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THIN FILM POLARIZERS

TECHNICAL TERMS

To answer some frequently asked questions and to help our customers to specify thin film polarizers we first
want to give the definitions of the most important technical terms.

Light is a transversal wave, i.e. the vector of the electric field oscillates perpendicular with respect to the
propagation direction of the light. Natural light (from the sun or from a lamp) is mostly “unpolarized” or
“random polarized”. This means that the oscillation planes of the electric field vectors of the single light waves
are randomly distributed, but always transversal with respect to the direction of propagation. The term “lin-
ear polarized light” means, that there is only one plane of oscillation. There are different optics which can
polarize light, e.g. crystal polarizers which split the light into an unpolarized “ordinary beam” and a polar-
ized “extraordinary beam” or thin film polarizers.

To explain the meaning of the terms “s-polar-
ization” and “p-polarization” one must first
determine a reference plane (see figure 1).
This plane is spanned by the incident beam
and by the surface normal of the mirror (or
polarizer). “S-polarized light” is that part of
the light which oscillates perpendicularly to
this reference plane (“s” comes from the Ger-
man word “senkrecht” = perpendicular).
“P-polarized light” is the part which oscillates
parallel to the reference plane. Light waves
whose plane of oscillation is inclined to these
directions can be described as a p-polarized
and an s-polarized part.

As can be seen from figure 1, the reflectivity
for s-polarized light increases with increasing
angle of incidence while the reflectivity for
p-polarized light decreases first, reaches R=0
at “Brewster angle” and increases for angles
of incidence beyond Brewster angle. In prin-
ciple, the same is true for dielectric mirrors.
Thin film polarizers separate the s-polarized
component of the light from the p-polarized
component using the effect that the reflectivity
for s-polarized light is higher and the reflec-
tion band is broader than for p-polarized
light. Thus, there is always a wavelength
range, where Rs is close to 100% while Rp is
close to zero. Special coating designs are
used to make this wavelength range as broad
as possible and to maximize the polarization
ratio Tp/Ts. Very low values of Tp (<0.5%)
can be measured very exactly using a special cavity ring down setup. The TFP is inserted into a cavity thus
introducing additional losses which are equal to 100%-Tp. Using this method one can also determine the most
favourable AOI for each TFP.

Thin film polarizers (TFPs) are key components in a wide variety of applications, e.g. in regenerative amplifiers.
LAYERTEC produces thin film polarizers on plane substrates (dimensions according to customer specifications)
for wavelengths between 260nm and 2500nm. All TFPs are optimized for high laser induced damage thresh-
olds. Although there’s no certified measurement available, we know from several customers that the LIDT of a
TFP is approximately one third of the LIDT of a high reflecting mirror for the same wavelength which is coated
using the same technology.
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Figure 1:  Definition of the terms “s-polarized light” and “p-polarized light” and
reflectance of an uncoated glass surface vs. angle of incidence
for s- and p-polarized light
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STANDARD THIN FILM POLARIZERS
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Figure 2: Reflectance spectra of a standard TFP for 1030nm and AOI=55 (Brewster angle) for s- and p-polarized light (a),
reflectance spectra of the same design for AOI=53°, 55° und 57° (angle tuning lowers Rp at 1030nm from 0.25% to <0.1%
thus giving the chance to optimize the polarization ratio)

TFPs can be produced for AOI>40°, but polarization is most efficient and appears in a broad wavelength
range if AOI=55° (Brewster angle) is used

Typical polarization ratios Tp/Ts: standard: >500 (AOI=45° or 55°)

An extended wavelength range of polarization which shows, however, a limited polarization ratio can

be obtained by choosing AOI beyond Brewster angle

Special designs with a polarization ratio of Tp/Ts up to 10000 are possible

High laser damage thresholds (useful for intra cavity applications)

