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Optical COATINGS

Polarization effects
·	 Besides the angle shift polarization effects appear at non-normal incidence. For optical interference coatings 

it is enough to calculate the reflection coefficients for s- and p-polarized light. The reflectivity of unpolarized 
light is calculated as the average of Rs and Rp. 

·	 To explain the meaning of the terms “s-polarization” and “p-polarization” one must first determine a refer-
ence plane (see lower part of figure 6). This plane is spanned by the incident beam and by the surface nor-
mal of the optic. “S-polarized light” is that part of the light which oscillates perpendicularly to this reference 
plane (“s” comes from the German 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 
are splittet into a p-polarized and an s-polarized part. 

·	 The upper part of Figure 6 shows the reflectivity of a glass surface vs. AOI for s- and p-polarized light. The 
reflectivity for s-polarized light increases with increasing angle of incidence while the reflectivity for p-polar-
ized light decreases first, reaches R=0% at the “Brewster angle” and increases again for angles of incidence 
beyond Brewster angle. In principle, the same is true for dielectric mirrors. For AOI≠0° the reflectivity for 
s-polarized light is higher and the reflection band is broader than for p-polarized light. 

·	 In the case of edge filters, where one of the edges of the reflectance band is used to separate wavelength 
regions of high reflectivity and high transmission, tilting results in a polarization splitting of the edge. This 
means that the angle shift is different for s- and p-polarized light. This results in a broadening of the edge if 
unpolarized light is used.

Figure 6:	 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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Optical COATINGS

edge as for instance the absorption band of Si-O-H-bonds in fused silica around 2.7µm. Another reason for 
absorption losses at wavelengths apart from the absorption edge are defects in the layers which form absorb-
ing states in the band gap of the materials. These may result from contaminations or from the formation of 
substoichiometric compounds. That´s why optical coatings must be optimized with respect to low contamina-
tion levels and good stoichiometry. This kind of absorption losses also increases with decreasing wave-
length.

·	 Of course, all kinds of losses depend on the thickness of the layer system. Each layer pair increases the the-
oretical reflectivity. However, in practice it also increases the optical losses. Thus, especially for evaporated 
coatings with relatively large scattering losses there´s an optimum number of layer pairs which generates the 
maximum reflectivity. In practice, evaporated mirrors for the UV show a typical reflectivity between R=96% 
at 200nm and R=99.5% at 300nm. Evaporated coatings for the VIS show R=99.7% while sputtered coating 
can be specified with R>99.9%. NIR coatings reach R>99.9% (evaporated) and R>99.98% (sputtered). Sput-
tered low loss mirrors (see pages 88–91) reach R>99.99% in the VIS and R>99.999% in the NIR. This shows 
that the main disadvantage of evaporated coatings is the layer structure which results in increased scattering 
losses.

Stress
·	 Another effect which limits the number of layers is the stress in the coatings. This stress results from the struc-

ture of the layers but also from different thermal expansion coefficients of substrates and coatings. Mechan-
ical stress may deform the substrates but it may also result in cracks in the coatings or in a reduced adher-
ence of the coatings.

·	 Stress can be limited by material selection and the optimization of process temperature, deposition rate and, 
in case of ion assisted and sputtering processes, ion energy and ion flux.

Angle shift
·	 A special problem of interference coatings is the angle shift. This means that features shift to shorter wave-

lengths with increasing angle of incidence. Turning an optical component from AOI=0° to AOI=45° results, 
for instance, in a shift of the features by about 10%. That´s why the angle of incidence must always be known 
to design any optical coating.

·	 Moreover, polarization effects must be taken into account at non-normal incidence (see below).
·	 Please note that the angle of incidence varies naturally, if curved surfaces are used. Lenses in an optical sys-

tem always have a range of acceptance angles which is determined by the shape of the lens and by the 
convergence or divergence of the beam. AR coatings can be improved significantly, if these items are known. 
Besides the shift, broadband AR coatings often show an increased reflectivity at AOI≥30° (see figure 5a). 

