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Abstract: A chirped mirror designed with 60 fs2 in group delay dispersion and reflectance large than
97.5% in the bandwidth between 700 and 900 nm by open-sourced thin film filter design software is
presented. The chirped mirrors are then fabricated by an ion-assisted deposition coater. First, the
optical constants of the thin films deposited by specific process parameters are calibrated by trial runs
with single-layer samples measured by variable-angle spectroscopic ellipsometer; then factors are
entered to compensate for the settings on film thickness. Afterward, the spectral phase of the coated
mirrors is measured by polarization gating frequency-resolved optical gating whereas the reflectance
is measured by photo-spectrometer. In conclusion, the measured results indicate a reasonable match
with the design goals to show the effectiveness of the proposed method. It is noted that ion-assisted
electron gun evaporation coating systems are applicable to the mass production of chirped mirrors
employed for ultrafast lasers.

Keywords: ultrafast laser; dispersion compensation; chirped mirror; optical thin film; ion-assisted
deposition (IAD)

1. Introduction

The advent of technologies in ultrafast lasers has become prominent in modern opti-
cal instruments, precision scientific apparatus, medical devices, and precision industrial
machines. In the past decade, the applications of lasers in various areas have been widely
reported. For example, ultrafast laser micromachining has remarkably reduced the heat
diffusion to surrounding regions at the processed area in metals, polymers, and semicon-
ductors [1,2]. The implementation of microfabrication with higher quality and complexity
than conventional manufacturing methods has led to many innovative applications in
micro-mechanical processes.

In ultrafast lasers, the generation of ultrashort pulses is based on three fundamental
parts: (1) gain medium, (2) mode-locking mechanism, and (3) dispersion compensation
design. When ultrashort laser pulses consisting of a spectrum in various wavelengths pass
through the dispersive medium, each component exhibits different group delays due to the
dispersions in the medium; hence, the broad pulse width is inevitable and consequential.
In the oscillator of a solid-state ultrafast laser, the initial pulse formed by the mode-locked
mechanism is consistently amplified by the gain medium until reaching steady-state power;
and, these pulses travel back and forth along the same wave path across the gain medium
block. In conventional design, optical components made of fused silica are used to transmit
the pulses; hence, the optical dispersions will deteriorate the pulse shape in broadened
pulse width due to the effects of group delay dispersion (GDD) and other higher-order
dispersions. To effectively control the pulse shape from the oscillator, the effects of disper-
sion must be eradicated by inserting optical elements with opposite signs in dispersion
coefficient into the path, technically in optics called dispersion compensation. The disper-
sion compensation approach based on angular dispersion, such as grating pairs and prism
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pairs, has been reported and applied to ultrafast laser systems for some years. However,
due to bandwidth limitations and other intrinsic disadvantages, they are incapable of
meeting the needs of the advanced ultrafast laser systems nowadays. The chirped mirrors,
proposed by Szipöcs et al., in 1994 [3,4], are based on the difference in path length resulting
from the wavelength-dependent penetration depth in the multilayer structure in order to
generate negative dispersion effects. Figure 1 illustrates the concept of a chirped mirror in
a schematic depiction. Compared with other dispersion compensation elements such as
grating and prism pairs, negative dispersion mirrors are more advantageous in low losses,
less nonlinear effects, ultra-broadband, high compactness, simple installation, and easy
adjustment. Hence, it has become the mainstream dispersion compensation component in
ultrafast lasers today.
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Figure 1. Schematic of the concept for chirped mirrors.

