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We present a thorough study of the use of As:S3 thin films
for the fabrication of high performance multi-cavity
bandpass filters. We show that such layers can be used
inside a non-quarterwave multi-cavity Fabry-Perot
structure to produce local changes of the central
wavelength of the filter using photosensitive properties
of this material. In particular, we study the impact of
these index changes on the spectral performances of the
filters and show how to adapt the design of the Fabry-
Perot structures to produce a spectral shift without
degrading the bandpass profile. Double and three-cavity
Fabry-Perot filters are theoretically and experimentally
studied. © 2022 Optical Society of America

OCIS codes: (160.5335) Photosensitive materials; (310.6845) Thin film
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Thanks to the improvement of the deposition techniques and
especially the associated optical monitoring systems, it is now
more and more common to fabricate high performance filters with
very stringent requirements and spectral performances close to
that were designed. However, these spectral performances can be
different within the aperture of the filter or in between filters due
to uniformity problems associated with different distribution of
deposited materials within the aperture of a substrate. As of today,
the best deposition techniques allow securing a close to 0.1%
change of the thickness over a 100 mm aperture [1], but most of
the standard deposition techniques based on evaporation or
sputtering are generally resulting in uniformities within the 1%-
range such as it is not possible to fabricate large aperture filters
with identically similar performances. Such uniformity problems
are not such an issue when it comes to broadband spectral
functions such as quarter-wave mirrors or broadband
antireflection coatings but can become a major issue for local

spectral functions such as narrow-bandpass filters for space or
telecom applications.

Indeed, for achieving such spectral functions, quarterwave
Fabry-Perot structures are generally used, and, as it was shown in
ref. [2], that uniformity can highly affect the central wavelength of
the bandpass proportionally to the change of thickness of all the
layers. In addition, it was also shown that while a spectral shift can
be due to thickness non-uniformity defect affecting all layers, a
similar effect can be obtained by changing the thickness of a single
layer. The cavity-layer is the most sensitive one for that, and it can
be shown [2] that the relative variation of the central wavelength
(A) is proportional to the relative variation of the its optical
thickness (nt). For this reason, the use cavity layers formed with
materials which optical thickness can be changed after deposition
is a promising approach to overcome these limitations. This
concept was introduced some time ago [3], a basic proof-of-
concept was published about 10 years ago [4] and complete
demonstration has been recently published [5]. This approach
relies on the fabrication of bandpass filters made with
photosensitive cavity-layers in order to locally correct the central
wavelength of the filter using photo-induced refractive index
change. However, in refs. [4,5], only single cavity Fabry-Perot
filters were studied. In this paper we first present why this method
cannot be simply transferred to double cavity Fabry-Perot filters
and how to overcome these limitations by adapting the filter
design and the exposure wavelength to produce the desired
spectral shift without any unexpected effect. We then show that it
can be extended to a larger number of cavities. For each
configuration, both theoretical analysis and experimental
demonstration are provided.

The combination of several Fabry-Perot cavities is a classical
structure that is commonly used for the production of bandpass
filters with squared profiles and large rejection close to the
bandpass. The number of cavities highly depends on the filters
requirements but very often, it is comprised between 2 and 5. For
optimum optical performances, each of the cavities needs to be
accurately centered at the same wavelength, and this is generally
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achieved by using turning point monitoring in order to benefit
from error self-compensation associated with this method [6,-8].
However, this does not prevent from having a non-uniform
distribution of the central wavelength over the filter aperture. To
overcome this difficulty, we investigated how the use of
photosensitive layers can be implemented in order to correct, after
filter fabrication, the local central wavelength of multi-cavity
Fabry-Perot filters. The first step consisted in the direct
implementation of the results that are presented in ref. [5] and
fabricating standard Fabry-Perot structures made of quarter-wave
layers, cavity layers being made of photosensitive materials. The
filter that we considered has the following structure:
M6/2C/M6*/L/M6/2C/M6*