It is favourable to design the laser so that the polarizers can be tilted by +2° to adjust the polarizer

for its best performance

The standard design can be applied for wavelengths between 260nm and 2500nm (please see examples
on pages 36-49)
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Figure 3: Broadband TFPs for the wavelength range of the Ti:Sapphire laser with different bandwidths and different polarization ratios,
working at AOI=70° (a) and AOI=80° (b)
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This special design provides an extremely broad polarizing wavelength range (~10% of the centre wavelength)
with Tp/Ts=300... 1000.
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INTRODUCTION TO LOW LOSS OPTICS AND CAVITY RING DOWN TIME
MEASUREMENTS

Light which impinges an optical component is either reflected, transmitted, absorbed or scattered. From this
basic point of view, the energy balance can be written in the simple equation:

R+T+A+S=1

With R ... reflectivity,
T ... transmission,
A ... absorption and
S ... scattering

In precision optics and laser physics absorption and scattering are summarized as optical losses, because the
absorbed and scattered part of the incoming light can no longer be used as carrier of information or as an
optical tool.

Scattering losses increase drastically with decreasing wavelength. The basic phenomena are described by the
Mie-theory (scattering by particles with diameters in the order of &, S~1/1?) and by the Rayleigh-theory (scat-
tering by particles with diameters <A, S~1/A4). Depending on the surface and bulk structure scattering losses
are a mixture of Mie-scattering and Rayleigh-scattering at the same time. The strong dependence of the scat-
tering losses on the wavelength is the reason why scattering losses are a huge problem in the UV range while
they are less important in the NIR. Scattering losses depend critically on the microstructure of the coatings.
This causes a dependence on the coating technology used. Usually, coatings produced by evaporation tech-
niques show significantly larger scattering losses than coatings produced by magnetron sputtering or ion beam
sputtering.

Absorption in optical coatings and substrates is mainly determined by the band structure of the materials. Com-
mon oxide materials show bandgaps of 3-7 eV which correspond to absorption edges in the NUV and DUV,
while fluorides have bandgaps of 9-10 eV resulting in absorption edges in the VUV spectral range (for exam-
ples please see page 11). Some materials show also absorption bands apart from the basic absorption edge
as for instance the absorption band of Si-O-H-bonds in fused silica around 2.7pm. Another reason for absorp-
tion losses at wavelengths apart from the absorption edge are defects in the layers which form absorbing states
in the band gap of the materials. These may result from contaminations or from the formation of substoichio-
metric compounds. That’s why optical coatings must be optimized with respect to low contamination levels and
good stoichiometry. This kind of absorption losses also increases with decreasing wavelength.

On the following pages we will use the term “low loss optics” for components with total losses L=S+A<50ppm
in the NIR, L<100ppm in the VIS and L<1000ppm in the UV.

Scattering losses can be measured as total scattering using an integrating Ulbricht or Coblentz sphere or as
angle resolved scattering with a finite size detector which is moved around the scattering surface. Absorption
losses are determined by calorimetry or by different photothermal or photoacoustical measurements. Knowing
the exact values of absorption and scattering is very important for further developments and for improving the
coatings. From the users point of view it is, however, more important to know reflectivity and transmission as
exactly as possible.

Reflectivity values R>99.9% can be measured very exactly by cavity ring down time measurements. A sche-
matic drawing of a cavity ring down setup is shown in figure 1.
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Figure 1:  Schematic drawing of a cavity ring down setup
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A laser pulse is coupled into a cavity consisting of two high reflecting mirrors and the intensity of the light behind
the cavity is measured. This intensity increases over the pulse duration. Then it decreases exponentially with the
time constant T according fo

with L
c-(1-RM] 2

where ¢ is the speed of light and L is the cavity length. RM is the geometric mean of the mirror reflectivities and
can be derived from the measurement of the time constant by

I
RM =/ (R, R,) =1-— 8l

The accuracy of the measurement depends on the accuracy of the time measurement and the measurement of
the cavity length. Please note that errors of beam adjustment will always lower the decay time and thus the
measured reflectivity. Thus, stochastic errors cannot result in overstated reflectivity values. Compared to a reflec-
tivity measurement in a spectrophotometer this method has two main advantages:

it is applicable for very high reflectivities and
it is impossible to get reflectivity values which are higher than the real ones.