As the manufacture of chirped mirrors requires accurate control of film thickness and
refractive index, various sputtering methods, namely ion beam sputtering and magnetron
sputtering, have been dominant in the mass production of chirped mirrors. However,
the sputtering mechanism is well known for its high costs and lack of mass production
capability [5]. Since many recent advancements have been made in IAD coaters, studies of
mass production of coated mirrors in laser applications have been reported elsewhere [6].
The objective of this paper is to investigate the feasibility of using IAD in the mass produc-
tion of chirped mirrors mounted on a large umbrella-shaped substrate holder as shown in
Figure 2.
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2. Optics Theory in Thin Film
2.1. Calculation of Dispersion

In the fundamental theories of geometric and physical optics, dispersion is defined
as the wave propagation relationship between the wavenumber k (or the wavelength
λ = 2 π/k) and the angular frequency ω. Furthermore, the refractive index of optical
materials is defined as the ratio of light speed in a vacuum to the light speed traveling in
the material as follows:

n =
c
v

(1)

From the definition of wavenumber, the dispersion of material can be derived as follows:

k(ω) =
2π

λ(ω)
=

2π f
v(ω)

=
ωn(ω)

c
(2)

and the spectral phase shift is equal to the product of wavenumber and the length in the
dispersive medium:

φ(ω) = k(ω)·l = ω

c
n(ω)·l (3)

To quantify the material dispersion, Taylor Series expansion at the central frequency
ω0 of the wavenumber k(ω) are adopted and derived as follows:

φ(ω) = φ(ω0) +
∂φ(ω)

∂ω

∣∣∣∣
ω0

(ω − ω0) +
1
2

∂2φ(ω)

∂ω2

∣∣∣∣
ω0

(ω − ω0)
2 + . . . (4)

where the second-order derivative ∂2φ(ω)
∂ω2

∣∣∣
ω0

is GDD that causes the pulse-broadening

effect. The quantitative description of pulse-broadening effects with respect to GDD can be
described as follows.

τout = τin

√√√√1 +

(
4ln(2)·GDD(ω0)

τ2
in

)2

(5)

Hence, the characteristics of output pulse width τout versus input pulse width τin can
be plotted in a logarithmic scale as shown in Figure 3 for the given GDD values.

Coatings 2023, 13, x FOR PEER REVIEW 3 of 14 
 

 

2. Optics Theory in Thin Film 

2.1. Calculation of Dispersion 

In the fundamental theories of geometric and physical optics, dispersion is defined 

as the wave propagation relationship between the wavenumber k (or the wavelength λ = 

2 π/k) and the angular frequency ω. Furthermore, the refractive index of optical materials 

is defined as the ratio of light speed in a vacuum to the light speed traveling in the material 

as follows: 

𝑛 =
𝑐

𝑣
 (1) 

From the definition of wavenumber, the dispersion of material can be derived as fol-

lows: 

𝑘(𝜔) =
2𝜋

𝜆(𝜔)
=

2𝜋𝑓

𝑣(𝜔)
=

𝜔𝑛(𝜔)

𝑐
 (2) 

and the spectral phase shift is equal to the product of wavenumber and the length in the 

dispersive medium: 

𝜙(𝜔) = 𝑘(𝜔) ∙ 𝑙 =
𝜔

𝑐
𝑛(𝜔) ∙ 𝑙 (3) 

To quantify the material dispersion, Taylor Series expansion at the central frequency 

𝜔0 of the wavenumber 𝑘(𝜔) are adopted and derived as follows: 

𝜙(𝜔) = 𝜙(𝜔0) +
𝜕𝜙(𝜔)

𝜕𝜔
|

𝜔0

(𝜔 − 𝜔0) +
1

2

𝜕2𝜙(𝜔)

𝜕𝜔2
|

𝜔0

(𝜔 − 𝜔0)2

+ ⋯ 

(4) 

where the second-order derivative 
𝜕2𝜙(𝜔)

𝜕𝜔2 |
𝜔0

 is GDD that causes the pulse-broadening 

effect. The quantitative description of pulse-broadening effects with respect to GDD can 

be described as follows. 

𝜏𝑜𝑢𝑡 = 𝜏𝑖𝑛√1 + (
4 𝑙𝑛(2) ∙ 𝐺𝐷𝐷(𝜔0)

𝜏𝑖𝑛
2 )

2

 (5) 

Hence, the characteristics of output pulse width 𝜏out versus input pulse width 𝜏in 

can be plotted in a logarithmic scale as shown in Figure 3 for the given GDD values. 

