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(54) MULTISPECTRAL FILTER

(57)  Anopticalfilter may include a substrate. The op-
tical filter may include a first mirror and a second mirror.
Each of the first mirror and the second mirror may include
a plurality of quarterwave stacks. The plurality of quar-
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terwave stacks may include a plurality of layers compris-
ing afirstmaterial, a second material, and athird material.
The optical filter may include a spacer disposed between
the first mirror and the second mirror.
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Description
BACKGROUND

[0001] A multispectral sensor device may be utilized
to capture information. For example, the multispectral
sensor device may capture information relating to a set
of electromagneticfrequencies. The multispectral sensor
device may include a set of sensor elements (e.g., optical
sensors, spectral sensors, and/or image sensors) that
capture the information. For example, an array of sensor
elements may be utilized to capture information relating
to multiple frequencies. A particular sensor element, of
the sensor element array, may be associated with a filter
that restricts a range of frequencies that are directed to-
ward the particular sensor element. The filter may be
associated with a particular bandwidth corresponding to
a width of a spectral range that the filter passes toward
the particular sensor element.

SUMMARY

[0002] According to some possible implementations,
an optical filter may include a first mirror and a second
mirror. Each of the first mirror and the second mirror may
include a first one or more quarterwave stacks. A quar-
terwave stack, of the first one or more quarterwave
stacks, may include a set of alternating layers of a first
material and a second material. The first material may
be associated with a higher refractive index than the sec-
ond material. Each of the first mirror and the second mir-
ror may include a second one or more quarterwave
stacks. A quarterwave stack, of the second one or more
quarterwave stacks, may include one or more alternating
layers of a third material and a fourth material. The third
material may be associated with a higher refractive index
than the fourth material. The first material, the second
material, the third material, and the fourth material may
include three or more different materials. The optical filter
may include a spacer disposed between the first mirror
and the second mirror.

[0003] At least one of the three or more different ma-
terials may be an oxide material, the oxide material may
include at least one of: niobium titanium oxide (NbTiO,),
silicon dioxide (SiO,) aluminum oxide (Al,Os3), titanium
dioxide (TiO,), niobium pentoxide (Nb,Os), tantalum
pentoxide (Ta,Os5), zirconium oxide (Zr0,), yttrium oxide
(Y503), hafnium dioxide (HfO,), or a combination thereof.
[0004] Atleastone of three or more different materials
may include at least one of: a nitride material, a fluoride
material, a sulfide material, a selenide material, or a com-
bination thereof.

[0005] Atleastone of the first mirror or the second mir-
ror may include a hydrogenated silicon (Si:H) material.
[0006] The spacer may be a hydrogenated silicon
(Si:H) spacer.

[0007] At least one of the three or more different ma-
terials may be associated with a refractive index, at a
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spectral range of between approximately 800 nm and
approximately 1100 nm, greater than 2.0.

[0008] At least one of the three or more different ma-
terials may be associated with a refractive index, at a
spectral range of between approximately 800 nm and
approximately 1100 nm, less than 3.0.

[0009] The optical filter may be associated with a 50%
relative bandwidth of between approximately 0.9 nm and
approximately 5.3 nm at a center wavelength of 932 nm.
[0010] The optical filter may be associated with a 50%
relative bandwidth of between approximately 3.75 nm
and approximately 5.75 nm at a center wavelength of
800 nm.

[0011] The optical filter may be associated with a 50%
relative bandwidth of between approximately 4 nm and
approximately 8nm at a center wavelength of 1100 nm.
[0012] The optical filter may be deposited onto a sub-
strate associated with a set of sensor elements of a sen-
sor element array, the spacer of the optical filter may
include a plurality of layers forming a plurality of channels
corresponding to the set of sensor elements of the sensor
element array.

[0013] The opticalfilter may be an array of opticalfilters
corresponding to a set of sensor elements of a sensor
element array.

[0014] According to some possible implementations,
a multispectral filter may include a first set of dielectric
layers to reflect a portion of light directed toward the first
set of dielectric layers. The first set of dielectric layers
may include a first one or more quarterwave stacks. The
first set of dielectric layers may include a first set of three
or more different materials. The multispectral filter may
include a setof spacer layers. A layer, of the set of spacer
layers, may be selected based on a refractive index of
the layer and corresponding to a wavelength of light that
is to be directed toward a sensor element, of a set of
sensor elements, corresponding to a channel of a set of
channels formed by the set of spacer layers. The multi-
spectral filter may include a second set of dielectric layers
to reflect a portion of light directed toward the second set
of dielectric layers. The second set of dielectric layers
may include a second one or more quarterwave stacks.
The second set of dielectric layers may include a second
set of three or more different materials.

[0015] The first set of three or more different materials
and the second set of three or more different materials
may be acommon setofthree or more different materials.
[0016] The first one or more quarterwave stacks may
include: a first quarterwave stack, the first quarterwave
stack may include a first material of the first set of three
or more different materials, and a second material of the
first set of three or more different materials; and a second
quarterwave stack, the second quarterwave stack may
include the first material and a third material of the second
set of three or more different materials.

[0017] A quantity of channels of the set of channels
may be greater than or equalto a channel quantity thresh-
old: the channel quantity threshold may be one of: 8 chan-
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nels, 16 channels, 32 channels, 64 channels, or 128
channels.

[0018] A thickness of at least one layer of the first set
of dielectric layers and the second set of dielectric layers
may be detuned from a quarterwave thickness. The thick-
ness may be detuned by a threshold percentage, the
threshold percentage may include at least one of: a 10%
reduction, a 20% reduction, a 30% reduction, a 40% re-
duction, a 50% reduction, a 10% increase, a 20% in-
crease, a 30% increase, a 40% increase or a 50% in-
crease.

[0019] According to some possible implementations,
an optical filter may include a substrate. The optical filter
may include a first mirror and a second mirror. Each of
the first mirror and the second mirror may include a plu-
rality of quarterwave stacks. The plurality of quarterwave
stacks may include a plurality of layers comprising a first
material, a second material, and a third material. The
optical filter may include a spacer disposed between the
first mirror and the second mirror.