The reflectivity of single mirrors can be derived from the pairwise measurements of a triplet of mirrors. With R;,
R, and R; being the reflectivities of the mirrors 1, 2 and 3, respectively, and RM,,, RM,; and RM,; being the
measured geometric means of the reflectivities for the pair of mirrors with the corresponding numbers three
measurements of mirror pairs provide

RMps =1/ Ry - Ry
RMiz =/ Ry - Ry (4)

Solving this system of equations the mirror reflectivities can be calculated by:

R RMy; - RMy3
b RMy,
R2 = -
RM'|3
’ RM,, (5)

In practice this method is often used to determine the reflectivity of a set of reference mirrors. Knowing the reflec-
tivity of a reference mirror, the reflectivity of a specimen mirror can directly be derived using equation (3).
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LOW LOSS OPTICAL COMPONENTS

HR MIRRORS

R>99.99% in the VIS and NIR spectral range

R>99.999% was demonstrated at several wavelengths between 1000... 1600nm

Mirrors with defined transmission (e.g. T=0.002 %)

For cavity ring down time spectroscopy it is favourable to adjust the transmission to the value of the

scattering and absorption losses (T=S+A)

- All mirrors for CRD experiments are delivered with rear side AR coating. Wedged substrates on request

1,0 m signal
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0 50 100 150 200 250 300

350

time [ps]

Figure 1:  Cavity-ring-down-time curve of a high reflection mirror for 1030nm with R=99.9990 % measured using a resonator length of 306.0mm and

a reference mirror with R=99.995%

Direct measurements of optical losses

type of losses VIS
scattering typical: 20-30ppm
measured:

15ppm @ 633nm*
20-30ppm @ 532nm**

10-20ppm™***
total <50ppm

absorption

*

* %

NIR
<10ppm

<10ppm***
<20ppm

measurement performed at Jenoptik L.O.S. GmbH, Jena
measurement performed at Fraunhofer Institut IOF Jena

*** measurement performed at Institut fir Photonische Technologien (IPHT) e.V. Jena

Specially polished plane and spherically curved fused silica substrates (see page 13)

rms - roughness: <1.5 A

Surface quality: 10-5 scratch-digs (MILO-13830), 5/1 x 0.016 (DIN 10110)

Coating technique: magnetron sputtering, ion beam sputtering

Optical parameters are stable against changes of temperature and humidity
- Attractive prices for small and medium numbers of substrates per coating run
Customer specific components (with respect to substrate dimensions as well as with respect to

the coating design)

- Very high reflectivities also for complex coating designs, e.g. GTl laser mirrors with R>99.95%

(see pages 72-73)

- vacuum packaging or packaging under nitrogen cover gas in dust free boxes
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CAVITY RING DOWN TIME MEASUREMENTS AND REFERENCE DATA

Knowing the outstanding properties of sputtered coatings LAYERTEC has been dealing with low loss optical
components since its establishment of the company in 1990. The first low loss products were mirrors for the
very weak green and yellow Helium-Neon-lasers lines.

Since 1991 LAYERTEC supplied low loss mirrors for the quantum key distribution (QKD) experiments at the
Institut d"Optique Orsay, France. These very successful experiments resulted in the first ever published QKD
connection between “ALICE” and “BOB” and we are proud that they communicated via LAYERTEC mirrors
(1, 2].

