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Abstract

We have compared two kinds of dispersive mirrors (DMs) produced by magnetron sputtering and ion beam sputtering. One
of them is a broadband DM which is known as double-angle DM, providing a group delay dispersion (GDD) of —40fs? in the
range of 550-1050 nm. The other one is a robust highly dispersive mirror, which provides a GDD of about —275fs” at 800
nm and covers the wavelength range from 690 to 890 nm. For the first time, a comparison between magnetron-sputtering-
produced and ion-beam-sputtering-produced dispersive mirrors is performed.

1 Introduction

Dispersive mirrors (DMs) were first invented by Szipocs
et al. [1]. Since 1994, a lot of scientists have been attracted
into this field. For the past 2 decades, DMs exploited as
intracavity and extracavity dispersion compensation com-
ponents have been widely used in all kinds of ultrafast laser
systems, including Ti:sapphire oscillators [2-5], Yb:YAG
disk oscillators [6-8], Erbium-doped fiber chirped pulse
amplification systems [9], etc. [10, 11]. DMs have covered
the wavelength range from the ultraviolet [12], visible [2-5],
infrared [6—-11, 13, 14], to mid-infrared region [15, 16].
Nowadays DMs become the key elements to control disper-
sion in ultrafast laser systems.

Broadband dispersive mirrors (BBDMs) [15-20] and
high-dispersive mirrors (HDMs) [2-9, 13] are the two
mostly used DMs. Design and manufacture of both kinds of
DMs are the challenge. The first dispersive mirror [1] was
fabricated by electron beam evaporation in spite of its rela-
tively low accuracy in layer thickness control. However, as
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more complicated DMs were required to meet the dispersion
control in laser systems, electron beam evaporation tech-
nique was no longer suitable for producing DMs. Magne-
tron sputtering (MS) [6-8, 15-20] and ion beam sputtering
(IBS) [9, 21], which have improved layer thickness accuracy
and process stability, became the most widespread coating
processes for manufacturing DMs. Both processes deposit
layers with excellent uniformity of physical thicknesses and
high stability to environmental conditions compared to lay-
ers produced by electron beam evaporation. However, there
is no study about comparisons of MS-produced and IBS-
produced DMs, especially for the two widely used DMs
(BBDMs and HDMs).

In this work, we demonstrate the design, production and
characterization of (1) double-angle DMs (BBDMs covering
one octave) and (2) HDMs. For the first time, the IBS-pro-
duced DMs are directly compared with MS-produced DMs.
To make the comparison feasible, the same design targets
were used in both cases and only fine-tuning was performed
to adjust design to refractive indexes of coating plants. In
Sect. 2 design, production and characterization of the double
angle DMs are presented. We provide design, deposition and
characterization of robust HDMs in Sect. 3. A comparison
and discussion of the results can be found in Sect. 4. Finally,
the conclusion is drawn in Sect. 5.
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Table 1 Cauchy formula

: Technology Material Ag A, A, n (800 nm)

coefficients for the layer

materials and the Suprasil IBS Sio, 1.486272 —3.996783¢=3 5.8433165¢* 1.49

substrate Nb,O; 2.179779 0.032789 1.9913311e"3 224

Suprasil 1.443268 0.004060 6.9481764¢~¢ 1.45

MS SiO, 1.465294 0.0 4.710804e~* 1.47

Nb, O 2.218485 0.021827 3.9996753¢~3 2.26

Suprasil 1.443268 0.004060 6.9481764¢~¢ 1.45
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Fig. 1 Layer thicknesses of double-angle DMs: a MS, b IBS. The
black and red bars represent the high- and low-index materials,
respectively. The layer number starts at the substrate and increases
towards the incident medium (air)

2 Broadband double-angle DMs
2.1 Design

Double-angle DMs were designed by the OptiLayer software
[22]. To cover a wide range from 550 to 1050 nm, Nb, O,
and SiO, were chosen as the layer materials. Suprasil was
used as the substrate. The optical constants of the substrate
and layer materials are specified by the Cauchy formula:

n(A) =Ag+A, /> +A,/ 1%, 1)

where A is expressed in micrometer and the coefficients of
Ay, A, and A, are presented in Table 1.

5° and 19° were chosen as the two different working
angles. The target reflectance was set to 100% . GDD should
compensate 1 m of Air and 1 mm of Fused Silica in two
reflections with this mirror. The needle optimization and
gradual evolution technique [23, 24] were used in the design
algorithm [19]. The final optimized thickness structures for
MS and IBS are shown in Fig. 1a, b, respectively. The thick-
ness structures are quite similar and there is just a slight
difference due to the refractive index differences between
the two plants as can be seen in Table 1. The total thickness
of both structures is about 8.8 pm with 98 layers. Figure 2
depicts the GDD of the double-angle DMs. The GDD oscil-
lations of the individual mirror at two angles of incidence
are just in anti-phase, and they cancel out each other. As a
result, the effective GDD, which is the arithmetic mean of

@ Springer

GDD(fs?)