[0020] Adifference between arefractive index of a high
index material of a quarterwave stack, of the plurality of
quarterwave stacks, and a low index material of the quar-
terwave stack, of the plurality of quarterwave stacks, may
be greater than a threshold.

BRIEF DESCRIPTION OF THE DRAWINGS

[0021]

Fig. 1 is a diagram of an overview of an example
implementation described herein;

Figs. 2A-2D are diagrams of characteristics relating
to a multispectral filter described herein;

Figs. 3A-3D are diagrams of characteristics relating
to a multispectral filter described herein;

Figs. 4A-4C are diagrams of characteristics relating
to a multispectral filter described herein;

Figs. 5A-5C are diagrams of characteristics relating
to a multispectral filter described herein;

Figs. 6A-6C are diagrams of characteristics relating
to a multispectral filter described herein;

Figs. 7A-7D are diagrams of characteristics relating
to a multispectral filter described herein; and

Figs. 8A and 8B are diagrams of characteristics re-
lating to a multispectral filter described herein.

DETAILED DESCRIPTION

[0022] The following detailed description of example
implementations refers to the accompanying drawings.
The same reference numbers in different drawings may
identify the same or similar elements.

[0023] A sensorelement (e.g., an optical sensor) may
be incorporated into an optical sensor device to obtain
information (e.qg., spectral data) regarding a set of elec-
tromagnetic frequencies. For example, the optical sensor
device may include animage sensor, a multispectral sen-
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sor, or the like that may perform a sensor measurement
of light. The optical sensor device may utilize one or more
sensor technologies, such as a complementary metal-
oxide-semiconductor (CMOS) technology, a charge-
coupled device (CCD) technology, or the like. The optical
sensor device may include multiple sensor elements
(e.g., an array of sensor elements) each configured to
obtain information.

[0024] A sensorelement may be associated with afilter
that filters light to the sensor element. For example, the
sensor element may be aligned with a linear variable filter
(LVF), a circular variable filter (CVF), a Fabry-Perotfilter,
or the like to cause a portion of light directed toward the
sensor element to be filtered. For a binary filter structure,
such as a Fabry-Perot filter, hydrogenated silicon (Si:H)
may be selected for layers of a spacer that is positioned
between mirrors of a filter. The mirrors may be manufac-
tured from metal layers (e.g., silver) or dielectric layers
(e.g., quarterwave stacks of alternating high-index layers
and low-index layers (HL pairs)). For example, a multi-
spectral filter may include a first mirror, which includes a
set of quarterwave stacks of alternating hydrogenated
silicon layers and silicon dioxide layers, and a second
mirror, which includes another set of quarterwave stacks
of alternating hydrogenated silicon layers and silicon di-
oxide layers. The multispectral filter may result in a par-
ticular filter response. For example, the multispectral filter
may be associated with a particular center wavelength
of a spectral range passed toward the sensor, a particular
bandwidth of the spectral range passed toward the sen-
sor element, or the like. The filter response may be al-
tered by altering a thickness of the spacer or by altering
the quantity of quarterwave stacks between which the
spacer is positioned.

[0025] However, altering the thickness of the spacer
for a single cavity type of filter and/or altering a quantity
of quarterwave stacks may result in a change to the filter
response that exceeds a threshold. For example, an al-
teration from a set of two hydrogenated silicon and silicon
dioxide quarterwave stacks to a set of three hydrogen-
ated silicon and silicon dioxide quarterwave stacks may
reduce a bandwidth of a filter from a first bandwidth that
is greater than a first threshold to a second bandwidth
that is less than a second threshold. Implementations,
described herein, may utilize a mixed quarterwave stack
configuration, an altered quarterwave stack layer thick-
ness, or the like to permit altering a multispectral filter
response. For example, implementations, described
herein, may utilize three or more coating materials for
quarterwave stacks of a multispectral filter. In this case,
afilter response of a multispectral filter may be changed
from, for example, aninitial bandwidth that is greater than
the first threshold to a target bandwidth that is between
the first threshold and the second threshold. In this way,
a greater granularity in tuning of multispectral filter per-
formance is achieved.

[0026] Fig. 1isadiagram of an overview of an example
implementation 100 described herein. As shown in Fig.
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1, amultispectralfilter 105 (e.g., a binary structure optical
filter array) may include a first mirror 110-1, a second
mirror 110-2, and a spacer 120.

[0027] As further shown in Fig. 1, first mirror 110-1 and
second mirror 110-2 may sandwich spacer 120. In other
words, spacer 120 may separate first mirror 110-1 and
second mirror 110-2 by a threshold distance, and/or fac-
es of spacer 120 may be enclosed by first mirror 110-1
and second mirror 110-2. In some implementations, mir-
rors 110 may be associated with a particular material.
For example, mirrors 110 may include a set of dielectric
mirror layers (e.g., alternating hydrogenated silicon lay-
ers and silicon dioxide layers) or the like to reflect a por-
tion of light directed from a light source toward sensor
elements associated with multispectral filter 105. Mirrors
110 may align with each sensor element of a sensor el-
ement array associated with each channel of multispec-
tral filter 105.

[0028] In some implementations, spacer 120 may in-
clude one or more spacer layers 130. For example, spac-
er 120 may include a set of spacer layers 130-1 through
130-5 (e.qg., dielectric layers, such as hydrogenated sili-
con layers). Insome implementations, a thickness of one
or more spacer layers 130 may be associated with en-
suring a minimum spacer thickness for a particular wave-
length. In some implementations, spacer 120 may be as-
sociated with a single cavity configuration. Additionally,
or alternatively, spacer 120 may be associated with a
multicavity configuration.

[0029] Insome implementations, a thickness of one or
more spacer layers 130 may be related based on a binary
progression. For example, spacer layer 130-3 may be
associated with a thickness of approximately half a thick-
ness of spacer layer 130-2, spacer layer 130-4 may be
associated with a thickness of approximately half the
thickness of spacer layer 130-3, and spacer layer 130-5
may be associated with a thickness of approximately half
the thickness of spacer layer 130-4.

