraction efficiency. The nanovoids are aligned in close contact to the
last waveguide of the hexagonal array. The scattering efficiency depends on the cross-
sections of the voids. For cross-sections between 100 nm and 500 nm and positions in the
vicinity of the 1/e* of the mode, scattering efficiencies ranging from 107 to 10~ were
estimated by FDTD calculations. An overview of the optical device with side and top views is
given in Fig. 2.

(a)

Face View Bessel voids
150pm

800Lm

>
Multicore Waveguides 250pum

(b) Light Extraction A

Grating
(Bessel voids)

ﬂT

Light Propagation
(Multicore
Waveguide)

Fig. 2. (a) Face view of the whole structure showing four parallel multicore waveguides and
their respective Bessel sampling centers above them. Typical dimensions are given in the
figure. (b) 3D view of the device showing the disposition of the nanovoids array positioned
transverse to the waveguide and the axis orientation.
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In similar works [9] in a planar configuration, a large waveguide (4mm wide) is used, so
that the collimated beam sampled by a large scattering center is focused in a single spot.
However, such a large waveguide implies multimode behavior, resulting in overlapping
between different modes with different wavelengths. On the contrary, using a single mode,
narrow waveguide, one avoids high order diffraction modes, but the radiation pattern
becomes angularly large. Besides, as has been shown in full vectorial calculations, surface
gratings are not the most efficient approach, as most of the flux is radiated towards the
substrate [31]. Here, as the sampling centers are fabricated inside the material, a symmetric
radiation pattern is expected, resulting in a more efficient flux extraction towards the surface.
In order to efficiently recover the flux, and discriminate eventually different order modes, we
have developed a simple set-up using a cylindrical lens for collecting the wide angle flux and
focus different wavelengths at different pixels, and a second optical stage to reduce
aberrations, disperse laterally diffraction modes and avoid overlapping.

3. Optical set-up

The optical set-up we propose is drawn in Fig. 3:

(a) (b)

Fig. 3. Optical set-up. (a) Detail of the 3 Lenses Tube system. A and B represent the channel
waveguide in side and front view respectively, and D is the detector plane. (b) Detail optical
set-up showing the source, waveguide injection, and vertical collection of the radiated flux as
well as direct transmission to the camera.

The source is a near IR tunable laser, from Yenista, that can be tuned from 1500 to 1620
nm. A single mode output fiber is placed at the focus of a ZnSe (f = 50 mm) aspherical lens
that collimates the beam and is directed towards a two segment mirror. This consists of two
square 1” Ag mirrors that are set on two independent tip-tilt and translation axis. The two
beams are then directed towards a second ZnSe (f = 50 mm) aspherical lens, with a small
relative angle, that allows to inject light into two adjacent waveguides. In order to check
proper injection into the waveguides, an image of the waveguide output is obtained on the
FLIR camera (Fig. 4(a)) and from above using a simple microscope objective instead of the
lens triplet (Fig. 4(b)).
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Fig. 4. Near IR observation of two parallel waveguides and the sampling centers when
illuminated with a 1.56um laser. (a) Direct transmission on the FLIR camera, showing the two
modes of two adjacent channel waveguides. (b) Top view as signal is extracted with the
sampling centers and imaged on the Goodrich Camera using a simple microscope objective.

Vertical characterization of the extracted signal (Fig. 4(b)) is achieved using a three
cylindrical lenses tube (Fig. 3(a)), allowing to image the diffracted signal from the nanovoids
to be detected on a Goodrich near IR camera. The L1 cylindrical lens (f1 = 150mm), is
aligned perpendicular to the channel waveguide and focuses the angularly wide diffracted
light from the grating into a line on the CCD (Fig. 3(a), inset B). L2 hemi-cylindrical (f2 =
100mm) is perpendicular to the L1 axis. The hemi-cylindrical L3 (f3 = 100mm), which axis is
also perpendicular to L1 is used with L2, to reduce aberrations, by creating an afocal
configuration. In the present study, L2 and L3 are exactly centered midway between the
waveguide and the detector, making a 1:1 image of the waveguide onto the CCD. With this
optical set-up, L2 and L3 focus different wavelengths at different areas on the CCD (Fig. 3(a)
inset A), along the direction of the channel waveguide. The total volume of the spectro-
interferometer is thus 320 cm’ (height 200mm, width and length 40mm), including the
sample, the relay optics and the detector. Note that once the flux is injected in the
spectrometer (i.e. using a fibered V-groove) there is no moving part up to the detector,
interference fringes and spectral dispersion are obtained directly on the detector. In order to
reduce the footprint, a tradeoff can be obtained by reducing the focal length, and therefore the
spectral resolution of the device (see section 4 below).

4. Theoretical background

The main equations we have to use here are the theoretical spectral resolution and the link
between length of the sampling region and size of the diffraction spot on the detector. The
theoretical background has been developed elsewhere [32], we will use here the main results
adapted to the present device configuration. The spectral range dA that is comprised within the
dimensions of a pixel, dx, is given by:

_A-dx
Sfon

which allows us to determine the spectral resolution: R = AM/d\ = fn/dx, as far as we know the
focal length of L1 (f = fl), the refractive index of the waveguide, n, and the central
wavelength, .