·	 The angle shift offers, however, also the possibility to angle tune an interference coating. This is especially 
useful in the case of filters and thin film polarizers. These optics show extremely narrow spectral ranges of 
optimum performance which may decrease the output and increase the costs drastically, if the specifications 
for wavelength and AOI are fixed. Angle tuning (see figure 5b) is in these cases the best way to optimize 
the performance and to minimize the costs.

Figure 5:	 Angle shift and change of reflectivity of a broadband AR coating at AOI=0° (red), 20° (blue) and 30° (green) (a) and 
	 angle tuning of a narrow band filter for 800nm (b)
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METALLIC COATINGS

Metals are the most common materials for mirror fabrication. Polished metals, especially gold, copper and 
bronze, were used as mirrors already in the ancient world. In the middle ages, mirrors with relatively constant 
reflectivity in the visible spectral range were fabricated using tin foils and mercury which were put on glass. 
The era of thin film metal coatings on glass began in the 19th century when Justus von Liebig discovered that 
thin films of silver can be manufactured using silver nitrate and aldehyd.
Mirrors for applications in precision optics and laser physics are produced by evaporation or sputtering tech-
niques. LAYERTEC uses magnetron sputtering for the fabrication of metallic coatings. This results in coatings with 
extremely low straylight losses. Moreover, also transparent, i.e. very thin metal coatings can be produced with 
high accuracy. For detailed information about our metallic mirrors and neutral density filters please see pages 
60–61 and 94–99. Figure 8 gives an overview about the reflectivity of the most common metals.

In the following we give some hints for the use of these metals and about the role of protective coatings:

Silver:
·	 Highest reflectivity in the VIS and NIR
·	 LAYERTEC produces protective layers by magnetron sputtering. These layers with very high packing density 

make silver mirrors as stable as mirrors of other metals (e.g. aluminum). Lifetimes of 10 years in normal 
atmosphere were demonstrated.

·	 The use of protective layers is mandatory, because unprotected silver is chemically unstable and soft 
·	 See separate data sheets on pages 60–61 and 94–95

Gold: 
·	 Similar reflectance as silver in the NIR
·	 Chemically stable, but soft 
·	 Protective layers are necessary to make gold mirrors cleanable 
·	 We recommend to use protected silver mirrors instead of protected gold, because the sputtered protective 

layers overcome the insufficiency of silver and make it a better choice because of the broader wavelength 
range, the slightly higher reflectivity and the more favourable price.

·	 See separate data sheet on page 99

Aluminum: 
·	 Relatively high and constant reflectance in the VIS and NIR
·	 Highest reflectance in the UV
·	 Surface oxide layer absorbs in the deep UV
·	 A protective layer is recommended, because aluminum is soft
·	 See separate data sheet on pages 96–97

Figure 8:	 Reflectance of several metals versus wavelength (taken from [2])
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Optical COATINGS

Documentation of coating performance at LAYERTEC
LAYERTEC provides a data sheet for transmission and / or reflectivity with each delivered optical component. 
The standard procedure is to measure the transmission of the optics at AOI=0° and to calculate the reflectivity 
at the desired AOI from this measurement.
Sputtered optical coatings for the VIS and NIR exhibit extremely low straylight and absorption losses (both in 
the order of some 10–5). This has been confirmed by direct measurements of straylight and absorption as well 
as by highly accurate reflectivity measurements (e.g. by cavity ring down spectroscopy). With these very small 
optical losses, the reflectivity of sputtered mirrors can be determined by measuring the transmittance T and the 
simple calculation:

							       R=100% –T.

In a normal spectrophotometer, the transmission can be measured with an accuracy of about 0.1...0.2% 
(depending on the absolute value), whereas reflectance measurements in spectrophotometers mostly have errors 
of about 0.5%. Thus, the determination of the reflectivity of sputtered coatings in the VIS and NIR by transmis-
sion measurements is much more accurate than direct reflectivity measurements. Please note that this method 
can only be applied because the optical losses are very small (which is one of the advantages of sputtered 
coatings). The method is also used for evaporated coatings in the NIR, VIS and near UV spectral range, where 
the optical losses of only 1-3x10–3 can be included into the reflectivity calculation.
In the deep UV range, the coatings usually show straylight losses in the order of some 10–3...10–2, depending 
on the wavelength. That´s why, especially fluoride coatings for wavelengths < 220nm are delivered with direct 
reflectivity measurements.
Direct reflectivity measurements are also necessary for low loss mirrors. LAYERTEC has cavity-ringdown-meas-
urement setups for a variety of wavelengths between 355nm and 1030nm.