[0030] In some implementations, multispectral filter
105 may be deposited onto a substrate associated with
an optical sensor device. For example, mirror 110-1 may
be deposited (e.g., via a deposition process and/or a pho-
tolithographic lift-off process) onto a substrate that in-
cludes anarray of sensor elementsto capture information
(e.g., spectral data). In some implementations, spacer
120 may permit capture of information relating to multiple
wavelengths. For example, a first portion of spacer 120
aligned with a first sensor element (e.g., a back illumi-
nated optical sensor or a front illuminated optical sensor
of a sensor element array) may be associated with a first
thickness and a second portion of spacer 120 aligned
with a second sensor element may be associated with a
second thickness. In this case, light, which is directed
toward the first sensor element via a first channel corre-
sponding the first portion and toward the second sensor
element via a second channel corresponding to the sec-
ond portion, may correspond to a first wavelength at the
first sensor element based on the first thickness and a
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second wavelength at the second sensor element based
on the second thickness. In this way, multispectral filter
105 permits multispectral sensing by an optical sensor
device using a spacer (e.g., spacer 120) associated with
multiple portions, which are associated with multiple
thicknesses, aligned to multiple sensor elements of the
optical sensor device.

[0031] As indicated above, Fig. 1 is provided merely
as an example. Other examples are possible and may
differ from what was described with regard to Fig. 1.
[0032] Figs. 2A-2D are diagrams of characteristics re-
lating to a multispectral filter. Figs. 2A-2D show an ex-
ample of a multispectral filter with a first set of two quar-
terwave stacks and a second set of two quarterwave
stacks sandwiching a spacer.

[0033] As shown in Fig. 2A, and by chart 200, a filter
210 may include a substrate, a first set of two quarter-
wave stacks, a spacer, and a second set of two quarter-
wave stacks. The first set of quarterwave stacks include
layers 1 through 4 of alternating hydrogenated silicon
(shown as "Si_H" or sometimes termed Si:H) layers and
silicon dioxide (shown as "SiO2") layers. The spacer may
include layer 5 of hydrogenated silicon spacer. The sec-
ond set of two quarterwave stacks include layers 6
through 9 of alternating hydrogenated silicon layers and
silicon dioxide layers.

[0034] The hydrogenated silicon layers of thefirst quar-
terwave stack and the second quarterwave stack may
each be associated with a refractive index of approxi-
mately 3.7226 at a spectral range of approximately 932
nm, a physical thickness of approximately 62.6 nm, and
a quarterwave optical thickness (shown as "Q.W.0.T.")
of approximately 932 nm. Quarterwave optical thickness
of a layer corresponds to the physical thickness and re-
fractive index of the layer. In some implementations, the
high index layers of the quarterwave stacks (e.g., the
hydrogenated silicon layers, which are associated with
a higher index than the low-index layers of the quarter-
wave stack-the silicon dioxide layers) may be associated
with a refractive index greater than a threshold value. For
example, the high index layers may be associated with
a refractive index, at a spectral range of approximately
800 nm to approximately 1100 nm, that is greater than
approximately 2.0, approximately 2.5, approximately 3.0,
approximately 3.5, approximately 3.6, approximately 3.7,
or the like. In some implementations, a difference be-
tween a refractive index of the high index material layers
and a refractive index of the low index material layers
may be greater than a threshold, such as greater than
approximately 1.0, greater than approximately 1.5, great-
er than approximately 2.0, or the like.

[0035] The silicon dioxide layers of the first set of two
quarterwave stacks and the second set of two quarter-
wave stacks may each be associated with a refractive
index of approximately 1.4664 at a spectral range of ap-
proximately 932 nm, a physical thickness ofapproximate-
ly 158.9 nm, and a quarterwave optical thickness of ap-
proximately 932 nm. In some implementations, the low
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index layers of the quarterwave stacks (e.g., the silicon
dioxide layers) may be associated with a refractive index
less than a threshold value at a spectral range of approx-
imately 800 nm to approximately 1100 nm, such as a
refractive index less than the refractive index of the high
index layers, less than approximately 3.0, less than ap-
proximately 2.5, less than approximately 2.0, less than
approximately 1.75, less than approximately 1.5, or the
like.

[0036] The hydrogenated silicon spacer layer is asso-
ciated with a refractive index of approximately 3.7226, a
physical thickness of approximately 125.2 nm, and a
quarterwave optical thickness of approximately 1864 nm.
Although described herein as a hydrogenated silicon
spacer layer, the hydrogenated silicon spacer layer may
include multiple spacer layers of hydrogenated silicon of
multiple thicknesses selected to form multiple channels.
For example, in a first case, the hydrogenated silicon
spacer layer may be formed using multiple layers to form
64 channels. Similarly, in a second case, the hydrogen-
ated silicon spacer layer may be formed using multiple
layers toform 128 channels. Additionally, or alternatively,
a spacer layer may be utilized to form another threshold
quantity of channels, such as 8 channels, 16 channels,
32 channels, 256 channels, or the like. In some imple-
mentations, the spacer layer may be associated with a
refractive index greater than a threshold at a spectral
range of approximately 800 nm to approximately 1100
nm, such as a refractive index greaterthan approximately
2.0, approximately 2.5, approximately 3.0, approximately
3.5, approximately 3.6, approximately 3.7, or the like.
[0037] As shown in Fig. 2B, chart 250 represents a
refractive index profile of filter 210. As shown, filter 210
includes a substrate, a first mirror 252-1 deposited on
the substrate, a second mirror 252-2, and a hydrogenat-
ed silicon spacer 254 disposed between first mirror 252-1
and second mirror 252-2. First mirror 252-1 includes a
first quarterwave stack 256-1 and a second quarterwave
stack 256-2. Similarly, second mirror 252-2 includes a
third quarterwave stack 256-3 and a fourth quarterwave
stack 256-4. Each quarterwave stack 256-1 through
256-4 includes a hydrogenated silicon layer and a silicon
dioxide layer forming a high-index layer/low-index layer
(HL) pair.

[0038] As shown in Fig. 2C, and by chart 270; and in
Fig. 2D, and by chart 280, a filter response for filter 210
is provided. For example, filter 210 is associated with a
transmissivity (shown as "T[%]") of greater than approx-
imately 90% at a wavelength (shown as "A[nm]") of ap-
proximately 932 nm. As shown in Fig. 2D, and by refer-
ence number 282, filter 210 is associated with a relative
50% bandwidth (e.g., a bandwidth for transmissivity
greater than 50% surrounding a center wavelength rep-
resenting a peak transmissivity) of approximately 5.3 nm
in a spectral range from approximately 929.35 nm to ap-
proximately 934.65 nm.

