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Optical Filters

Optical Filters are commonly used in Space instruments

They are in some cases the most critical elements for
the successful instrument operation

The optical components must survive in the
environmental conditions of Space and maintain
their performance




Outline

1)
« What Optical Filters are?

« Which are the most widely used filters?

 How to design and fabricate them?

2)

« Applications for Space: two examples
— Imaging spectrometer (for Earth Observation)
— Lightning imager (Meteosat)



Definitions
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What is an Optical Filter?

from the Optics Encyclopedia
(Wiley & Sons)

In the broadest sense of the term, an op-
tical filter is any device or material that is
deliberately used to change the spectral in-
tensity distribution, the phase or the state

The Optics Encyclopedia: Basic
Foundations and Practical of polarization of the electromagnetic ra-
Applications, 5 Volumes Set diation incident upon it. The change in
Thomas G. Brown (Esiton, Katherine Creat (Edtor), Herwig kogeini Eaion, | thie Spectral intensity distribution may or
MmhaElms_f:z;:;m e e e may not depend on the wavelength. The

filter may act in transmission. reflection,
or both. (J. A. Dobrowolski)

pages
January 2004

http://onlinelibrary.wiley.com/book/10.1002/9783527600441




Optical filters: basic concepts

Types of optical filters

Antireflection coatings, mirrors, bandpass filters, short-wave
and long-wave pass filters, rejection filters, dichroic filters,
beam splitters, gain flattening filters, etc.

Physical phenomena on which filters are based

Absorption, reflection, holography, diffraction, scattering,
interference in thin films, etc.

Interference in thin films _ q
. Interference is by far the most versa-
The most versatile method tile filtering method. It has been used to

construct filters for the widest range of
wavelengths (0.005-500 uym) and for the

largest variety of performance character-
istics. (J.A. Dobrowolski - 2007




Optical interference coatings p——
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* Optical interference effects in thin layers, together with the optical
properties of materials, determine the performance of optical coatings

R H.A. Macleod: Optical Coatings

Interference P Material Properties
$ Optical coating

Properties of particular interest are the reflectance, R and the
T transmittance T. They measure the fraction of the incident power

density that is either respectively reflected or transmitted.

® Wavelength range

Increasing wavelength >
Currently the spectral region for 0.0001 nm 0.01 nm 10nm 1000nm 0.0lcm  1cm Im  100m
o o o ! 1 ! 1 1
which optical filters are constructed . " 5 e i
amma rays 1ays Ira- nirare: adio waves
extends from about 5 nm to 500 um. w ] viole
. . . Radar TV FM AM
However, the ultraviolet - visible - ==

near infrared spectrum is the most /\
= Visible light

common operating range and many
applications are concentrated at such
wavelengths.

400 nm 500 nm 400 nm 700 nm



Optical Coatings: materials

Complex refrative index (n-ik)

n refractive index, k extinction coefficient (ae=4nk/A absorption coefficient)
The refractive index changes with A: dispersion

High refractive index materials: TiO2, Ta20s, Y203, HfO2, LaFs, ZnSe, Si...

(semiconductors with large dispersion: AlAs, GaAs, AlGaAs, InGaAs..)
Low refractive index materials: SiO2, MgF,...

Short wavelength materials (ultraviolet):

m Oxides
limited choice because of high absorption n i
below the cut wavelength b |

Long wavelength materials (infrared):

presence of absorption bands




Optical coatings: materials
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Dieletric materials and metals

. . All-dielectric coatings
The materials used can be classified as

dielectric, semiconducting, or metallic. As \ Reflectance and Transmittance
far as coatings are concerned, semiconductors
exhibit behavior similar to dielectrics and

so they are normally included with them.