Using fl = 150mm, n = 2.3, dx = 25um (Goodrich pixel size) and assuming that the
sampled length over the waveguide is long enough so that resolution is limited to the pixel
size, we should be able to obtain R = 13800. Note that resolution is only related to focal
length, refractive index and pixel size (assuming that the required sampling region D is

da

()
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achieved). Thus, resolution is not dependent on the wavelength, nor on the number and
density of sampling grooves.
The main constraint is that the length of the sampling region D must be:

Dzl,zz-ﬂ-f @)
2dx
In our case, with A = 1.56 um, and f1 = 150 mm, D = 10 mm, the diffraction limit of the
optical system should be dx = 13.7 um, which is well below the size of the pixel in the
Goodrich detector, 25um. It can be also understood that the spectral range that each pixel sees
is expected to be A =0.11 nm.

5. Results
5.1 Spectral resolution

Following the optical set-up described before, we studied a waveguide grating consisting ca.
330 holes with a period of 30 um, realized by femtosecond laser writing. In order to
determine the resolution of the set-up, a scan between 1560 and 1587 nm, was done:

Wavelength Scan

1,1 4 —a—1563nm =—&—1569nm —e—1575nm —o—1581nm =»=1587nm
: l
0,9

0,8
0,7
0,6
0,5

Normalized Intensity

0,4
0,3
0,2

15 55 95 135 175 215 255 295
Pixel Number

Fig. 5. Detected peak on an array of pixels, as the wavelength is scanned within the source
tuning range. Side lobes are visible, due to inhomogeneous grating period fabrication, and
induce crosstalk (see for example the secondary lobe at 1569nm (open triangles) close to the
main peak at 1563nm (filled squares)).

As shown in the precedent figure, peak intensity moves on the detector as we scan the
wavelength. The images on Fig. 5 show the short wavelength peak moving to the right as
wavelength is increased. We can verify that a modification of 3 nm implies a peak shift of 30
pixels, that is, each pixel corresponds to 0.1 nm, which is the theoretical expected value. Due
to the limited spectral window, as we scan from 1500 to 1620 nm, the peak will go from left
to right until another diffraction order appears on the left. The total wavelength span on the
detector is thus ca. 30 nm, whereas the experimental resolution, defined as the pixel distance
between a maximum and the closest minimum is ca. 5 pixels, meaning 0.5 nm instead of the
theoretical one of 0.1 nm. This discrepancy can be due to optical aberrations and/or lack of
accuracy of the grating period. Moreover, we observe that side lobes appear and induce some
crosstalk, due to the non uniformity of the grating. Indeed, we observe that for example the
peak at 1569nm (open triangles) presents a side lobe close to the 1563nm peak (filled
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squares). This effect is observed repeatedly as the wavelength is scanned, and clearly
indicates that the grating is not periodically homogeneous. We achieved a measurement of the
peak width as a function of the length of the sampling area, by masking progressively the
surface of the sample, and thus reducing the number of Bessel voids involved in the signal
extraction. As seen in Fig. 6 below, instead of following the theoretical 1/D law, the peak
width decreases dramatically after the first microns of sampling centers but reaches a stable
value around 4 pixels instead of the expected 1 pixel resolution, meaning that D is not the
limiting factor.

.
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Fig. 6. Plot of the FWHM of the diffracted peak as a function of effective sampling length,
showing a limiting value at 4 pixels, instead of 1 pixel theoretically expected. This result is
obtained by progressively masking the sampling centers.

The results obtained for width evolution and the observation of secondary lobes aside the
main diffracted peak suggest that the limiting factor is the accuracy of the sampling centers
period. Indeed, we can calculate the constraint on the periodicity, by starting from the
fundamental law of diffraction gratings. Considering orthogonal incidence between the
waveguide beam and the grating, the diffraction angle 6 can be deduced from:

A
N, +sin@=m-— 3
eff m A ( )

where N is the effective index of the guided mode, A is the period of the grating and m is
the diffraction order. Deriving with respect to the period, we obtain:

c056-89=m~%8A @)
As 00 = ox:
ox=m- / ~izaA ®)
cosf A
Assuming vertical observation (6 = 0) and identifying dx = pixel size:
2
on =2 o (©)
fA

So for f =10 cm, A = 1 pum, A = 10 pm and pixel size = dx = 10 pm, we obtain a
constraint on the accuracy of the grating as high as dA = 10 nm in order not to leak to
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adjacent pixels. Any error stronger than this value will imply flux leakage to adjacent pixels.
Reaching this quality is expected to be difficult for sequential laser writing techniques. This
implies that our laser written waveguides are not accurate enough to ensure a diffraction
limited working of the system. Despite this limitation, this forecasts nevertheless the potential
of laser photoinscription techniques for fabricating surface gratings. Mechanical deficiencies
can be overcomed by advanced laser synchronization methods and stage performances.