[0039] As indicated above, Figs. 2A-2D are provided
merely as examples. Other examples are possible and
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may differ from what was described with regard to Figs.
2A-2D.

[0040] Figs. 3A-3D are diagrams of characteristics re-
lating to a multispectral filter. Figs. 3A-3D show an ex-
ample of a multispectral filter with afirst set of three quar-
terwave stacks and a second set of three quarterwave
stacks sandwiching a spacer.

[0041] As shown in Fig. 3A, chart 350 represents a
refractive index profile of a filter 310. As shown, filter 310
includes a substrate, a first mirror 352-1 deposited on
the substrate, a second mirror 352-2, and a hydrogenat-
ed silicon spacer 354 disposed between first mirror 352-1
and second mirror 352-2. First mirror 352-1 includes a
set of three quarterwave stacks 356-1 through 356-3.
Second mirror 352-2 includes a set of three quarterwave
stacks 356-4 through 356-6. Each quarterwave stack 356
includes a hydrogenated silicon layer and a silicon diox-
ide layer forming an HL pair.

[0042] As shown in Fig. 3B, and by chart 370; in Fig.
3C, and by chart 380; and in Fig. 3D, and by chart 390,
the filter response for filter 210 and a filter response for
filter 310 are provided. For example, as shown in Fig.
3C, and by reference number 392 and 392’, based on
filter 310including an additional hydrogenated silicon and
silicon dioxide quarterwave stack for each mirror of filter
310 relative to filter 210, filter 310 is associated with a
reduced peak transmissivity and a reduced relative 50%
bandwidth. In this case, as shown in Fig. 3C and by ref-
erence number 392, filter 210 is associated with a trans-
missivity of approximately 92% at approximately 932 nm
and a 50% relative bandwidth of 5.3 nm. In contrast, as
shown in Fig. 3C, and by reference number 392, filter
310 is associated with a peak transmissivity of approxi-
mately 76% at approximately 932 nm, and is associated
with a 50% relative bandwidth of approximately 0.9 nm.
As shownin Fig. 3D, and by reference numbers 396 and
396’ filter 310 is associated with a reduced out of band
transmission relative to filter 210, and a minimum trans-
missivity is reduced from approximately 0.1% to approx-
imately 0.005% for filter 310 relative tofilter 210. In some
implementations, transmissivity for filter 310 may be fur-
ther improved by matching a configuration of filter 310 to
a substrate and another medium (e.g., air).

[0043] Inthese cases, changing a quantity of quarter-
wave stacks in mirrors of a multispectral filter (e.g., from
two quarterwave stacks in each mirror to three quarter-
wave stacks in each mirror) causes a change to optical
characteristics of the multispectralfilter, thereby enabling
tuning the multispectral filter for a particular spectral
range, a particular transmissivity, or the like. However,
the change in optical characteristics may be greater than
a threshold change. For example, a multispectral filter
may be desired that is associated with a 50% relative
bandwidth that is between approximately 0.9 nm and ap-
proximately 5.3 nm.

[0044] As indicated above, Figs. 3A-3D are provided
merely as examples. Other examples are possible and
may differ from what was described with regard to Figs.
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3A-3D.

[0045] Figs. 4A-4C are diagrams of characteristics re-
lating to a multispectral filter. Figs. 4A-4C show an ex-
ample of a multispectral filter with an additional low index
layer (e.g., a silicon dioxide layer) disposed contiguous
to each of a first set of three quarterwave stacks and a
second set of three quarterwave stacks, and a spacer
disposed between the first set of three quarter wave
stacks, the second set of three quarterwave stacks, and
the additional low index layers.

[0046] As shown in Fig. 4A, chart 450 represents a
refractive index profile of a filter 410. As shown, filter 410
includes a substrate, a first mirror 452-1 deposited on
the substrate, a second mirror 452-2, and a spacer 454
disposed between first mirror 452-1 and second mirror
452-2. First mirror 452-1 includes a set of quarterwave
stacks 456-1 through 456-3 and an unpaired silicon di-
oxide layer 458-1 (e.g., a low index silicon dioxide layer
not paired with a high index hydrogenated silicon layer
or another high index layer). Similarly, second mirror
452-2 includes a setof quarterwave stacks 456-4 through
456-6 and an unpaired silicon dioxide layer 458-2. Each
quarterwave stack 456 is disposed between unpaired sil-
icon dioxide layers 458-1 and 458-2, and includes a hy-
drogenated silicon layer and a silicon dioxide layer form-
ing an HL pair. Although silicon dioxide layers 458 are
not paired with corresponding high index layers (e.qg., hy-
drogenated silicon layers), each silicon dioxide layer 458
may be termed a quarterwave stack for a respective mir-
ror 452. In some implementations, filter 410 may be an
array of optical filters aligned to a set of senscor elements
of a sensor element array.

[0047] As shown in Fig. 4B, and by chart 470; and in
Fig. 4C, and by chart 480, a set of filter responses for
filter 210, filter 310, and filter 410 is provided. For exam-
ple, as shown in Fig. 4B, and by reference number 492,
492’, and 492", based on filter 410 including a set of un-
paired silicon dioxide layers for each mirror of filter 410,
filter 410 is associated with a peak transmissivity at ap-
proximately 932 nm that is between that of filter 210 and
filter 310, and a 50% relative bandwidth that is between
that of filter 210 and filter 310. In this case, as shown in
Fig. 4B and by reference number 492, filter 210 is asso-
ciated with a peak transmissivity of greater than 90% at
approximately 932 nm and is associated with a 50% rel-
ative bandwidth of approximately 5.3 nm. As shown in
Fig. 4B and by reference number 492, filter 310 is asso-
ciated with a peak transmissivity of approximately 75%
at approximately 932 nm and a 50% relative bandwidth
of approximately 0.9 nm. In contrast, as shown in Fig.
4B, and by reference number 492", filter 410 is associ-
ated with a peak transmissivity of approximately 80% at
approximately 932 nm and a 50% relative bandwidth of
approximately 1.4 nm.