where M6 and M6* represent mirrors made of 6 alternated high
(H: ZnS) and low (L: YF3) refractive index materials quarter-wave
layers at 808 nm, with exact formula: M6 - HLHLHL and M6* -
LHLHLH, and 2C is an As:S3 half-wave layer at 808 nm. Such a filter
was fabricated on a Biithler SYRUSpro 710 deposition machine
using an electron beam deposition associated with a Biihler OMS
5000 optical monitoring system and turning point monitoring at
808 nm. The filters were deposited at room temperature on fused
silica substrates and the transmission was measured on a Perkin
Elmer Lambda 1050 spectrophotometer. One can see that the filter
is centered at 808 nm confirming that error compensation due to
turning point monitoring strategy was efficient and that no
significant vacuum/air shift occurred as the filter was monitored
using turning point monitoring at the same wavelength. Then, the
filters have been exposed to the radiation from a Thorlabs
pigtailed LED at 470 nm similar to the source that was used in ref.
[5]. The filters transmittance spectra have been measured after
different increasing exposure dosages (D1 to D4) and plotted in
Figure 1. Due to the nonlinearity of the refractive index change on
dosage, the durations were adjusted to secure approximately %4,
%, 3% and 1x of the maximum refractive index change for the
respective exposure dosage D1, D2, D3 and D4.
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Figure 1. Experimental evolution of the transmittance of a two-cavity
quarter-wave layers bandpass filters for increasing of dosage of
exposure at 470 nm (from a dosage D1 to D4).

As expected, exposing the filter at 470 nm produces a shift of the
bandpass central wavelength towards the longer wavelengths. The
filter shifts by about 10 nm from 808 nm up to 818 nm. This

represent 1.2% change of the central wavelength, which is enough
to compensate a standard 1% non-uniformity defect. It is
interesting to note that this wavelength variation is lower than the
refractive index change which can reach 3.3% at 808 nm.

Initially, the filter shows a symmetrical profile with slightly
rounded transmission at maximum. However, one can notice,
during the exposure, an induced distortion of the bandpass as well
as a decrease of the maximum transmission, which is typical of
detuned cavities. This distortion can be easily explained by looking
at the electric field distribution at 470 nm. Indeed, modeling the
intensity distribution of electric field inside the filter shows that it
is about 3 times lower inside the second cavity than that in the first
one, because of interferences and also because of absorption in
As;S3 at 470 nm. As a consequence, due to the kinetics of
photosensitivity of the AsSs layers [5], the first cavity tends to shift
faster than the second one, resulting in a mismatch between the
central wavelengths of the two cavities and therefore a distortion
of the spectral profile in the bandpass region. To illustrate this
effect, we modeled in Figure 2 the expected shift of the bandpass
taking into account the intensity distribution in the cavities and the
photosensitivity curve for similar dosage to that used for
producing the curves in Figure 1.
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Figure 2. Theoretical evolution of the transmittance of a two-cavity
quarter-wave layers bandpass filters for increasing of dosage of
exposure at 470 nm (from a dosage D1 to D4).

Very similar shift and spectral transmission profiles can be
observed theoretically when dosage is increased, confirming the
origin of these distortions. To overcome this limitation, we
therefore modified our approach. First, we opted for an exposure
at a longer wavelength which is compatible with photo-inducing
refractive index change in AszSs layers. Indeed, we chose to expose
at 532 nm, which is included within the absorption region of the
As;S3 layer but in a lower absorbing region. That way, the
absorption losses in these layers can be in, first approximation,
neglected. In addition, we modified the Fabry-Perot structures in
order to not only produce the expected bandpass function at
808 nm but also to secure an identical electric field distribution in
both cavity layers at wavelength 532 nm, so that the central
wavelengths of each cavity shifts similarly when exposed.
Moreover, it is interesting to suppress the electric field oscillations
across the cavities to achieve a uniform photo-induced refractive



index change throughout the layers’ thicknesses. These standing
wave oscillations comes from the fact that light propagates in both
directions inside these layers. To suppress these oscillations, one
must suppress backward propagation, which means that one side
of the cavity layer must act as an antireflection coating at this
wavelength. And in that case, the maximum electric field is
achieved if the other side also acts as an antireflection coating.

Consequently, using internal design software based on needle
optimization and our experience in designing such optical
components, we calculated a new mirror structure that gives
maximum transmittance at 808 nm to form the filter bandpass,
and zero reflectance at 532 nm when considered between silica
and As:Ss. Silica being used for both the substrate and the coupling
layers separating Fabry-Perot structures, such mirrors can be used
all along the filter design. However, since air must be considered at
last as the outer medium, a final silica/air antireflection structure
must be added to the design, antireflection properties being
required this time at both 532 and 808 nm wavelengths.

