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Currently, the utilization of high power ultrafast lasers to induce optical changes in structures for the purpose of locally
drawing patterns with dimensions inferior to the diffraction limit is well-established and controlled. Using this technique,
we aim to modify the refractive index and/or the geometrical parameters of an optical interferential filter composed of
successive thin layers. This local optimization will then allow the improvement or tuning of the performances of the
optical filters. Thereafter, it is necessary to characterize these local modifications to achieve the final response of the
expected filter. In our work, we developed a dedicated optical system, based on Fabry-Perot interferometry, to measure
optical thickness, ranging from 107 to 10™, with a high spatial resolution (in the order of 5x5um). We present here our
preliminary results carried out on calibrated test samples.
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1- INTRODUCTION

The use of powerful lasers is now well established in the industry to perform marking, cutting, drilling or welding
operations on a wide range of materials and parts [1]. The quality of this laser machining is driven by the geometrical
characteristics of the focused light beam (the sharpness of the “laser tool”) as well as by the heat exchange phenomena
between the machined area and the surrounding zone. It is one of the reason for which excimer lasers (which emit in the
near UV part of the spectrum) can provide in some cases very attractive solutions [2,3]. The recent development of high
power ultrafast lasers [4] (delivering energetic pulses in the range of few micro-joules with a duration of about one
hundred of femtoseconds) has permitted to drastically improve the quality of this micromachining, first by increasing the
peak power of the laser tool (typically the giga-watt), second by limiting the diffusion of the deposited energy around the
focal point (the duration of the laser pulse is indeed much shorter than the heat diffusion time inside the material) and
third by involving highly non linear laser-matter interaction phenomena [5-7]. This deterministic character of optical
damage produced by femtosecond laser pulses [8,9] can be used to machine patterns whose dimensions are far below the
diffraction limit.

Obviously, the accuracy of this micro-machining is directly connected to the duration and energy stability of the used
femtosecond laser pulses [10], but nowadays it seems possible to reach a reproducibility of few nanometers. Moreover,
femtosecond laser pulses are also able, at lower fluence levels, to produce a localized change in the refractive index of
transparent materials, which can be used to perform a direct laser writing of a waveguide in the bulk of a glass substrate
[11-14] or to develop entirely new photonic device integration and fabrication procedures [15-17]. Besides, standard
Nd:YAG lasers are today widely used in the semiconductors industry to adjust (or trim) thin film resistors or thin film
capacitors to very tight electrical performance specifications [18,19], and to correct in this way imprecision in the
deposition process. We therefore aim here to combine these different approaches (femtosecond laser micromachining of
dielectric materials, localized refractive index changes induced by ultrafast laser and thin-film laser trimming) for an
entirely new goal (to our knowledge), i.e. the optimization of the performances of optical interference coatings by
femtosecond laser processing.

As an illustration of this approach, let us consider a narrow bandpass interference filter including two identical reflective
stacks with 19 alternated low and high index quarter-wavelength layers surrounding a half-wavelength spacer layer: the
spectral bandwidth of such a structure is about 0.5 nm for a maximum transmission close to 90%. The thickness of each
layer and the one of the spacer slightly varies at the surface of the component (for instance 10 per millimeter in relative
units), with a spatial dependence defined by a lot of parameters including not only the nature of the deposition process
(for instance, ion beam sputtering) and some critical parameters (like the composition of the target or the energy of the
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sputtering ions), but also the geometrical characteristics of the vacuum chamber (and especially the position and the
orientation of the substrate with respect to the sputtering target). As a consequence, the central wavelength of this filter is
not uniform at the surface of the component: the use of a femtosecond laser source precisely focused inside the spacer
could permit to cancel the effect of these thickness variations by acting on the local value of the refractive index of this
layer.

In addition, the micro-machining ability of this femtosecond laser sources could also be utilized to engrave
subwavelength periodic structures in the top layer of an antireflective stack: the presence of such a structure induces, at a
specific wavelength, a very high efficiency coupling of the incident beam into guided modes of the stack and can be used
to manufacture narrow notch filters with optimized angle and polarization behavior [20]. This machining ability can also
be used to remove the coating from some specific areas of a uniform coated component, without any risk of degradation
of the unprocessed zones and with very abrupt transitions between processed and unprocessed zones.