Transmittance

Dielectric materials transmit light | Reflectance
with little or no loss and are the basic Wavelength
materials used to assure the interference
properties of the coating. Metals reflect Metal-dielectric coatings
the major part of the light incident on
them and attenuate rapidly any light that |
penetrates them. They are used primarily refiectonce
as simple reflectors but when very thin,
can be induced to transmit quite strongly
over a limited spectral range '

» Reflectance and Transmittance

Transmittance

H.Angus Macleod: Optical Coatings in Optics Encyclopedia Wavelength



Interference In thin films
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" Thin-film optical filters
— Physical principle: interference of the electromagnetic radiation
— Materials: characterized by their complex refractive index (n - ik)
— Layers: characterized by the geometrical thickness d (comparable to the
wavelength) and the phase thickness 6 = 2mt (n-ik) d/A

air

thin films (from 1 to some hundred)

substrate (e.g.: glass)

= Calculation of coating spectral performance
— Based on Maxwell equations
— The electric B and magnetic C q 5 i sin 6
: cos &;
fields are calculated H [ 0 } > |:

j 1 }
through a transfer matrix Nsub
(n;= refractive index of layer j)

Reflectance g (noB — C)(noB — )" e eyt T — 4no Real (5ub)
(noB+ C)(noB + CO)* (noB+ C)(moB + C)*

injsind;  cosd;

j=1




Optical Coating Design
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H.Angus Macleod: Thin-Film Optical Filters 4th ed. (CRC Press, New York 2010)

The detailed theory is not necessary to understand the functioning of coatings.
It is useful to accept a few simple design principles

1. Quarter-wave layers give maximum Reflectance (%)
interference effect.

2. Half-wave layers give zero interference
effect. They are known as absentee
layers.

3. Dielectric layers become weaker in their
effect as the wavelength increases.

4. Metallic layers become stronger in their " 2
effect as wavelength increases. 0 1 2

3 4 5 6 7
Ao/A (dimensionless)

e Quarter-wave layers: nd = A, /4

Reflectance of a single layer of index 2.25
* Half-wave layers: nd = A, /2 or 1.38, on a glass substrate of index 1.52

R substrate — [(1_ nsub)/(l'l'nsub)]2
The low index layer is a potential antireflection coating

The high index layer could be used as a beamsplitter R o = [(1- ngym®/Neup)/ (1406102 g 1°




Optical Coatings: basic structures

Classical filters commonly used in space applications

* Antireflection coatings

— Single wavelength
— Wideband

* High reflection coatings
— Narrow wavelength range

— Large spectrum

* Filters
— Edge filters

— Broad-band-pass / narrow-band filters




Antireflection coatings
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n,= 1 (air)

Glass 1.52

To achieve lower reflectance, if the

substrate has a low indey, it is useful to
increase its reflectance with a first layer
and then antireflect with a second layer

n2 1.7

nsub 1.52

On a substrate of high index, like Ge
(n=4), two quarter wave layers of
materials with decreasing index are
sufficient to antireflect it

Antireflection coating at
a single wavelength: -

e 1 quarter wave layer
(nd=A/4= 6 =21 nd/A = 1t/2)

R=0 if nfilm = \/ hsub 0.00

400 440 500 540 GO0 gad 70 7an goo
Wavelength (nm)

Reflectance (%)

n

=
I

e 2 quarter wave layers

R=0 if n2/n1=\/nsub

oa
|

Reflectance (%)

—
I

[}

450 aao 340 gao Ba0 Taan 740 ga0

Wavelength (nm)

o
=
=

Otherwise non quarter wave
layers must be used



Antireflection coatings on glass =

Non quarter wave AR coatings
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W =

"

nl 1.45 |Low

wave layers

—
!

Reflectance (%)

o

400 450 500 550 600 650 700 750 800

glass 1.52 (V-coat)
Wavelength (nm)

blu: 1.67 high 0.71 low, green: 0.33 high 1.29 low

5 :
Wideband: 4 non =4 S O B B — Eo——
quarter wave layers = i glass
Q 3 eeeeeeenad 0 S S
= :
Low 8 :
— B e R e -
Low fres :
High é 1 4----------1 ----------------------------------------------------------
glass o —""" a a —
400 450 500 550 600 650 700
Wavelength (nm)

green: substrate, red: AR coating



Metal Mirrors
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Metal Layers as Front Surface Mirrors

Reflectance (%)

Jw ; PRI Sssssosissicaissay oY , PETTT T TETTTTER TS PETTTeTTy e
: Aluminuny___ """ .