[0048] In this case, adding the unpaired set of silicon
dioxide layers causes a change to optical characteristics
of a multispectral filter, thereby enabling tuning the mul-
tispectral filter for a particular spectral range, a particular
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transmissivity, a particular bandwidth, or the like with a
greatergranularity than altering a quantity of quarterwave
stacks.

[0049] As indicated above, Figs. 4A-4C are provided
merely as examples. Other examples are possible and
may differ from what was described with regard to Figs.
4A-4C.

[0050] Figs. 5A-5C are diagrams of characteristics re-
lating to a multispectral filter. Figs. 5A-5C show an ex-
ample of a multispectral filter with mixed sets of quarter-
wave stacks, and a spacer disposed between the mixed
sets of quarterwave stacks.

[0051] As shown in Fig. 5A, chart 550 represents a
refractive index profile of a filter 510. As shown, filter 510
includes a substrate, a first mirror 552-1 deposited on
the substrate, a second mirror 552-2, and a spacer 554
disposed between first mirror 552-1 and second mirror
552-2. First mirror 552-1 includes a set of quarterwave
stacks 556-1 and 556-2, a quarterwave stack 558-1, and
an unpaired silicon dioxide layer 560-1. Similarly, second
mirror 552-2 includes a set of quarterwave stacks 556-3
and 556-4, a quarterwave stack 558-2, and an unpaired
silicon dioxide layer 560-2. Each quarterwave stack 556
includes hydrogenated silicon and silicon dioxide forming
an HL pair. Each quarterwave stack 558 includes nicbium
titanium oxide (NbTiO,) forming an HL pair. In this case,
filter 510 utilizes mixed sets of quarterwave stacks, with
each mirror 552 including different types of HL pairs. Uti-
lization of the mixed sets of quarterwave stacks permits
characteristics of filter 510 to be controlled with a greater
granularity than another technique that utilizes increased
or decreased quantities of quarterwave stacks to control
characteristics. Although described herein in terms of
niobium titanium oxide, silicon dioxide, and hydrogenat-
ed silicon for quarterwave stacks of filter 510, another
group of three or more materials may be used for a set
of mixed quarterwave stacks, such as utilizing as an oxide
material, such as silicon dioxide (SiO,), niobium pentox-
ide (Nb,O5), tantalum pentoxide (Ta,0s), titanium diox-
ide (TiO,), aluminum oxide (Al,O3), zirconium oxide
(Zr0,), yttrium oxide (Y,0,), hafnium dioxide (HfO,), or
the like; a nitride material, such as silicon nitride (Si3N4);
a fluoride material, such as magnesium fluoride (MgF);
a sulfide material, such as zinc sulfide (ZnS); a selenide
material, such as zinc selenide (ZnSe); a combination
thereof; or the like.

[0052] As shown in Fig. 5B, and by chart 570; and in
Fig. 5C, and by chart 580, the filter response for filter
210, the filter response for filter 310, and a filter response
for filter 510 are provided. For example, as shown in Fig.
5B, and byreference numbers 592, 592°, and 592", based
on filter 510 including the set of unpaired silicon dioxide
layers 560 and utilizing the mixed set of quarterwave
stacks, filter 510 is associated with a peak transmissivity
at approximately 932 nm and a 50% relative bandwidth
that is between that of filter 210 and filter 310. In this
case, as shown in Fig. 5B and by reference number 592,
filter 210 is associated with a peak transmissivity of great-
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er than 90% at approximately 932 nm and a 50% relative
bandwidth of approximately 5.3 nm, and as shown in Fig.
5B and by reference number 592’ filter 310 is associated
with a peak transmissivity of approximately 75% at ap-
proximately 932 nm and a 50% relative bandwidth of ap-
proximately 0.2 nm. In contrast, as shown in Fig. 5B, and
by reference number 592", filter 510 is associated with
a peak transmissivity of approximately 90% at approxi-
mately 932 nm and a 50% relative bandwidth of approx-
imately 3.1 nm.

[0053] In this case, utilizing the set of mixed quarter-
wave stacks causes a change to optical characteristics
ofthe multispectralfilter, thereby enabling tuning the mul-
tispectral filter for a particular spectral range, a particular
transmissivity, or the like with a greater granularity than
altering a quantity of quarterwave stacks.

[0054] As indicated above, Figs. 5A-5C are provided
merely as examples. Other examples are possible and
may differ from what was described with regard to Figs.
5A-5C.

[0055] Figs. 6A-6C are diagrams of characteristics re-
lating to a multispectral filter. Figs. 6A-6C show an ex-
ample of a multispectral filter with detuned sets of quar-
terwave stacks, and a spacer disposed between the de-
tuned sets of quarterwave stacks.

[0056] As shown in Fig. 6A, chart 650 represents a
comparison of a refractive index profile of filter 410 and
a refractive index profile of a filter 610. As shown, filter
610 includes a substrate, a first mirror 652-1 deposited
on the substrate, a second mirror 652-2, and a hydro-
genated silicon spacer 654 disposed between first mirror
652-1 and second mirror 652-2. First mirror 652-1 in-
cludes a set of quarterwave stacks 656-1 through 656-3
and an unpaired silicon dioxide layer 658-1. Similarly,
second mirror 652-2 includes a set of quarterwave stacks
656-4 through 656-6 and an unpaired silicon dioxide layer
658-2. Each quarterwave stack 656 includes a hydro-
genated silicon layer and a silicon dioxide layer forming
an HL pair. In some implementations, another set of ma-
terials may be used for quarterwave stacks 656. In some
implementations, quarterwave stacks 656 may be a
mixed set of quarterwave stacks using three or more ma-
terials.