 

Figure 3. Plots of curves on broadened output pulse width versus input pulse width at various GDD 

values. 

  

Figure 3. Plots of curves on broadened output pulse width versus input pulse width at various
GDD values.

2.2. Thin Film Theory

Since every single thin film layer can be regarded as a single interface in geometric
optics, a multilayer thin film can also be treated as an iterative operation of multiple
interfaces. The characteristic matrix of an assembly of m layers is hereby defined as follows:[

B
C

]
=

{
m

∏
j=1

[
cosδj

isinδj
ηj

iηjsinδj cosδj

]}[
1

ηsub

]
(6)
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where ηj and δj are the optical admittance and the phase thickness of the j-th layer. In the
braces of the above equation, it can be expressed as products of characteristic matrices
of the layer 1 to m; i.e., M1 · · · Mm. On the other hand, B and C are the normalized
tangential electric field and magnetic field at the front surface. Hence, the equivalent
optical admittance of the assembly is given by:

Y = C/B (7)

Hence, the simplified multi-film representation is shown in Figure 4 to be a single
interface. With the characteristic matrix of assembly, the reflectance R and the spectral
phase ϕ of reflection of the film assembly can be calculated by the following equations:

R =

(
η0B − C
η0B + C

)(
η0B − C
η0B + C

)∗
(8)

ϕ = arctan

(
Im[ηsub(BC∗ − CB∗)]

η2
sub(BB∗ − CC∗)

)
(9)
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2.3. Mirror Dispersion

In general, the design of filters based on multilayer thin film focuses on the spectral
intensity properties without specifications on the spectral phase. A dispersive mirror needs
to provide chromatic dispersion for dispersion compensation in GDD in ultrafast laser
applications. Therefore, the dispersive mirror must provide two unique characteristics;
namely, they are constant GDD in bandwidth and negative signs for the cancellation of
dispersion of the material. In addition, the dispersive mirror is assumed to be linear so that
the laser pulse can bounce back and forth to achieve a large amount of dispersions.

According to the definition of GDD in the previous section, GDD is the second-order
partial derivative of the spectral phase; and, the GDD of a thin film assembly can be
determined as follows:

GDD(ω) = (∂2 ϕ(ω))/∂ω2) (10)

3. Optical Miror Design
3.1. Merit Function

The merit function proposed by Baumeister in 1958 [7] can quantitatively evaluate the
proximity of the spectral characteristics between the optical multilayer thin film and the
target requirements. The method leads the thin film design to be formulated as optimiza-
tion problems. The form of the merit function can be written as the form of a weighted
squared difference:

F(X) =
1
L

 L

∑
j=1

 f
(
X, λj

)
− f (λj

)
∆ f j

2 (11)
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which includes the film design value f (X, λj), the target value f (λj), and the corresponding
tolerance of the optical property value ∆ f j on the spectrum. The smaller the value calculated
by the merit function, the closer the design approaches the design goal. In the optimization
of chirped mirrors with target bandwidth, two design objectives must be met both in high
reflectance and at a GDD value so that the merit function is defined in the following:

F(X) =
1
L
[

L

∑
j=1

(
R
(
X, λj

)
− R(λj

)
∆Rj

)2

+
L

∑
j=1

(
GDD

(
X, λj

)
− GDD(λj

)
∆GDDj

)2

] (12)

It is noted that the above merit function considers both the reflectance and the GDD of
the chirped mirror with a multilayer thin film.

3.2. Needle Optimization

In optimization theory, the most troublesome issue is to determine the existence of
local minima in the given domain. This is especially cumbersome in the multilayer thin
film optimization problems due to the under-constraint conditions. Many algorithms
are available for the optimization of film thickness design of chirped mirrors published
recently [8–10]; however, the most notable and conventional method is the needle optimiza-
tion method proposed by Tikhonravov in 1982 to verify the capability of optimization in
the number of layers in shop practice [11–13]; additionally, in some specific problems, the
method can even directly start from a single layer without an appropriate initial number of
layers. Since many mass production coater systems are customer-made with a limited num-
ber of materials crucibles and monitoring glass substrates, a fast and reliable optimization
method should be selected for this study.