Continuous research in the fields of sputtering technologies and polishing techniques resulted in a further
improvement of our optics. At present we can offer coatings with extinction coefficients k<2x10~ in the VIS
and NIR and fused silica substrates with an rms-roughness as low as 1A on plane and spherically curved sur-
faces. In the recent years LAYERTEC produced a variety of customer specific low loss optics for cavity ring down
time spectroscopy. Some of these measurements are shown in table 1. More values are given in the literature.
Comparing such data please note, that both reflectivity and transmission must be known to get information
about the optical losses. The transmission data are often missing in the CRDS literature.

LAYERTEC is equipped with several cavity ringdown time measurement setups. CRD measurements at several
wavelengths between 355nm and 1550nm are possible with these devices. A special measurement site which
will enable reflectivity measurements by CRDS in the wavelength range from 220nm —2300nm is under con-
struction. In house results and measurements by some of our customers are given in the table below.

Wavelength R [%] T [%] Llppm]  measured at
L=1-R-T
320nm  99.8 0.012 1880  Universitat Jena, Germany
355nm  99.98 0.005 150  LAYERTEC GmbH
405nm  99.988 0.002 100  LAYERTEC GmbH
532nm  99.994 0.001 50  LAYERTEC GmbH
633nm  99.992 0.006 20 Westsdchsische Technische Hochschule Zwickau, Germany
660nm  99.992 0.006 20 Universitat Heidelberg, Germany
798nm  99.995 0.003 10 LAYERTEC GmbH
1030nm  99.9990 0.0002 8  LAYERTEC GmbH
1064nm  99.996 0.003 10 LAYERTEC GmbH
1392nm  99.9985  0.0007 8  TIGER OPTICS, USA (R measurement)
Layertec GmbH (T measurement)
1550nm  99.999 0.0002 8  IPHT Jena, Germany
2350nm  99.995 0.002 30  University of Grenoble, France

Table 1:  Reflectivity and transmission values of LAYERTEC low loss mirrors; Reflectance measured by cavity ring-down time spectroscopy, AOI=0°

References:

1) J.Ph. Poizat and P. Grangier, Phys. Rev. Letters Vol. 70 Nr.3 (1993) 271

2) R. Alléaume, F. Treussart, G. Messin, Y. Dumeige, J.-F. Roch, A. Beveratos, R. Brouri-Tualle, J.-P. Poizat and P. Grangier,
New Journal of Physics 6 (2004) 92
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COATINGS ON CRYSTAL OPTICS

Laser applications using crystal optics have reached a high standard in industry and research. Optical coatings
on crystals are an essential part of modern laser designs and cover the wide range from single wavelength AR
coatings on laser and nonlinear optical crystals up to complex multilayer coatings providing several high-reflect-
ance and high-transmittance wavelength ranges and thus replacing external laser mirrors.

LAYERTEC has a lot of experience in coatings on laser crystals. Our coatings are used in industrial high power
Q-switch and cw lasers of several laser manufacturers. The quality of coatings on crystals depends on the coating
technique as well as on the surface quality of the crystal. All coatings are produced by magnetron sputtering thus
showing very low straylight losses and a high thermal and climatical stability of the optical parameters.

The rapid progress in crystal growth techniques resulted in a wide variety of new crystals for laser applications,
e.g. laser crystals as several tungstanates and vanadates or nonlinear optical crystals as RTP. Every crystal
requires optimized polishing procedures and coating techniques. Besides the optical properties, especially the
thermal expansion coefficients and the surface quality after storage and transport influence the coating quality.
Especially hygroscopic crystals like LBO or BBO require special pretreatments to achieve high damage thresh-
olds and long lifetime of the coatings. Thus, coatings on new crystals always require experimental investigations
to find the best coating procedures. Using the special LAYERTEC coating technology also coatings on crystals
with extraordinary dimensions and difficult sizes are possible.

The following table gives an overview about the crystals which have already been coated at LAYERTEC and
about the types of layer systems which have been tested successfully.