We present here a dedicated experimental setup in an attempt to reach a spatially localized measurement (imperfections
of the deposition and/or defects of 5x5 pm) of refractive index variations as low as 10™* over large samples. In Section 2,
we numerically introduce the problem and evoke potential solutions. In Section 3, we describe our experimental setup
and the calibrated samples employed to quantify the limitations of our apparatus, followed by the preliminary results and
observations in Section 4, and a conclusion in Section 5.

2- SIMULATIONS

The determination of a small (typically 10*) refractive index variation for a dielectric thin layer with a thickness around
100 nm is not obvious. In general, photometric techniques, adapted to layer index determinations, consist in analyzing,
over a large spectral range, the transmitted and reflected flows of a single coated layer (with a thickness of approximately
1 um). Basically, one can observe spectral oscillations of these parameters and, then extract from this behavior the
thickness and refractive index of the studied layer. Hence, the absolute precision for the refractive index real part is only
around 107 [21]. Indeed, measuring transmittance and/or reflectance versus wavelengths is far more sensitive to the
optical thickness (nd) (relative precision of about 10~) than to the individual evaluation of n and d (around 10 times less
precise).

In our case, the problem is even more complex: a small index variation (from 10~ to 10™*) is expected over a thickness of
100 nm only. Obviously, such a small thickness is not sufficient to observe strong oscillations in the transmittance versus
wavelengths. A direct photometric measurement is then inefficient. If we now consider a 1 pm thick layer with an index
variation over only 100 nm thick; representing 10% of the layer thickness; spectral oscillations will clearly appear,
however the resulting effect will be 10 times less intense, as only 10% of the layer is concerned and the other 90% stays
purely homogeneous.

One solution consists in exalting the index variation (An) effect using Fabry-Perot cavities. These latter are resonant
structures where two mirrors are deposited on both sides of the studied layer. This layer, also called “spacer layer”, is
then sandwiched inside the cavity, and therefore the electric field may undergo enhancements hundreds of times inside
the spacer layer. The transmittance of these structures as a function of wavelengths (1) is given by the following
equation:

A

max

:1+Fsin2(p

where F (the finesse of the cavity), 7, (the maximum transmittance) and @ (the phase) can be written as
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with R; and R, (respectively T and T,) the reflectance (resp. transmittance) of the two mirrors. §; with i=1,2 is the phase
of the complex reflection amplitude coefficient r; of each mirror. The resonance peaks of the structure appear then at
discrete wavelengths when verifying ¢ = 0.

Considering now the case of a single coated layer, where tiny An imply small shifts of the wavelengths (1) spectrum.
Therefore, in order to be sensitive enough to slight An and consequently to small AL, it is mandatory to consider sharp
resonance peaks. As a result, the finesse F of the cavity needs to be increased and the reflectivity of each mirror
composing the cavity should approach 100%.

In addition, we recall (see [22]) that for a Fabry-Perot cavity with a homogenous structure the spectral shift (AL) can be
linked with the variation of the optical thickness (And) of the spacer by:

AL And
—_— = K—
Ao nd

where « is a factor depending on the structure that is equal to 1 in the best case. The relation between AA and An can then
be deducted from the equation above.

Moreover, in our case, the expected An is not over the whole thickness of the spacer layer, but only over 100 nm of the
total thickness. Therefore, for a typical spacer thickness of 500 nm, the average effect of An is divided by 5. We can then
assume that the relation between AA and An can be expressed as

AA zﬂio.
S5n

Numerically, a An = 10 will cause a spectral shift below 10 pm for a central wavelength of 800 nm when considering
the spacer layer exclusively. Such a spectral shift can merely be measured on very narrowband structures. Hence, we
have considered two possible resonant structures: one with 17 layers mirrors (named structure A in Figs. 1a)) and one
with 25 layers mirrors (named structure B in Figs. 1b)). In each configuration, the mirrors are made of an alternation of
materials with refractive index of 2.1 and 1.45. The resulting reflectance in structure A and B is then estimated to be
99.75% and 99.99% respectively. We have moreover set for both cases, the parameters for the spacer layer to be 1.45 for
the refractive index and 580 nm for the total thickness.