The main concept of needle optimization is by inserting new layers into the existing
design to optimize the merit function. In the original design, a function P(z) can be
calculated and it means the change in the merit function corresponding to a single needle
variation added at location z:

P(z) = ∆F (13)

and P(z) can be calculated through an analytic method [14].
Figure 5 illustrates the design flowchart of the needle optimization algorithm with

steps in refinement, removing over-thin layers, calculating the P function, termination
criteria, and insertion of needle layers in total. When the termination condition is not
met due to the removal of over-thin layers, either a random fluctuation of thickness can
be added during the optimization or the thickness of the layers can be locked before the
over-thin condition happens.
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3.3. Mirror Design

In this study, an open-source program, published by Larouche and Ludvik in 2008
named as OpenFilters, for optical thin film design and analysis is employed [15]. In the
paper published by Pervak et al. [16], the suggested design steps illustrate the specific
selected initial designs can be very helpful for finding a good and achievable solution.
Accordingly, a 40-layer double-chirped mirror (DCM) structure is selected as the initial
design with the film thicknesses corresponding to the 40 layers shown in Figure 6. It is
noted that three regions of layers are designated to fulfill the optimization of merit function
according to the results from the literature review.
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Before the optimization scheme is applied, the initial thicknesses of the high and
low index of material are selected based on the experimental data from the calibration
runs described in the following section. Fed with the initial design values, the needle
optimization program calculates the output data plotted with layer thickness as shown in
Figure 7. The calculation speed and convergence of the program give reliable film thickness
with less difference between H and L material. Figure 8 plots the corresponding reflectance
and GDD versus wavelength of the optimal design that meets the merit function defined
for this study.
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To further verify the optimal design, Figure 9 shows the simulated electric field inten-
sity distributions from 650 to 950 nm inside the mirror coatings plotted versus the optical
distance generated by a commercial thin film software, Essential Macleod copyrighted by
Thin Film Center Inc. In the figure, the longer wavelength components penetrate deeper
into the structure which is well described by the theory of chirped mirror in the previous
section. From the results of optimal multilayer thin film design, the operational hours of
the coater system show that many environmental disturbances may influence the actual
thickness of the film during the complete process. As a further step, it is evident that
the study of environmental disturbances during the long-hour operation of the coater
system may further confirm the final optical performance of the chirped mirror. Hence, the
performance deviations due to the thickness errors with normal Gaussian distributions at
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1.0% are entered into each layer of the optimal design thickness for more than hundreds of
simulation cases.
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Figure 9. Simulated electric field distribution in the film structure versus wavelength.

After analysis of the simulated data, the corresponding simulated results are plotted
in Figure 10 in which the design targets and the bandwidth regions are well enclosed by
the worst-case scenario. The simulated results indicate when the wavelength is longer
than 800 nm, the deviations in GDD may not be controlled at a constant. However, when
the wavelength is smaller than 800 nm, the deviations in GDD should stay almost at a
constant value down to 700 nm. This part of the simulations may be useful to verify the
experimental results if similar observations are shown in the GDD plots.



Coatings 2023, 13, 356 8 of 13

Coatings 2023, 13, x FOR PEER REVIEW  8  of  14 
 

 

 

Figure 9. Simulated electric field distribution in the film structure versus wavelength. 

 

Figure 10. Simulated effects in optical properties at 1% normal Gaussian distribution for each layer 

thickness error. (a) Reflectance response, (b) GDD response. 

4. Design Verifications and Experimental Results 

The IAD apparatus used in this study is a customer‐specific machine, Model: SGC‐

22SA‐IAD, made by Showa Shinku Co., Sagamihara, Japan. Two electron guns, made by 

JEOL Co., are used for the  individual hearths of material placed  in copper crucibles. A 

Veeco® ion source, made in New York, NY, USA, generates the plasma used on the targets. 