[0057] As further shown in Fig. 6A, and by reference
number 660, filter 810 (e.g., of mirrors 652) includes sil-
icon dioxide layers that are associated with a threshold
reduction in thickness relative to silicon dioxide layers of
filter 410 (e.g., of mirrors 452). As shown by reference
number 662, filter 610 includes hydrogenated silicon lay-
ers associated with a threshold increase in thickness rel-
ative to hydrogenated silicon layers of filter 410. In some
implementations, the threshold increase or reduction
may be a selected to detune the quarterwave stacks from
a quarterwave thickness (e.g., a thickness associated
with a center wavelength of light that is to be incident on
the quarterwave stacks), thereby centering filter 610 at
a selected center wavelength for a peak transmissivity
and/or altering a 50% relative bandwidth for filter 610,
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such as by utilizing an approximately 30% increase or
an approximately 30% reduction in thickness. Addition-
ally, or alternatively, an increase orreduction in thickness
between approximately 25% and 30%), between approx-
imately 20% and 40%, between approximately 10% and
50%, or the like may be selected for filter 610.

[0058] As shown in Fig. 6B, and by chart 670; and in
Fig. 6C, and by chart 680, a set of filter responses for
filter 210, filter 310, and filter 610 is provided. For exam-
ple, as shown in Fig. 6B, and by reference numbers 692,
692’, and 692", based on filter 610 including a set of de-
tuned quarterwave stacks (e.g., quarterwave stacks us-
ing altered layerthicknesses), filter 610 is associated with
apeaktransmissivity atapproximately 932 nmanda 50%
relative bandwidth that is between that of filter 210 and
filter 310. In this case, as shown in Fig. 6B and by refer-
ence number 692, filter 210 is associated with a peak
transmissivity of greater than 90% at approximately 932
nm and a 50% relative bandwidth of approximately 5.3,
and as shown in Fig. 6B and by reference number 592,
filter 310 is associated with a peak transmissivity of ap-
proximately 75% at approximately 932 nm and a 50%
relative bandwidth of approximately 0.9 nm. In contrast,
as shown in Fig. 6B, and by reference number 692", filter
610 is associated with a peak transmissivity of approxi-
mately 87% at approximately 932 nm and a 50% relative
bandwidth of approximately 2.0 nm.

[0059] Inthis case, utilizing the set of detuned quarter-
wave stacks causes a change to optical characteristics
of the multispectralfilter, thereby enabling tuning the mul-
tispectral filter for a particular spectral range, a particular
transmissivity, or the like with a greater granularity than
altering a quantity of quarterwave stacks. For example,
detuning a thickness of quarterwave stacks permits con-
figuration of an optical filter with a selected bandwidth,
such as a bandwidth between bandwidths associated
with different quantities of quarterwave stacks, a band-
width overlapping with bandwidths associated with dif-
ferent quantities of quarterwave stacks, or the like.
[0060] As indicated above, Figs. 6A-6C are provided
merely as examples. Other examples are possible and
may differ from what was described with regard to Figs.
BA-6C.

[0061] Figs. 7A-7D are diagrams of characteristics re-
lating to a set of multispectral filters. Figs. 7A-7D show
examples of multispectral filters with mixed sets of quar-
terwave stacks.

[0062] As shown in Fig. 7A, chart 705 represents a
refractive index profile of filter 710. As shown, filter 710
includes a substrate, a first mirror 712-1 deposited on
the substrate, a second mirror 712-2, and a hydrogenat-
ed silicon spacer 714 disposed between first mirror 712-1
and second mirror 712-2. First mirror 712-1 includes a
set of quarterwave stacks 716-1 and 716-2 of hydrogen-
ated silicon and silicon dioxide as HL pairs and a quar-
terwave stack 718-1 of niobium titanium oxide and silicon
dioxide as an HL pair. Second mirror 712-2 includes a
set of quarterwave stacks 716-3 and 716-4 of hydrogen-
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ated silicon and silicon dioxide as HL pairs and a quar-
terwave stack 718-2 of niobium titanium oxide and silicon
dioxide as an HL pair. In this case, quarterwave stack
718-1is disposed between quarterwave stack 716-2 and
hydrogenated silicon spacer 714, and quarterwave stack
718-2 is disposed between quarterwave stack 716-3 and
hydrogenated silicon spacer 714.

[0063] As shown in Fig. 7B, chart 735 represents a
refractive index profile of filter 740. As shown, filter 740
includes a substrate, a first mirror 742-1 deposited onto
the substrate, a second mirror 742-2, and a hydrogenat-
ed silicon spacer 744 disposed between first mirror 742-1
and second mirror 742-2. First mirror 742-1 includes a
set of quarterwave stacks 746-1 and 746-2 of hydrogen-
ated silicon and silicon dioxide as HL pairs, aquarterwave
stack 748-1 of niobium titanium oxide and silicon dioxide
asan HL pair, and an unpaired silicon dioxide layer 750-1.
Similarly, second mirror 742-2 includes a set of quarter-
wave stacks 746-3 and 746-4 of hydrogenated silicon
and silicon dioxide as HL pairs, a quarterwave stack
748-2 of niobium titanium oxide and silicon dioxide as an
HL pair, and an unpaired silicon dioxide layer 750-2. In
this case, quarterwave stack 748-1 is disposed between
quarterwave stacks 746-1 and 746-2, and quarterwave
stack 748-2 is disposed between quarterwave stacks
746-3 and 746-4.

[0064] As shown in Fig. 7C, chart 755 represents a
refractive index profile of filter 760. As shown, filter 760
includes a substrate, a first mirror 762-1 deposited on
the substrate, a second mirror 762-2, and a hydrogenat-
ed silicon spacer 764 disposed between first mirror 762-1
and second mirror 762-2. First mirror 762-1 includes a
quarterwave stack 766-1 of hydrogenated silicon and
tantalum pentoxide (Ta,05) as an HL pair, a set of two
quarterwave stacks 768-1 and 768-2 of hydrogenated
silicon and silicon dioxide as HL pairs, and an unpaired
tantalum pentoxide layer 770-1. Similarly, second mirror
762-2 includes a quarterwave stack 766-2 of hydrogen-
ated silicon and tantalum pentoxide as an HL pair, a set
of two quarterwave stacks 768-3 and 768-4 of hydrogen-
ated silicon and silicon dioxide as HL pairs, and an un-
paired tantalum pentoxide layer 770-2. In this case, quar-
terwave stacks 768-1 and 768-2 are disposed between
quarterwave stack 766-1 and hydrogenated silicon spac-
er 764, and quarterwave stacks 768-3 and 768-4 are dis-
posed between quarterwave stack 766-2 and hydrogen-
ated silicon spacer 764.