Dielectric broadband coatings
·	 The first step to broadband mirrors and output couplers is to use coating materials with a large refractive 

index ratio (see above). The bandwidth can be further increased by special coating designs which apply 
also non-quarterwave layers.

·	 The easiest way is to combine two or more quarterwave stacks with overlapping reflectance bands. How-
ever, this results in increased optical losses at the wavelengths where the bands overlap. Moreover, such 
multiple stack designs cannot be used for fs - lasers because they induce pulse distortion.

·	 LAYERTEC offers special all-dielectric broadband components for fs - lasers up to bandwidths of one octave, 
i.e. 550nm–1100nm (see pages 56–59).

·	 Larger bandwidths can be achieved using metals. However, the natural reflectivity of metals is limited to 
92–99% (see the following paragraphs). It can, however, be increased by dielectric overcoatings. For such 
ultra broadband metal-dielectric mirrors see pages 82–83.

Figure 7:	 Polarization splitting of an edge filter. Please note that the edges of the reflectance bands are steep for s- as well as for p-polarization even at 
	 AOI=45°, but are located at different wavelengths. As a result, the edge of the reflectance band for unpolarized light is considerably broadened.
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COATINGS for laser Applications

Optical COATINGS

LAYERTEC specializes in the production of optics for laser applications in the wavelength range from the VUV 
(157nm and below) to the NIR (~4µm).

The most common types of optical coatings for lasers are high reflecting mirrors (for normal incidence as reso-
nator mirrors or for AOI=45° as turning mirrors), partial reflectors for output couplers and beam splitters and 
anti reflection coatings for windows and lenses. Coatings for more complex laser types combine up to three 
wavelength ranges of high reflectivity (e.g. for the laser wavelength and the harmonics) and up to three wave-
length ranges with high transmission (e.g. for the pump wavelength, the harmonics or for the suppression of 
other laser lines). Broadband mirrors and mirrors which are optimized for smooth group delay and group delay 
dispersion spectra are required for lasers emitting in a large wavelength range, e.g. dye lasers, Ti:Sapphire 
lasers, optical parametric oscillators (OPOs) and femtosecond lasers, respectively.

Besides reflectivity and transmission, coatings for laser applications must be optimized for low optical losses 
and high laser induced damage thresholds.

As outlined on pages 18–20, sputtered optical coatings for the VIS and NIR exhibit extremely low straylight 
and absorption losses (both in the order of some 10–5). The reflectivity of HR mirrors or the sum of reflectivity 
and transmission of partial reflectors produced by magnetron sputtering is well above 99.9%. Recently meas-
ured absorption losses in the NIR are in the order of 3–30ppm for both sputtered and evaporated coatings. 
Evaporated coatings show straylight losses in the order of some 10–3 in the VIS–NIR region and up to some 
10–2 in the UV and VUV. Nevertheless, evaporated coatings show low absorption losses in the UV.

Damage in cw and ns laser optics is mainly related to thermal effects such as increased absorption – either 
intrinsic absorption in the coating materials or absorption by defects – or poor thermal conductivity and low 
melting temperatures of the coatings. High power coatings require both the controlling of the intrinsic proper-
ties of the coating materials and the reduction of defects in the layers. Laser damage of picosecond and fem-
tosecond laser optics is mainly caused by field strength effects. High power coatings for these lasers require 
very special coating designs.

The determination of the laser induced damage threshold (LIDT) according to the standards ISO 11254-1 (cw-
LIDT and 1 on 1–LIDT, i.e. single pulse LIDT), ISO 11254-2 (S on 1, i.e. multiple pulse LIDT) and ISO 11254-3 
(LIDT for a certain number of pulses) requires laser systems operating in single modes, precise beam diagnostics 
as well as online and offline damage detection systems. This is the reason, why only a limited number of meas-
urement systems with only a few types of lasers is available (e.g. for 1064nm at Laserzentrum Hannover). For 
some of the most prominent laser wavelengths such as e.g. Argon ion lasers (488nm or 514nm), there is no 
measurement system available and no certified LIDT data can be provided.