Both crystal and optical monitoring devices are embedded on the top of the target um‐

brella  for  film  thickness control. Table 1  lists  the pertinent process parameters of high 

(Ta2O5) and low (SiO2) refractive index materials, both manufactured by Canon OPTRON, 

Tokyo, Japan, used on the IAD apparatus. Since the geometry and design of the apparatus 

are different in various models as shown in Figure 11, there are calibration factors needed 

for the computer controller before any normal coating cycle can be started. 

   

Figure 10. Simulated effects in optical properties at 1% normal Gaussian distribution for each layer
thickness error. (a) Reflectance response, (b) GDD response.

4. Design Verifications and Experimental Results

The IAD apparatus used in this study is a customer-specific machine, Model: SGC-
22SA-IAD, made by Showa Shinku Co., Sagamihara, Japan. Two electron guns, made by
JEOL Co., are used for the individual hearths of material placed in copper crucibles. A
Veeco® ion source, made in New York, NY, USA, generates the plasma used on the targets.
Both crystal and optical monitoring devices are embedded on the top of the target umbrella
for film thickness control. Table 1 lists the pertinent process parameters of high (Ta2O5)
and low (SiO2) refractive index materials, both manufactured by Canon OPTRON, Tokyo,
Japan, used on the IAD apparatus. Since the geometry and design of the apparatus are
different in various models as shown in Figure 11, there are calibration factors needed for
the computer controller before any normal coating cycle can be started.

Table 1. Pertinent process parameters of Ta2O5 and SiO2.

Film Materials Ta2O5 SiO2

Substrate Temperature (◦C) 200 200
Starting Pressure (Pa) 1 × 10−3 1 × 10−3

E-gun Power (%) 13 5.5
Crystal Monitor Deposition

Rate (nm/s) 0.15 0.3

Ion Source Gas Flow Ar: 0 sccm
O2: 25 sccm

Ar: 20 sccm
O2: 0 sccm

Ion Source Anode Voltage (V) 150 150

It should be noted that the basic calibration factors, namely the optical constants of
coated films and the tooling factors due to the different locations of the targets and sensors,
must be correctly determined by trial runs for the materials. Hence, preliminary trial
runs of the experiment were conducted for correlating the above factors by analysis of
experimental data. First, Ta2O5 and SiO2 were individually coated on optical grade BK7
glass substrates (Unice EO Inc., Taoyuan, Taiwan) with 25 mm in diameter, and 1.0 mm in
thickness with surface roughness better than 1 nm. Based on the total periods of the coating
process and minimum control in time steps of the controller, single-layer film thicknesses of
10, 50, and 100 nm were selected for the calibration runs for both materials. A total number
of eight samples on a holding plate of the umbrella were coated in a trial run. More than a
hundred trail samples were made for the calibration process.
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Figure 11. Schematic drawing for showing location differences among test samples and optical
monitoring sensor.

As a further step, the thickness and optical constants (i.e., refractive index spectrum)
of groups of eight samples were measured and analyzed by a in-house built variable-angle
spectroscopic ellipsometer (VASE). The details of the technique in VASE measurements
are considered trivial here since the steps are tedious and standardized in optical film
measurement technology [17]. As a result, the analysis results showed that samples coated
at 50 nm and 100 nm settings for both materials are similar in refractive indices and tooling
factors illustrated in Tables 2 and 3. In the tables, it is noted that the samples coated at
10 nm show unacceptable variations due to the rationale of possible deposition defects and
dependence of refractive index on extra-thin thickness. Therefore, in the early design stage,
the layers with thicknesses smaller than 50 nm were removed from the design procedure to
carefully define the lower limit of the optimization method to coat the chirped mirror with
confidence.

Table 2. Analysis results of single-layer Ta2O5 film coated with various thicknesses.