[0065] As shown in Fig. 7D, chart 775 represents a
refractive index profile of filter 780. As shown, filter 780
includes a substrate, a first mirror 782-1 deposited on
the substrate, a second mirror 782-2, and a hydrogenat-
ed silicon spacer 784 disposed between first mirror 782-1
and second mirror 782-2. First mirror 782-1 includes a
set of two quarterwave stacks 786-1 and 786-2 of hydro-
genated silicon and niobium titanium oxide as HL pairs,
a set of two quarterwave stacks 788-1 and 788-2 of hy-
drogenated silicon and silicon dioxide as HL pairs, and
an unpaired niobiumtitanium oxide layer 790-1. Similarly,
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second mirror 782-2 includes a set of two quarterwave
stacks 786-3 and 786-4 of hydrogenated silicon and nio-
bium titanium oxide as HL pairs, a set of two quarterwave
stacks 788-3 and 788-4 of hydrogenated silicon and sil-
icon dioxide as HL pairs, and an unpaired tantalum pen-
toxide layer 790-2. In this case, quarterwave stacks
788-1 and 788-2 are disposed between quarterwave
stack 786-2 and hydrogenated silicon spacer 784, and
quarterwave stacks 788-3 and 788-4 are disposed be-
tween quarterwave stack 786-3 and hydrogenated sili-
con spacer 784.

[0066] As indicated above, Figs. 7A-7D are provided
merely as examples. Other examples are possible and
may differ from what was described with regard to Figs.
7A-7D.

[0067] Figs. 8A and 8B are diagrams of characteristics
relating to a set of multispectral filters. Figs. 8A and 8B
show examples of 50% relative bandwidths for filters de-
scribed herein.

[0068] As shown in Fig. 8A, and by table 800, a set of
50% relative bandwidths for filters described herein is
provided for a center wavelength of approximately 932
nm. As shown, filter 210 is associated with a 50% relative
bandwidth of approximately 5.3 nm. Adding an additional
quarterwave stack to form filter 310 results in a 50% rel-
ative bandwidth of approximately 0.9 nm. As described
herein, multiple techniques may be utilized to tune a mul-
tispectral filter with a greater degree of granularity (e.g.,
to tune a multispectral filter to a 50% relative bandwidth
that is between approximately 0.9 nm and approximately
5.3 nm or another range of 50% relative bandwidths as-
sociated with another set of multispectral filters). For ex-
ample, filter 410 results in a 50% relative bandwidth of
approximately 1.4 nm, filter 510 results in arelative band-
width of approximately 3.1 nm, filter 610 results in a 50%
relative bandwidth of 2.0 nm, filter 710 results in a 50%
relative bandwidth of approximately 2.8 nm, filter 740 re-
sults in a 50% relative bandwidth of approximately 3.1
nm, filter 760 results in a 50% relative bandwidth of ap-
proximately 5.3 nm, and filter 780results in a 50% relative
bandwidth of approximately 3.0 nm.. In this way, a mul-
tispectral filter may utilize three or more different mate-
rials for quarterwave stack mirrors, detuned quarterwave
stack thicknesses, unpaired quarterwave stack layers,
or the like to achieve a particular spectral range, trans-
missivity, or the like.

[0069] As shown in Fig. 8B, and by chart 850, a set of
50% relative bandwidths for filters described herein is
provided at a set of center wavelengths. For example,
based on tuning a multispectral filter described herein to
a particular center wavelength (e.qg., by altering a spacer
thickness for the multispectralfilter), a 50% relative band-
width may be determined. As shown, for a spectral range
of center wavelengths of between approximately 800 nm
and approximately 1100 nm, each offilters 410,510, 610,
710, 740, 760, and 780 is associated with a 50% relative
bandwidth between that of filters 210 and 310. For ex-
ample, at a center wavelength of approximately 800 nm,
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filters 410, 510, 610, 710, 740, 760, and 780 are associ-
ated with a 50% relative bandwidth of between approxi-
mately 3.75 nm and approximately 5.75 nm. Similarly, at
a center wavelength of approximately 1100 nm, filters
410, 510, 610, 710, 740, 760, and 780 are associated
with a 50% relative bandwidth of between approximately
4 nm and approximately 8 nm.

[0070] As indicated above, Figs. 8A and 8B are pro-
vided merely as examples. Other examples are possible
and may differ from what was described with regard to
Figs. 8A and 8B.

[0071] Although some implementations, described
herein, are described in terms of a granularity of tuning
of spectral range relative to another optical filter with two
quarterwave stacks or three quarterwave stacks, some
implementations described herein may provide greater
granularity of tuning relative to other quantities of quar-
terwave stacks. For example, utilizing a third coating ma-
terial, fourth coating material, or the like or detuning a
thickness of quarterwave stacks may permit improve
granularity of tuning of an optical filter for a particular
spectral range, transmissivity, or the like relative to an
addition or subtraction of one quarterwave stack, an ad-
dition or subtraction of two quarterwave stacks, an addi-
tion or subtraction of three quarterwave stacks, an addi-
tion or subtraction of four quarterwave stacks, or the like.
[0072] In this way, utilization of a mixed set of quarter-
wave stacks or a detuned set of quarterwave stacks re-
sults in a greater granularity for controlling a transmis-
sivity, bandwidth, or the like relative to another technique
involving utilizing additional quantities of quarterwave
stacks. Based on improving a granularity of control of
multispectral filters, sensing is improved for sensor ele-
ments attached to the multispectral filters.

[0073] The foregoing disclosure provides illustration
and description, but is not intended to be exhaustive or
to limit the implementations to the precise form disclosed.
Modifications and variations are possible in light of the
above disclosure or may be acquired from practice of the
implementations.

[0074] Some implementations are described herein in
connection with thresholds. As used herein, satisfying a
threshold may refer to a value being greater than the
threshold, more than the threshold, higher than the
threshold, greater than or equal to the threshold, less
than the threshold, fewer than the threshold, lower than
the threshold, less than or equal to the threshold, equal
to the threshold, etc.