8
(%)eoueiosyey

(%)odouejosyey

-1000
500 600 700 800
Wavelength(nm)

Los
900 1000 500 600 700 800 900 1000
Wavelength(nm)

Fig.2 Theoretical GDD and reflectance of double-angle DMs: a MS,
b IBS. The red and blue curves correspond to the incident angle of
5° and 19°, while the green curves represent the residual GDD and
reflectance

the GDD for these two incident angles, has been suppressed
significantly.

2.2 Deposition and characterization

Both MS and IBS have proven to be the most reliable tech-
niques for producing complicated DMs. The excellent stabil-
ity and repeatability of sputtering techniques make them the
most widely used and successful methods to deposit all kinds
of DMs. The double-angle DMs for IBS were manufactured
by a NAVIGATOR machine from Cutting Edge Coatings
GmbH (Hannover, Germany). The ion beam is extracted
from an Argon gas plasma by a three-grid multi-aperture
extraction system. A cryogenic pump evacuates the coating
chamber to 1 x 10~7 mbar before deposition. The pressure
during the coating process is about 5 x 10~* mbar. Due to a
stable sputtering rate, the layer thickness was controlled by
time. The deposition rates of Nb,O5 and SiO, materials were
approximately 0.09 nm/s and 0.1 nm/s, respectively. The
double-angle DMs for MS were fabricated by a HELIOS
machine from Leybold Optics GmbH (Alzenau, Germany).
The layer thicknesses were controlled also by time. The
system was pumped by turbo-molecular pumps to 1 x 107
mbar before deposition. The gas pressure was 1 x 1073 mbar
during the sputtering process. The deposition rates were
approximately 0.5 nm/s for both materials.

The transmittance spectra of the DMs were measured by
a spectrophotometer (Perkin Elmer Lambda 950) at normal
incidence in the wavelength range of 400—1200 nm. The GDD
was measured with a home-built white light interferometer
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Fig.3 Measured and theoretical transmittance of double-angle DMs:
a MS, b IBS. Black and red curves represent the measured and theo-
retical transmittance, respectively
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Fig.4 Measured and theoretical GDD of double-angle DMs: a MS, b
IBS. Red and blue curves correspond to the incident angle of 5° and
19°, black and green curves represent the measured and theoretical
effective GDD

[25]. The results of the measured transmittance and GDD can
be compared with the theoretical values of the double-angle
DMs in Figs. 3 and 4.

Even though a small spectral shift can be observed in the
measured transmittance, the measured GDD curves at 5° and
19° for both MS-produced and IBS-produced are matching
each other, and the GDD oscillations are in anti-phase result-
ing in the significant decrease of the GDD oscillations for
the effective GDD (black curves in Fig. 4). Good agreement
between the measured effective GDD and theoretical effective
GDD for both IBS and MS processes was obtained.
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Fig.5 Layer thicknesses of HDMs: a MS, b IBS. The black and red
bars represent the high- and low-index materials, respectively. The
layer number starts at the substrate and increases towards the incident
medium (air)

3 Robust HDMs
3.1 Design

For the HDM, the well-known robust synthesis algorithm
[26] was used to design the layer structure. It considers the
layer thickness discrepancies. Ta,O5 and SiO, were cho-
sen as the high and low refractive index materials, while
Suprasil was the substrate. The refractive indices of the
layer materials and the substrate for both MS and IBS tech-
nology were specified by the Cauchy formula. The optical
constants are shown in Table 2. By the robust synthesis
approach, the number of samples in the cloud was set to 50
[26], which is enough for optimizing the DM according to
our experience. The large weight of the absolute errors and
small weight of the relative errors were considered. The
absolute error was 0.5 nm and the relative error was zero.
The reflectance and GDD values were optimized to 100%
and —275 fs> at 800 nm for P-polarization. The theoreti-
cal reflectance and GDD for MS and IBS are depicted in
Fig. 6. The corresponding thickness structures are shown
in Fig. 5. The layer structure for MS consists of 74 layers
with a total thickness of 12.6 pm, whereas the structure
for IBS includes 80 alternative high- and low-index layers
with a total thickness of 13.2 pm. The IBS coating is a bit