Thickness Settings (nm) 10.0 50.0 100.0

Average Film Thickness (nm) 13.22 45.77 95.65

Monitored Glass Film Thickness (nm) 12.51 41.56 84.76

Tooling Factor (AFT/MGFT) 1.0569 1.1012 1.1285

Standard Deviation of 8 Samples (nm) 0.25 0.58 0.23

Table 3. Analysis results of single-layer SiO2 film coated with various thicknesses.

Thickness Settings (nm) 10.0 50.0 100.0

Average Film Thickness (nm) 13.44 55.76 91.65

Monitored Glass Film Thickness (nm) 13.94 42.18 72.11

Tooling Factor (AFT/MGFT) 0.964 1.322 1.271

Standard Deviation of 8 Samples (nm) 0.19 0.88 0.75

Based on the analysis of VASE measurements, the coating process parameters were re-
entered into the IAD system controller (manufacturer, city, country), the complete coating
process was automatically conducted on the IAD apparatus. From warm-start to cool-down,
the total coating process required approximately 26 h. Figure 12 shows the photo picture of
a coated chirped mirror with 25 mm in diameter and 5.0 mm in thickness.
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Figure 12. Photo picture of a coated chirped mirror; black line is 25 mm in length.

To check for the performance of the coated chirped mirrors, the reflection spectrum
including intensity and phase is measured by the polarization gating frequency-resolved
optical gating (PG-FROG) method [18]. The PF-FROG measurement results are shown in
Figure 13 in which the retrieved plots show pulse becomes less delayed after bouncing on
the chirped mirror. In Figure 14, the pulse temporal data plots indicate pulse width being
reduced after bouncing on the chirped mirror. In a further analysis by the use of Taylor
Series expansions in the spectral differences between the original pulse and the bounced
pulse from the chirped mirror, the GDD values of the chirped mirror can be plotted as
shown in Figure 15 in which the measured GDD values agree well with the design target
and values; additionally, they are bounded by the worst-case scenario of GDD deviations
at thickness error of 2% in the wavelength from 700 to 900 nm. Finally, Figure 16 shows the
plots with a comparison between the VASE reflectance measurements and the design values.
An average of 2% in scattering losses are observed. Again, this confirms the fabricated
chirped mirrors could meet the specifications given by the optimal design results.
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Figure 15. Comparisons of the GDD response among the design target, the design values, the
measured values, and bound of GDD deviations under the worst-case scenario of thickness error
at 2%.
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5. Conclusions

In this paper, theoretical derivations in the design of chirped mirrors employed for
ultrafast lasers are introduced with an easy-to-implement design optimization method.
Furthermore, the popular IAD coating method is employed for experimental verifications
of the optimal design of chirped mirrors with comprehensive descriptions of the calibration
steps and experimental measurement results. First, the optical constants and the tooling
factors of coating materials are measured for the two selected materials, namely Ta2O5 and
SiO2. With the minimum layer thickness being set at 50 nm, the film thickness of all layers
was coated in approximately 24 h to produce a batch of eight mirrors for verification pur-
poses. Both the PG-FROM measurements and reflectance plots confirm that the proposed
mass production of chirped mirrors is feasible with the commercially well-developed ion-
assisted e-beam evaporation process. The temporal and spectral measurements illustrate
the chirped mirrors fabricated by this method can meet the ultrafast laser requirements.
Nevertheless, the simulated results in Figure 15 indicate careful monitoring and control
of the environmental factors that influence the physical coating mechanism should be an
important practice to be conducted on the shop floor.

In conclusion, when considering the equipment costs and mass production capability,
the IAD coating systems are possible candidates for meeting the needs in the large volume
production of chirped mirrors for the ultrafast laser industry. Since many tedious exper-
imental steps are necessary for the calibration of the IAD coating method, a systematic
method of design and fabrication of chirped mirrors should be studied with comprehen-
sive theoretical and experimental results. Furthermore, it should also be noted that the
economic advantages of the mass-produced chirped mirrors cloud also propel the progress
in industrial applications of ultrafast laser systems.
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