5.2 Simultaneous two Inputs Injection: spectro-interferometer

If we inject simultaneously two contiguous channel waveguides, we can then obtain the
spectrum in the horizontal direction for each input channel. With our set-up, two channel
waveguides with 250 um separation are imaged on the detector with 6 pix separation. We
then defocus the system, by varying the distance between the triplet and the sample surface,
in order to obtain overlapping of the two diffracted peaks (see Fig. 7). Typical Young
interference fringes between the two sources appear in the vertical direction.

(a) (b)

Fig. 7. (a) Optical set-up showing overlapping of the signal extracted from two adjacent
waveguides as the triplet is defocused from the source plane. (b) Young fringes obtained on the
detector for a monochromatic source when two adjacent channel waveguides are
simultaneously injected.

We obtain fringes vertically, in a band that is going to move horizontally as we scan the
wavelength of the source (see Fig. 8). If we restrict each vertical band of 8 pixels to one
wavelength, we can use the 320 horizontal pixels of the camera, to make 40 spectral channels,
and vertically, we can use the Young fringes to obtain the non redundant fringes for multiple
inputs (i.e. multi-telescope inputs).

Amin = 1563nm (T=15deg) A=1565nm (T=35deg)

=1568nm (T=65deg)

A “max

Fig. 8. Image of the vertical interference fringes as they move on the detector as the
wavelength is tuned (a) L = 1563nm, (b) A = 1565nm and (c) A = 1568nm.

Note that in principle, it could be possible to distinguish between the periods of the Young
fringes at different wavelengths, however this is experimentally difficult to obtain. Indeed, if
we consider the expression of the period, i = AD/d, and calculate its value as a function of the
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defocusing distance (D = 5 cm), waveguide separation (d = 250 um), we obtain (using the
extreme values of the Yenista source, 1500-1620 nm and knowing that the pitch size on the
Goodrich camera is 25 um/pixel): ipi,(Amin) = 12 pix and iy (Amax) = 12.96 pix. Knowing
that we can’t visualize the whole tuning range but are limited to ca. 30 nm in the camera
window, this means that the period of the Young fringes is essentially the same as seen from
the detector. However, the Young fringes are efficiently discriminated when different pairs of
waveguides are injected. We have compared the FFT signal of the vertical fringes for two
close waveguides (separation 250 pm) with two far waveguides (500 um) (see Fig. 9):

FFT Comparison between adjacent waveguides
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Fig. 9. FFT of the vertical fringes obtained at 1568 nm when two parallel waveguides, but with
different lateral separation, are injected simultaneously. Continuous line, 500 pm separation;
Dashed line, 250 um separation.

We can observe the difference between two different set of fringes, depending on channel
waveguide separation. The information on the fringe visibility of different pairs of
waveguides appears at different Fourier frequencies, although in this preliminary
measurement we observe some crosstalk (signal of the high frequency peak is still present at
0.12 pix™!, where the low separation waveguides peak is centered). This confirms that we can
use the vertical dimension of the detector for studying interference between sources (for
example, two different collecting telescopes) whilst using the horizontal dimension for
spectral dispersion, and thus obtain a spectro-interferometer in a single device.

6. Conclusion and perspectives

In this work we have presented a novel way to extract light from waveguides, using one-
dimensional nanovoids engraved inside the bulk material, and re-image the different
wavelengths on the detector using a lens triplet. A nonlinear bulk ultrafast laser fabrication
method was used to achieve multiscale processing; from micron-sized waveguiding traces to
nanoscaled scatterers. We have obtained the first results in the near IR spectral range, at
telecom wavelengths using a compact spectro-interferometer design, embedded in the bulk,
based on the diffraction of the signal confined in a single mode channel waveguide using a
grating structure. The total volume is 320 cm’, including the sample, the relay optics and the
detector and the experimental resolution is R = 2760, using D = 10 mm sampling length along
the waveguide. Theoretically this value should be almost five times stronger, but is
experimentally limited as the accuracy on the period of the sampling centers is very
restrictive. We were able to image a laser tunable source, between 1563 and 1580 nm,
allowing peak detection with ca. 0.4 nm resolution. Thus, with these grating and optics
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dimensions, we can image wideband sources up to around AA = 30 nm. By designing the
pixel size, focal length and refractive index of the waveguide, as well as the length of the
diffraction grating, spectral resolution and spectral bandwidth could be easily tuned and
eventually the total volume of the spectro-interferometer be reduced (by reducing the
resolution). Our next step will be to improve the quality of the diffraction grating, in order to
obtain accurate grating periods before looking to increase sampling length to improve
resolution. Note that the 10 mm long grating only took a few seconds to fabricate as
compared to long process for grating fabrication such as Focused Ion Beam. Results on the
simultaneous injection of two parallel channel, either 250pm or 500um separation, allowed us
to obtain and clearly discriminate fringe amplitude in the Fourier space and opens the way to
astrophotonic applications, such as multi-telescope interferometry and phase closure studies.
Indeed, we plan to inject simultaneously three non-redundant waveguides, using a wide band
source, in order to validate the spectro-interferometer for three inputs simultaneously and
achieve the phase closure. These preliminary results are encouraging for light weight
applications, such as drone and cubesat interferometry projects, where we expect this type of
compact spectro-interferometers to be a good tradeoff between performances and fabrication
time and cost.
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