[0075] Even though particular combinations of fea-
tures are recited in the claims and/or disclosed in the
specification, these combinations are notintended to limit
the disclosure of possible implementations. In fact, many
of these features may be combined in ways not specifi-
cally recited in the claims and/or disclosed in the speci-
fication. Although each dependentclaim listed below may
directly depend on only one claim, the disclosure of pos-
sible implementations includes each dependent claim in
combination with every other claim in the claim set.
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[0076] No element, act, or instruction used herein
should be construed as critical or essential unless explic-
itly described as such. Also, as used herein, the articles
"a" and "an" are intended to include one or more items,
and may be used interchangeably with "one or more."
Furthermore, as used herein, the term "set" is intended
to include one or more items (e.g., related items, unre-
lated items, a combination ofrelated items, and unrelated
items, etc.), and may be used interchangeably with "one
or more." Where only one item s intended, the term "one"
or similar language is used. Also, as used herein, the
terms "has," "have," "having," or the like are intended to
be open-ended terms. Further, the phrase "based on" is
intended to mean "based, at least in part, on" unless ex-
plicitly stated otherwise.

Claims
1. An optical filter, comprising:
a first mirror and a second mirror,

each of the first mirror and the second mirror
including a first one or more quarterwave
stacks,

a quarterwave stack, of the first one or more
quarterwave stacks, including a set of alter-
nating layers of afirstmaterial and a second
material,

the first material being associated with a
higher refractive index than the second ma-
terial,

each of the first mirror and the second mirror
including a second one or more quarter-
wave stacks,

aquarterwave stack, of the second one
or more quarterwave stacks, including
one or more alternating layers of a third
material and a fourth material,

the third material being associated with
a higher refractive index than the fourth
material,

the first material, the second material,
the third material, and the fourth mate-
rial comprising three or more different
materials; and

a spacer disposed between the first mirror and
the second mirror.

2. The opticalfilter of claim 1, where at least one of the
three or more different materials is an oxide material,
the oxide material including at least one of:

niobium titanium oxide (NbTiO,),
silicon dioxide (SiO,),
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aluminum oxide (Al,O5),
titanium dioxide (TiOy),
niobium pentoxide (Nb,Os),
tantalum pentoxide (Ta,0s),
zirconium oxide (ZrO,),
yttrium oxide (Y,03),
hafnium dioxide (HfO,), or
a combination thereof.

The optical filter of claim 1, where at least one of
three or more different materials includes at least
one of:

a nitride material,

a fluoride material,

a sulfide material,

a selenide material, or
a combination thereof

The optical filter of claim 1, where at least one of the
first mirror or the second mirror includes a hydrogen-
ated silicon (Si:H) material and/or where the spacer
is a hydrogenated silicon (Si:H) spacer.

The optical filter of claim 1, where at least one of the
three or more different materials is associated with
a refractive index, at a spectral range of between
approximately 800 nm and approximately 1100 nm,
greater than 2.0 or less than 3.0.

The optical filter of claim 1, where the optical filter is
associated with a50% relative bandwidth of between
approximately 0.9 nm and approximately 5.3 nm at
a center wavelength of 932 nm, of between approx-
imately 3.75 nm and approximately 5.75 nm at a
center wavelength of 800 nm or of between approx-
imately 4 nm and approximately 8 nm at a center
wavelength of 1100 nm.

The optical filter of claim 1,

where the optical filter is deposited onto a substrate
associated with a set of sensor elements of a sensor
element array,

the spacer of the optical filter including a plurality of
layers forming a plurality of channels corresponding
to the set of sensor elements of the sensor element
array, or

where the optical filter is an array of optical filters
corresponding to a set of sensor elements of a sen-
sor element array.

A multispectral filter, comprising:
a first set of dielectric layers to reflect a portion
of light directed toward the first set of dielectric

layers,

the first set of dielectric layers including a
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10

10.

1.

12.

13.

first one or more quarterwave stacks,
the first set of dielectric layers comprising a
first set of three or more different materials;

a set of spacer layers,

a layer, of the set of spacer layers, being select-
ed based on a refractive index of the layer and
corresponding to a wavelength of light that is to
be directed toward a sensor element, of a set of
sensor elements, corresponding to a channel of
a set of channels formed by the set of spacer
layers; and

a second set of dielectric layers to reflect a por-
tion of light directed toward the second set of
dielectric layers,

the second set of dielectric layers including
a second one or more quarterwave stacks,
the second set of dielectric layers compris-
ing a second set of three or more different
materials.

The multispectral filter of claim 8, where the first set
of three or more different materials and the second
setof three or more different materials are acommon
set of three or more different materials.

The multispectral filter of claim 8, where the first one
or more quarterwave stacks includes:

a first quarterwave stack,

the first quarterwave stack including a first ma-
terial of the first set of three or more different
materials, and a second material of the first set
of three or more different materials; and

a second quarterwave stack,

the second quarterwave stack including the first
material and a third material of the second set
of three or more different materials.

The multispectral filter of claim 8, where a quantity
of channels of the set of channels is greater than or
equal to a channel quantity threshold:

the channel quantity threshold being one of:

8 channels,

16 channels,
32 channels,
64 channels, or
128 channels.

The multispectral filter of claim 8, where a thickness
of at least one layer of the first set of dielectric layers
and the second set of dielectric layers is detuned
from a quarterwave thickness.

The multispectral filter of claim 12, where the thick-
ness is detuned by a threshold percentage,
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the threshold percentage including at least one of:

a 10% reduction,

a 20% reduction,

a 30% reduction, 5
a 40% reduction,

a 50% reduction,

a 10% increase,

a 20% increase,

a 30% increase, 10
a 40% increase, or

a 50% increase.

14. An optical filter, comprising:
15
a substrate,
a first mirror and a second mirror,

each of the first mirror and the second mirror

including a plurality of quarterwave stacks, 20

the plurality of quarterwave stacks including

a plurality of layers comprising a first mate-

rial, a second material, and a third material;

and

25

a spacer disposed between the first mirror and
the second mirror.

15. The optical filter of claim 14, where a difference be-
tween a refractive index of a high index material of 30
a quarterwave stack, of the plurality of quarterwave
stacks, and a low index material of the quarterwave

stack, of the plurality of quarterwave stacks, is great-

er than a threshold.
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