80 Rhodium

60] C I)iohiiurﬁ : : : :

- st 1 1111 substrate
wﬁ\ - 70 TN S TN S -

0 » > v
2000 400 600 800 1000 1200 1400 1600 1800 2000

Wavelength (nm)

Silver has highest reflectance in the visible and infrared regions but is
environmentally weak. Rhodium is rugged and stable and has low scatter losses.
Rhodium and chromium are the usual materials of choice in aggressive
environments. Aluminum has a high reflectance in the ultraviolet spectrum.

H.A. Macleod: Optical Coating Design



Coated metal mirrors
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Protection of Front Surface Mirrors

Reflectance (%)

90. P,
[ _ : . S102 quarterwave :
0 T R U S Y [ Ty 17 7 TSR SRS metal
I TN I substrate
60t P S QRRRPIE PRy J50s ”;'7702(]'(‘1;0‘!(6"”'4/6;\‘/9' PPTT A DI GONPTI, S ST, SO IR
(n=235) :
50 ' '

200 400 600 800 1000 1200 1400 1600 1800 2000
Wavelength (nm)

A dielectric layer over a metal will reduce reflectance until the dielectric is closeto a
halfwave. The greater the index of the dielectric the greater the drop in reflectance.

H.A. Macleod: Optical Coating Design




Coated metal mirrors
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Enhanced Aluminum Mirror

Metal front surface mirrors can be enhanced in reflectance over a limited region by
adding what is effectively a partial quarterwave stack. It is important that a low-
index layer should be next to the metal. The graph shows an aluminum mirror with
its luminous reflectance enhanced in this way.

Reflectance (%)

lm . U‘-Ic,ﬂa’ted;...... . ”-”-"t”-“-"“"”" e
a!uminumg :

Enhanced aluminum

Air | HLHL Al {massive) | Glass :

: . u!s:bje . . H H

55 # + # + * ¥ i
300 400 500 600 700 800 900

Wavelength (nm)

H.A. Macleod: Optical Coating Design



All-dielectric mirrors

AGINZIA NADIONALL
PER LE NUOVE TECNOLOGIE, LENERGIA
€ LO SVILUPPO ECONOMICO SOSTENBRLE

Quarter-wave high reflection coatings:
the coated substrate can be represented
at A, by a single refractive index N

—
o
o

gy
o T

glass 300 400 500 600 700 900

40 -

Reflectance (%)

20 1

Wavelength (nm)

R = [(1-Neff)/(1+Neff)]2 number of layers

(external H) Dielectric mirror (quarter-wave) : 5 or ' © layers
N =[ny...ny |% xnsub even Glass/ HLHLH [Air
N n#ydmy=Ay /4 Ay;=600nm
L ------ L

(odd number of layers with external H)

N = ny...ny 2 odd
- S The maximum reflectance increases with the
Moo Nsub number of layers and with the index contrast




Broadband mirrors
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 The reflectance of a single quarter-wave stack cannot cover a wide
spectrum because the index contrast is insufficient

Reflectance (%)

. .. . 1007
* Asimple way of achieving high reflectance :
over a wide spectrum is to add one stack 95t

Double quarterwave stock,

over another, centered at different each 21 loyers,
reference wavelengths: A, and A, o of $i02 and TiO2
(a decoupling layer in between is necessary) 8st
Glass/HLHLHLHL......H L H'UHUHUH’L...........H"/Air 80" : . ; . :
400 500 600 700
Wavelength (nm)

* An alternative way is the progressive increase of layer thicknesses, according to a
specific rule



Different types of filters
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Quarterwave Stack as a Filter