Finally, we have introduced a defect inside the spacer with a An of 10 and with a thickness of 100 nm. The calculated
spectral shift is about 4 pm for both structures that is from an experimental point of view, difficult to evaluate. However,
the peaks obtained for structure B are much sharper than for structure A, as seen in Fig. 1b), and therefore the shift might
be measurable with a tunable laser source. Another possibility is to measure the transmittance as a function of the
incident angle, the calculation, given in Figs. 1a;) and b,), illustrates this behavior for the two structures, and will be
experimentally used later in this work.
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Structure A: Cavity with mirrors composed by 17 layers Structure B: Cavity with mirrors composed by 25 layers
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Fig. 1: Numerical predictions of the transmittance versus incident wavelengths (a; and b,) and versus
incident angles (a, and b,) for two resonant structures in the infra-red spectral region. (a) for structure A
with mirrors of 17 layers and (b) for structure B with mirrors of 25 layers.

3- EXPERIMENT

Our experimental setup, described in Fig. 2, can be used in two configurations, in order to either evaluate the
transmittance variations (Fig. 2a)) or localize the microstructures (Fig. 2b)). However, for both configurations, the body
of the experiment utilizes a laser source coupled into a collimator (coupling of 99%) and eventually into a lambdameter
(coupling of 1%) to precisely control the wavelength variations. The collimator is designed for long distance projection
applications with a wavefront error below A/10 and a full beam divergence below 0.5 mrad. This permits to obtain a 5
mm collimated and uniform beam to illuminate the sample. The former is mounted on a precise xyz-stage allowing to
select the region of interests of the sample. A charge-coupled detector (CCD) is then positioned, either directly behind
the sample plan, in order to collect the transmittance (configuration of Fig. 2a)), or after a microscope objective to image
the structures (Fig. 2b)). The CCD (PCO.1600 from Photon lines) resolution is expected to be 7.4x7.4 um, with a time
exposure interval between 5 ps and 60 seconds. The employed objective is chosen to be plan-apochromatic in order to
limit geometric and spectral aberrations, as well as for its large numerical aperture (NA=0.42), its high working distance
(WD=15 mm) and a magnification of 10x. The employed illumination sources are a large band infra-red source with a
wavelength interval of 854410 nm and a 632.8 nm Helium-Neon laser line.

Calibrated samples, in refractive index variations An and in structure size, are developed to qualify our experimental
setup. The structure pattern is given in Fig. 3. The technique of ions implantation is used to obtain such samples. lons of
Titanium are here implanted with different doses to perform disparate local modifications, and therefore achieve various
An belonging to the interval from 5.107 to 1.10™*. Four samples with identical pattern and substrates are then made for
four different An. The designed sample, represented in Fig. 3, is therefore composed by four series of five identical
structures, and chromium marks (arrows) denote the x- and y-positions of the microstructures classified by size. The
microstructures are conceived to be series of squares with edges of 100 pm, 30 um, 10 um and 5 pum, and with a
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thickness of 100 nm to simulate the ultimate conditions used for the final optical components. Optical microscope
images are taken, as shown in Fig. 4, to confirm the microstructures sizes. A small deviation is observed where the
largest squares are measured to be 82 pm, and the smallest to be 4 um (see Fig. 4).
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Fig. 3: Scheme of the calibrated samples. The
Fig. 2: Experimental setup for transmittance measurement. A laser  technique of ions implantation is chosen to
beam is coupled into an optical coupler to be directed with 99% to a  introduce local refractive index variations An. The
collimator and with 1% to a lambdameter in order to precisely control ~ modification is then carried out by adding ions of
the wavelength variations. In configuration (a), the collimated beam  Titanium with different doses, ranging from 2.10'
of 5 mm of diameter illuminates the sample region of interest, and the ~ Ti/cm? to 4.10"° Ti/em?, to create different An,
signal is directly collected on a charge-coupled detector. In  ranging from 5.107 to 1.10™ The implantation is
configuration (b), the transmitted signal is collected through a  done in a depth of 100 nm in a 2 mm thick silica
microscope objective, with a numerical aperture of 0.42, a working  substrate, and the region of interests is limited to
distance of 15 mm and a magnification of 10x. The sample in both ~ 8x11 mm. Marks of Chromium are appended to
configurations can be scanned in the xyz-directions to allow the localize every structure.

transmittance measurement in every region.
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Fig. 4: Optical microscope images of four calibrated samples obtained as described in Fig. 3. The (a) series is for a
An=5.10", the (b) series for a An=107 the (c) series for a An=102 and the (d) series for a An=10". A 20x
objective is used to image the largest structures that are evaluated around 80 pum. The structures of series (2) are
then obtained with a magnification of 50x and measured to be 30 um. The last two series used a magnification of
100x and the sizes are estimated to be around 7 pm and 4 pm respectively.
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