The 1-on-1-LIDT (i.e. 1 pulse on 1 site of the sample) is not representative for the normal operation conditions. 
However, these values can be used for comparison of different coatings and for optimization procedures. More-
over, the 1 on 1 values are directly related to the more practical S -on-1-LIDT (LIDT for a given number “S” of 
pulses on the same site of the sample) and can be interpreted as upper limit of the LIDT. Laser systems with high 
repetition rates (some kHz) require lifetime tests expressed by LIDT values for high numbers of pulses.

The limited number of measurement facilities and the need for lifetime tests for practical applications make it 
necessary to include also measurements, lifetime tests or cumulative irradiation tests of several customers into 
this catalog. Please take into account that these values cannot be compared with an LIDT measurement, because 
the laser parameters given there are those without damage. Moreover, there is always an uncertainty of these 
values, especially with respect to the determination of the spot size. Errors in the order of about 30% must be 
taken into account. Nevertheless, we think that information on parameters of successful operation of our optics 
will certainly help to decide to use LAYERTEC optics. Sometimes, however, tests at the customers laser system 
will be necessary. LAYERTEC supports such tests at the customers facility by a considerable discount for the test 
pieces.

METAL-DIELECTRIC COATINGS

Optical COATINGS

Chromium: 
·	 Medium reflectivity in the VIS and NIR (R~40%–80% depending on the coating process)
·	 Hard, can be used without protective layer
·	 Good adhesive layer for gold and other metals on glass substrates

Protective layers:
·	 Ensure cleanability and chemical stability
·	 Influence on the reflectance of the metal
·	 Even very thin sputtered layers can be used for chemical protection of the metal because of high atomic den-

sity of the layers. Such layers show minimal influence on the VIS and NIR reflectivity of the metal
·	 Mechanical protection and cleanability can, however, only be reached by relatively thick protective layer 

systems
·	 Optimization of the protective layer system for the wavelength of interest is particularly necessary in the UV

Metal-dielectric coatings

In general, all layer systems consisting of metals and dielectric layers can be called “metal dielectric coatings”. 
The most familiar ones are metal-dielectric filters consisting of transparent metal layers which are separated by 
a dielectric layer. These filters are characterized by extremely broad blocking ranges which result from the 
reflectivity and absorption of the metallic layers. The spectral position of the transmission band is determined 
by the optical thickness of the dielectric spacer layer.
In this catalog we want to draw the attention of the reader, however, to metal-dielectric reflectors. Metals and 
metallic coatings show an extremely broadband natural reflectivity which is, however, restricted to about 90% 
in the UV spectral range (aluminum), 96% in the VIS (silver) and 99% in the NIR (gold and silver). Moreover, 
most of the metals must be protected by dielectric coatings to overcome limitations of chemical (silver) or mechan-
ical stability (aluminum, silver, gold). More strictly speaking, almost all metallic mirrors are metal-dielectric coat-
ings. The protective coatings always influence the reflectivity of the metals. Single dielectric layers of any thick-
ness lower the reflectivity in most parts of the spectrum. However, multilayer coatings on metals can increase 
the reflectivity of the metallic coating. The bandwitdth of enhanced reflectivity can also be optimized for extreme-
ly broad spectral ranges as can be seen in figure 9. For more examples please see pages 60–61, 82–83 and 
94–99.