Transmittance (%)

: AN >
a0t1- : Notch i
20t 44+ Shortwave pass ({ e e R R s <

’ ; : : k ; J Longwave pass

0 (T BT S, SN el :

- * ol *

200 400 600 800 1000 1200 1400 1600 1800

Wavelength (nm)

The quarterwave stack is an important building block for many kinds of filters. In
addition to the above we have dichroic beam splitters and bandpass filters and still
more applications when tilted. Ripple is the major defect

Ripple removal is a matching problem rather like designing an antireflection coating

H.Angus Macleod: Optical Coatings in Optics Encyclopedia



Edge filters
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Long-wave and short-wave pass filters

nL: 1.38, nH: 2.35, A,= 600 nm

.
: : : : : ' ' : I
N ) | s 0
IR S SO SO S o _J____...J..T.(o '
.............................................................

_____________________________________________________________

...............................................................

.............................................................

-----------------------------------------------------------

___________________________________________________________

T i i t t t i -3
530 g00 =11 700 a0 a00 =11 q0a0
Wavelength, nm

Glass/H/2 LHLHLHLHLHLHLHLHLHL Hyz /Air = = = = o @ o =

Long-wave N= 13 Th= 15527
pass filter
(21 layers; Glass/L/2HLHLHLHLHLHLHLHLHL/2 /Air
external H/2) Short-wave

pass filter

Ripple should be reduced (19 layers;
external L/2)



Short-wave and long-wave pass filters
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Transmittance (%)
100 LANWNIWVAANANANAAA A A A

This shortwave pass edge filter has been designed by starting with a suitable 80
quarterwave stack and adopting some of the outermost layers as matching 60
structures that are then adjusted in a refinement process by a machine. If the
ripple is still not satisfactory then the process continues with still more layers 40
assigned to the matching structures.

20 - :

k \

400 500 600 700 800 900 1000 1100 1200
Wavelength (nm)

100 —~r
An example of a long-wave-pass filter

based on a quarter-wave stack is shown "
(41 layers ). Additional matching layers to \ _
reduce the ripple are included outside the

basic quarter-wave structure. Sometimes,
such components are used to separate light
into two, or perhaps more, wavelength
regions when the term dichroic beam 20
splitter is used. 1l

60

40

Trans mittance (%)

L ). , , ,
400 500 600 700 800 900 1000
Wavelength (nm)

H.Angus Macleod: Optical Coatings in Optics Encyclopedia




Narrow-band transmission filters
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Two similar quarterwave stacks in series form a simple cavity structure
sometimes known by the name Fabry-Perot because of the similarity to the

well-known etalon. The cavity is the central set of halfwaves.

% %
T | Y S At A S oty T(%) Ts || 1003y R double cavity
1 : single cavity :\ ||| : Jﬁ ; 5 : II,
2 R s e L
N ] T I T
1% g R R e S R s Narrow-band et SRt |1]1|
: : ; | | : : transmission ;]'1 N | |§| : : | 't
L B T R S e flters o R S
N R AN
I R o SRR M B o e
; : : : : : : - | S P
0 | n'....=\.\.~..—-<}..i..?\,e7 o %
450 500 550 OO S0 70O VS0 800 #50 500 550 B00 650 700 750 800
Anglefs): 0.00° Wavelength, nm Analefs): 0.00° Wavelength, nm
V1150 1 S 1 1 T 1 /T S 1 1 11 T S S S 1Y /S 7 /7 I o ]
N=13 Th=17322 N =13 Th=1768.2
single cavity: central half-wave layer double cavity: two half-wave layers
Glass/HLHLHLHLH 2L HLHLHLHLH/Air Glass/HLHL2HLHLH L HLHLZTHLHLH/Air

f

19 layers L:SiO2, H: HfO2



Narrow-band filters g
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Multiple Cavity Filters

A | HLHLHLHL LL LHLHLHLH L HLHLHLHL LL LHLHLHLH | G

A A A

Cavity Coupling Layer Cavity

Adjusting the number of halfwaves in the cavities and the number of layersin the
reflectors gives a fine-coarse control over the bandwidth.