Crystal Type AR/BBAR single HR
optional with HT

double HR/BBHR
optional with HT
a-Sio,

BBO

BiBO

CaCO,

CTA

Nd:GdVO,
Nd:GGG
Nd:Cr:GSGG

KTA

KTP

Yb:KGW, Yb:KYW
LBO

LiINbO,

LMA

Nd:LSB

RDP

Ruby

Ti:Sapphire

X X

X X X X X X

Spinell

Cr:YAG

Er:-YAG

Ho:YAG

Nd:YAG, Yb:YAG
Nd:YALO (YAP)
YLF

Nd:YVO,

ZGP

ZnSe

X X X X X X X

X X X X X X X X X X X X X X X X X X X X X X X X X X X X
X X
X X
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Every coating run will be performed with detailed measurement data sheets. Do not hesitate to contact us for
a discussion or an offer of your special coating problem.

Sputter coatings on laser rods, discs and slabs with
- High laser damage thresholds for critical industrial applications of Q-switch and cw lasers
Low residual reflectivities (e.g. R<0.1% at 808nm on Nd:YAG)
Broadband and multiple wavelength AR coatings
Complex HR and HR/HT-coatings for compact laser designs,
(e.g. HR(532+1064nm)+HT(808nm) on Nd:YVO, for diode pumped and frequency doubled ,green” lasers)
Coating of crystals with variable or extraordinary sizes and shapes
Coating of the full aperture of small crystals
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0
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400 480 640 720 800 880 960 1040 1120 1200
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Figure 1:  Calculated reflectance spectrum of a dual HR mirror for 532nm and 1064nm with a HT region around 808nm for pumping
with a laser diode (on Nd:YAG)

AR coatings even on slightly hygroscopic nonlinear optical crystals (e.g. LBO)

Broadband and multiple wavelength AR coatings

Complex HR and HR/HT-coatings for compact laser designs,

(e.g. HR(1064nm) + HT(532nm) on KTP for frequency doubled Nd:YAG or Nd:YVO, lasers)
Coating of crystals with variable or extraordinary sizes and shapes

Coating of the full aperture of small crystals
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0
300 400 500 600 700 800 900 1000 1100 1200
wavelength [nm]

Figure 2:  Calculated reflectance spectrum of a triple AR coating for 355nm, 532nm and 1064nm on LBO
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Absorption

Alexandrite laser
Aluminum

Anti reflection coating
ArF laser

Astronomical applications

Barium fluoride
BK7

Broadband mirrors

Calcium fluoride

Cavity ring down (CRD)
Chromium

Copper

Cr:Forsterite

Crystals

Diode lasers
Dye laser

Edge filters

Electron beam evaporation
Er:-YAG

Etalon

F2 laser
Femtosecond lasers
Fibre laser (Er:doped)
Fibre laser (Yb doped)
Fifth harmonic

Filters

Flatness

Fourth harmonic
Fresnel equations
Fused silica

Fused silica (UV
Fused silica (IR

Gires-Tournois-Interferometer mirror (GTI mirrors)

Gold

Group delay dispersion (GDD)

Harmonics

High power femtosecond mirrors

High power Nd:YAG mirrors
High power Yb:YAG mirrors
Ho:YAG

lon beam sputtering

Laser induced damage
threshold (LIDT)

Lenses

Losses, optical

Low loss optical components

Magnesium fluoride
Magnetron sputtering
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5,10, 17, 22, 23, 88, 90
30, 31