Zzz;;erizl}z};z}fzrlgfra Technology Material Ag A, A, n (800 nm)
materials and the Suprasil IBS Sio, 1.486272 ~3.996783¢3 5.8433165¢~ 1.49
substrate Ta, s 2.022438 1.8653421¢2 1.1442954¢73 2.05
Suprasil 1.443268 0.004060 6.9481764¢~¢ 1.45
MS Si0, 1.465294 0.0 4.710804e~* 1.47
Ta, 04 2.065721 0.01683 0.001686 2.10
Suprasil 1.443268 0.004060 6.9481764¢~° 1.45
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Fig.6 Theoretical GDD and reflectance of HDMs: a MS, b IBS. Red
and black curves correspond to the theoretical reflectance and GDD
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Fig.7 Measured and theoretical transmittance of HDMs: a MS, b
IBS. Black and red curves represent the measured and theoretical
transmittance
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Fig.8 Measured and theoretical GDD of HMDs: a MS, b IBS. Black
and red curves represent the measured and theoretical GDD

thicker due to the slightly smaller refractive indices ratio
of the material pair (Fig. 6).

3.2 Deposition and characterization

The HDMs were produced by the IBS and MS technology
with the same coating process to the double-angle DMs. The
deposition rates of Ta,O5 and SiO, were about 0.07 nm/s and
0.1 nm/s for IBS, while the deposition rates were about 0.5
nm/s for both materials for MS.

The measured transmittance and GDD compared with
theoretical values of the HDMs produced by the two tech-
nologies are shown in Figs. 7 and 8.

The transmittance measurements show that better agree-
ment between the measured and the designed transmittance
was obtained for the IBS-produced HDMs, especially for the
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Table 3 MF values for the broadband double-angle DMs and Robust
HDMs

Technology Broadband double-angle Robust HDMs
DMs
MS 16.1 12.3
IBS 19.0 9.5
5001 —— MS-produced 5001 MS-produced
—— IBS-produced (a) IBS-produced (b)
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Fig.9 Measured and theoretical GDD of HMDs: a MS, b IBS. Black
and red curves represent the measured and theoretical GDD

longer wavelength region. GDD comparison shows that the
measured GDD curves fit very well to the theoretical GDD
curves for both coating technologies.

4 Comparison

GDD is the most important characteristic of DMs. Thus,
the GDD results usually determine whether the coating run
is successful or not. To estimate the measured GDD perfor-
mance, we introduce a merit function to show the discrep-
ancy between the measured GDD and target GDD. The merit
function is defined as

L/ GDD(m, 4.) — GDD(T, 1)\ 2
< ) , @

MF? =
Zf AGDD

where { 4; } are the distributed wavelength points in the spec-
tral range, GDD(m, Aj) and GDD(T, /1j) represent the meas-
ured GDD and target GDD at the corresponding wavelength,
AGDD is the tolerance of GDD. According to formula 2, MF
values are calculated, which is shown in Table 3. One can
see that for both broadband double-angle DMs and Robust
HDMs, the MF values of MS and IBS are very close and
relatively small, which means a good agreement between
the measured GDD and target GDD.

Measured GDD of double-angle DMs produced by MS
and IBS were plotted in Fig. 9a. We can see that both GDD
curves have relatively small GDD oscillations and almost the
same amount of GDD oscillations. Furthermore, both meas-
ured GDD curves meet the target. A comparison of IBS-pro-
duced and MS-produced robust HDMs was investigated as
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well, presented in Fig. 9b, which shows that both curves are
close to the target and fulfill the GDD requirements. From
the GDD comparison, both DMs manufactured by the two
technologies have similar GDD characteristics, including the
amount of GDD and the number of GDD oscillations. This
demonstrates that IBS and MS have a comparable accuracy
of the deposited layer thicknesses, by which the produced
DMs are composed of.

5 Conclusion and outlook

Two different types of DMs have been designed, fabricated
and characterized. The comparison of the measured trans-
mittance and GDD with the theoretical values indicates that
both DMs produced by MS and IBS are successful. Further-
more, a comparison of the characteristics of the MS-pro-
duced and IBS-produced DMs was drawn for the first time.
The GDD comparison proves that the IBS technology and
the MS technology can produce DMs with same precision.

With the demand of high-power laser systems increasing,
large-scale and low loss dielectric coatings, including highly
reflective mirrors as well as dispersive mirrors, draw more
and more scientist’s attention. The IBS is able to deposit
mirrors up to a diameter of 600 mm with a uniformity bet-
ter than 1%. Ultra-low loss mirrors have been successfully
produced with a total loss value of 1 ppm. The large coating
area and the achievable loss values are the two main advan-
tages of the IBS technology compared to the MS technology.
These two advantages as well as the high deposition accu-
racy make IBS more suitable and promising for producing
large size, low loss and complicated dispersive mirrors in the
future. The MS technology is significantly faster (roughly by
factor 5) and can coat more substrates with smaller size (10
pcs of up to 200 mm in diameter) in comparison to only one
200-mm substrate in the case of IBS technology.
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