Transmittance (%) Transmittance (%)
100 100

Black 2-éavlty
Orange 3-cavity

e | U = |
i X ol
40 ~ 40
N x " j
0 = NS 0
96

960 970 980 990 1000 1010 1020 1030 1040 0 970 980 990 1000 1010 1020 1030 1040

Wavelength (nm) Wavelength (nm)
Increasing the number of cavities Here a simple V-coat next to the air
steepens the sides but often introduces incident medium has reduced the ripple.

larger ripple.

H.A. Macleod: Optical Coating Design



Induced transmission filters
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The induced transmission filter is obtained by canceling the reflectance of a
metal layer by matching its refractive index with the surrounding media with
the aid of dielectric stacks on both sides of the metal

Glass | HLHLHL 0.695H Ag (60nm) 0.695H LHLHLH | Glass

Transmittonce (%)
“ The advantage of this type of
filter is the low transmittance
o : : : out into the infrared because
| of the metal layer. This is

: : difficult to achieve by other

20! : j . . : : means.
|
NN

400 500 600 700 800 900 1000 1100

Wavelength (nm) H.A. Macleod: Optical Coating Design

The outband rejection improves with a higher ratio k/n of the metal layer




Obligue incidence
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’ . . _ .
Snell’s law : ngysin 0,=n,sin 0,

glass

The sign convention =
for positive electric A
field in s- and p- . P

polarization

The index changes with the incidence angle

n,*=n,cos0,, n,,=n,/cosO ,

The path differences reduce

d,=2 1 n,; d cos 0,/A (phase thickness)

\ ndcosd
9
o \ »
8 Film
nd boundaries
»
Planes of constont | Direction of light ray
phase {



Obligue incidence effects
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[ Curve shift towards shorter wavelengths

1 Curve modification depending
on the polarization state (s o p)

Transmittance (%) Long-wave pass filter

600 700 800 900 1000
Wavelength (nm)
Normaol mncxdence ppol 45° ool 45°

Fabry-
Perot
filter

Transmittance (%)

%

100

- =) =
VA|M‘M

80

60

40

20

0 DA N A R T
500 520 540 560 580 600 620 640 660 680 70O

Angle(s): 0.00°, 30.00°, 45.00° \Wavelenagth, nm

0,=0°30°, 45° s-pol
Reflectance (%)
=
HS 5 —. --------------------------------------------------------
Ao || ]
S| 4 [ e e e e e e e e e e

4-layer
AR
coating

'~A.A.”.; SO NSNS ;-,. ./,.A.,..;.\..,\.....:. ,..; E L ,‘...;..\.0.0:' 1
400 450 500 550 600 650 700

Wwavelength, nm

N=4 Th =267.96

0,= 0,=45° s and p -pol




Optical Coating Design
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Design methods

Two approaches are typically used to design optical coatings:
optimization and synthesis.

In the first case an initial coating structure is refined, in the second case
there is no need of a starting design.

H.Angus Macleod (2014):

The designer's job is to create a suitable structure for the coating and, in
this, is aided by powerful computers. The computer brings to the task its
incredible calculating power, together with automatic methods, while the
designer brings skill, experience and knowledge.

The computer is a wonderful tool and experience is a great teacher. So do
experiment with the computer. Try out different structures and examine their
properties. It is amazing how much you can learn from “what if” experiments.

Design exercises by commercial software




Coating manufacturing
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v'The effects of thickness (and index) variation can be simulated in advance to study
the stability of the coatings against fabrication errors

v'During the design, the real material properties (not from the literature) should be
used to avoid discrepancies with the experimental results

v'However the fabrication process is often more complicated than what appears from
the theory, in fact not only optical properties must be taken into account

Classical PVD deposition methods

Electron-beam evaporation

lon-beam sputtering