21, 24, 27, 96, 97

16

26,27, 45,97

22, 94, 95, 96, 97

10, 11, 99
10-14

20, 22, 23, 32, 34, 47, 76-83, 94, 96
Broadband femtosecond mirrors

56-66

10-14, 24-29, 44, 45, 71
7,38, 39, 72, 86, 88-91
22,98

21, 99

74

14, 41,78, 92, 93

34, 35, 37, 40, 46, 50, 83, 95

82

19, 20, 36, 37, 49, 80, 84, 85

5
50, 51, 92
14

24, 25,97

36, 37,52-75,94
53,75

36, 37,85

44, 45,70, 71
18, 33, 36, 37, 84, 85
10-14

44, 45,70, 71

15

10-14

10-14

10-14

53,72,73
21, 65, 99
52-75, 78, 83

40-45, 66-71
b4, 65

38, 39

36, 37

48, 49, 92

4

23,25, 27,29, 37-39, 64, 65, 86, 95

8,12
4,5,17,18, 88-91
88-91

16
4

Metallic coatings
Metal-dielectric coatings

Nd:YAG
Nd:YVO,
Negative dispersion mirrors

Negative dispersion mirror pairs

Optical parametric oscillators (OPO)

Picosecond optics

Platinum

Polarization

P-Polarization

Polishing

Power spectral density (PSD)
Pump mirror

Quarterwave stack
Q-switch

Roughness
Ruby laser

Sapphire
Scanning mirrors
Scattering

Second harmonic
SF10

Silver

Special polishing
S-Polarization
Substrate materials
Substrates
Surface quality
Surface roughness

Thermal evaporation

Thin film polarizer

Third harmonic

Third order dispersion (TOD)
Ti:Sapphire laser

Tm:YAG

Tungstanates

Undoped YAG
UV coatings

Vanadates

XeCl laser
XeF laser

YAG, undoped
Yb doped
Yb:KGW
Yb:YAG

Zirconium

21, 94-99
22, 60, 61, 82, 83, 94-99

38-47, 92
38-47, 92

52-75

56-59, 62, 63,75

76-81

36, 37, 64, 65

99

19, 86, 87

19, 86, 87

13

13

38-41, 46, 47, 54-59

16
23, 92

11, 13, 88-91
30, 31

10,11, 51, 76-81
82-83, 95

17, 88

40, 41, 46, 47, 66, 67
10

21, 22, 60-65, 83, 94, 95
13, 14, 88-91

19, 86, 87

10, 11

8-14

8-14

10, 13, 88-91

5

19, 36-51, 86, 87
42-43, 68-69

52, 53, 62, 63

32, 33, 52-73, 82-87
48, 49

see Yb:KGW

10-12, 14, 48-51, 76-81

24-29, 42-45, 68-71, 96, 97

see Nd:YVO,

28, 29
28, 29

10-12, 14, 48-51, 76-81
36, 37, 84, 85

36, 37, 92

36, 37,92
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*Bandwidths of selected LAYERTEC mirrors

Broadband mirrors

Special broadband mirror

OPO optics

LAYERTEC Mirrors*

A

Diode lasers p.34

Ar Iines

Yb:Fibre p.36

LiSAF
Ti:Sapphire p.32, 52-65, 72

Ti:Sa-SHG p. 66

Common Lasers

. 2100nm
= 2060nm
-— 2010nm
i 1550nm

| 1320nm

| 1135nm
L — 1100nm
— 1064nm
—— 1030nm

| 946nm
915nm

B 500
-\ 755nm

—— 694nm
__— 633nm
~_—578nm

. 532nm

Er:YAG laser

Ho:YAG laser
Ho:YAG laser
Tm:YAG laser

Er:Fibre laser

Nd:YVO, laser
Nd:YAG laser

Fosterite laser
Yb:Glass laser
Nd:YAG laser
Yb:YAG laser

Nd:YAG laser
Nd:YVO, laser

Ti:Sapphire laser
Alexandrite laser
Ruby laser
HeNe laser
Cu-Vapour laser
Nd:YAG-SHG

Nd:YAG-THG
HeCd laser
XeCl laser

Nd :YAG-FHG
KrF laser

ArF laser
F,laser

p.50

p.48
p.48
p.48

p.73-75

p.46
p.46

p.38
p.36

p.46
p.46

p.52-65
p.30
p.30

p.40

p.42

p.28
p.44
p.28
p.26
p.24




Interference Opti&cs

¥

The colours of soap bubbles result from interference effects.
These effects are also the active principle of optical coatings.
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