Figure 9:	 Reflectance spectra of a protected silver mirror and a metal dielectric silver mirror, both optimized for high reflectivity in the visible spectral range 
	 for use in astronomical telescopes.
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Absorption	 5, 10, 17, 22, 23, 88, 90
Alexandrite laser	 30, 31
Aluminum	 21, 24, 27, 96, 97
Anti reflection coating	 16
ArF laser	 26, 27, 45, 97
Astronomical applications	 22, 94, 95, 96, 97

Barium fluoride	 10, 11, 99
BK7	 10–14
Broadband mirrors	 20, 22, 23, 32, 34, 47, 76–83, 94, 96
Broadband femtosecond mirrors	 56–66

Calcium fluoride	 10–14, 24–29, 44, 45, 71
Cavity ring down (CRD)	 7, 38, 39, 72, 86, 88–91
Chromium	 22, 98
Copper	 21, 99
Cr:Forsterite	 74
Crystals	 14, 41, 78, 92, 93

Diode lasers	 34, 35, 37, 40, 46, 50, 83, 95
Dye laser	 82

Edge filters	 19, 20, 36, 37, 49, 80, 84, 85
Electron beam evaporation	 5
Er:YAG 	 50, 51, 92
Etalon	  14

F2 laser	  24, 25, 97
Femtosecond lasers	 36, 37, 52–75, 94
Fibre laser (Er:doped)	 53, 75
Fibre laser (Yb doped)	 36, 37, 85
Fifth harmonic	 44, 45, 70, 71
Filters	 18, 33, 36, 37, 84, 85
Flatness	 10–14
Fourth harmonic	 44, 45, 70, 71
Fresnel equations	 15
Fused silica	 10–14
Fused silica (UV	 10–14
Fused silica (IR	 10–14

Gires-Tournois-Interferometer mirror (GTI mirrors)	 53, 72, 73
Gold	 21, 65, 99
Group delay dispersion (GDD) 	 52–75, 78, 83

Harmonics	 40–45, 66–71
High power femtosecond mirrors	 64, 65
High power Nd:YAG mirrors	 38, 39
High power Yb:YAG mirrors	 36, 37
Ho:YAG	 48, 49, 92

Ion beam sputtering	 4

Laser induced damage                                                 
threshold (LIDT)	 23, 25, 27, 29, 37–39, 64, 65, 86, 95
Lenses	 8, 12
Losses, optical	 4, 5, 17, 18, 88–91
Low loss optical components	 88–91

Magnesium fluoride	 16
Magnetron sputtering	 4

Metallic coatings 	 21, 94–99
Metal-dielectric coatings	 22, 60, 61, 82, 83, 94–99 

Nd:YAG	 38–47, 92
Nd:YVO4	 38–47, 92
Negative dispersion mirrors	 52–75
Negative dispersion mirror pairs 	  56–59, 62, 63, 75

Optical parametric oscillators (OPO)	 76–81

Picosecond optics 	 36, 37, 64, 65
Platinum	 99
Polarization 	 19, 86, 87
P-Polarization 	 19, 86, 87
Polishing	 13
Power spectral density (PSD)	 13
Pump mirror	 38–41, 46, 47, 54–59

Quarterwave stack	 16
Q-switch	 23, 92

Roughness	 11, 13, 88–91
Ruby laser	 30, 31

Sapphire	 10,11, 51, 76–81
Scanning mirrors 	 82–83, 95
Scattering	 17, 88
Second harmonic	 40, 41, 46, 47, 66, 67
SF10	 10
Silver	 21, 22, 60–65, 83, 94, 95
Special polishing	 13, 14, 88–91
S-Polarization	 19, 86, 87
Substrate materials	 10, 11
Substrates	 8–14
Surface quality	 8–14
Surface roughness	 10, 13, 88–91

Thermal evaporation	 5
Thin film polarizer	 19, 36–51, 86, 87
Third harmonic	 42–43, 68–69
Third order dispersion (TOD)	 52, 53, 62, 63
Ti:Sapphire laser	 32, 33, 52–73, 82–87
Tm:YAG	 48, 49
Tungstanates	 see Yb:KGW

Undoped YAG	 10–12, 14, 48–51, 76–81
UV coatings	 24–29, 42–45, 68–71, 96, 97

Vanadates 	 see Nd:YVO4

XeCl laser	 28, 29
XeF laser	 28, 29

YAG, undoped	 10–12, 14, 48–51, 76–81
Yb doped	 36, 37, 84, 85
Yb:KGW	 36, 37, 92
Yb:YAG	 36, 37,92

Zirconium	 99
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Interference Optics
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The colours of soap bubbles result from interference effects. 
These effects are also the active principle of optical coatings.