The new design of the structure can then be written:

Substrate / M’'6 1.85C M*6 L M'6 1.85C M'6* AR / Air

where M'6 and M’6*represent the new 6-layer mirrors that are
used. M’6 mirrors have the following formula:

1.3H 0.662L 1.137H 1.086L 0.633H 1.323L

and M’6* mirrors have the same formula with layers in the
reverse order. AR represents the final antireflection structure with
following formula:

0.126H 0.346L 1.576H 0.766L

In these stack formulae, H, L and C respectively represent ZnS,
YF3 and As:Ss layers that are quarter wave at wavelength 808 nm.
Note that the cavity layers are no more half-wave (but 1.85 times
thicker) in order to account for the phase shift of these non-
quarter-wave mirrors. We plotted in Figure 3 the normalized
intensity distribution at 532 nm of this modified two-cavity Fabry-
Perot filter:
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Figure 3. Normalized intensity distribution at 532 nm of the modified
two-cavity Fabry-Perot filter. The cavities are highlighted.

achieving large photo-induced refractive index change only
requires using larger exposure dosages.
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Figure 4. Experimental and theoretical transmittance of an optimized
two-cavity bandpass filters.

As expected, the same electric field is achieved within the two
cavities of the Fabry-Perot filter and modulation is close to zero
due to the antireflection behavior of the structure at 532 nm. The
electric field in the cavities is equal to 37% of the incident one. As
the refractive index change is proportional to absorbed energy,

This structure was then fabricated with the Biihler SYRUSpro
machine. However, since the coating design is no more quarter-
wave, turning point monitoring cannot be used. Consequently, in-
situ trigger point optical monitoring has been used, at wavelengths
within the bandpass region of the filter. While the optical
monitoring of a bandpass filters with a full width at half maximum
equal to larger than 10 nm can be achieved with actual monitoring
techniques et methods, more complex optical monitoring
strategies could be required for filters with narrower bandpass
below 1 nm. Spectra before exposure are plotted in Figure 4. One
can first see that we achieved a pretty good agreement between
the theoretical and experimental transmittance over a broad
spectral range. High transmission is obtained at 532 nm and 808
nm with a difference with theory not exceeding a few percent.
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Figure 5. Experimental evolution of the of an optimized two-cavity
bandpass filter as a function of dosage of exposure at 532 nm. The
small insert shows an overlap of the measured spectra when
numerically shifted to the same central wavelength.




Then, exposing the filter at 532 nm allows shifting the bandpass
by about 10 nm without degrading the band pass profile (Figure
5). For this purpose, we used the same approach as before for
determining D1 to D4. To illustrate the uniform shift of the
bandpass, we also plotted in Figure 6, the spectral performances
measured after increasing dosages at 532 nm when all wavelength
scales are normalized for each filter by its central wavelength. Only
very minor distortions of the transmittance, within the
measurement accuracy, are observed.
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Figure 6. Spectral performances measured on an optimized two-cavity
bandpass filter as a function of dosage of exposure at 532 nm when all
wavelength scales are normalized for each filter by its central
wavelength.

It is fundamental to note that adding a third identical cavity
M'6/185C/M'6* to these two first ones maintains the
antireflection properties at 532 nm. Therefore, the electric field is
now identical in the three cavities, and so on for any number of
cavities. In that way the proposed approach allows the design of
filters with sharp band-pass profiles and high rejection
characteristics that can be shifted without degradation of these
optical properties.
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Figure 7. Experimental and theoretical transmittance of an optimized
three-cavity bandpass filters.

To illustrate this concept, we manufactured a 3-cavity filter:

Substrate/M’6 1.85C M'6* L M’'6 1.85C M'6* L M’'6 1.85C M'6*
AR / air

Measured spectral profiles before and after exposure are
respectively plotted in Figures 7 and 8. One can first see that we
still achieved a pretty good agreement between the theoretical and
experimental transmittance over a broad spectral range. High
transmission is once more obtained at 532 nm and 808 nm with a
difference with theory not exceeding a few percent. Then, exposing
the filter at 532 nm allows shifting the bandpass by about 10 nm
without affecting the performances of the filter in the bandpass.
Only very minor distortions of the transmittance within the
measurement precision are observed.
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Figure 8. Experimental evolution of the transmittance of an optimized
three-cavity bandpass filters as a function of dosage of exposure at
532 nm.

We have presented the design procedure and experimentally
validated the concept of multi-cavity bandpass filters with
bandpass that can be a-posteriori adjusted by photo-induced
refractive index change. The calculated stack combines bandpass
structure in transparency region and antireflection properties at
laser-exposure wavelength. Using this method, we have shown
high performance bandpass filters combining standard materials
with chalcogenide, and tuning of the central wavelength without
noticeable distortions in the spectral response of these filters. This
method paves a way to the fabrication of highly uniform narrow-
band filters.
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