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Metal–dielectric phase-shifting multilayer optical elements have been developed, providing broadband, virtually
dispersion-free polarization manipulation down to the few-cycle level. These optical elements are Ag/Al2 O3 mirrors that operate in the spectral range from 500 to 100 nm, exhibiting reflectance higher than 95%, and a differential phase shift between the s- and p-polarization of about 90◦ distributed over four bounces. The mirrors have
been designed, produced, and reliably characterized based on spectral photometric and ellipsometric data using a
non-parametric approach as well as a multi-oscillator model. The optical elements were implemented into a fewcycle laser system, where they transformed linearly polarized few-cycle light pulses to circular polarization. © 2019
Optical Society of America
https://doi.org/10.1364/AO.59.00A123

1. INTRODUCTION
Although metal–dielectric coatings are well known and have
been widely used for many years, interest in them is constantly
growing. Metal–dielectric coatings can be used as high reflectors, absorbers, cutoff filters, and color optical elements (see, for
example, Refs. [1,2]). Recently, a few more interesting applications have been reported, including their use in solar cells
[3–5]. In Ref. [6], metal–dielectric broadband absorbers were
designed. Bicolor coatings containing metal-island films were
reported in Ref. [7]. Metal–dielectric coatings are also in high
demand for ultrafast laser applications. Ref. [8] reported the
design and fabrication of optical coatings separating the radiation of CO2 and He–Ne lasers. Metal–dielectric multilayers
have been also actively investigated as novel photonic structures such as hyperbolic metamaterials [9] or epsilon near-zero
media [10].
In order to design and produce metal–dielectric multilayers,
one must know accurately the optical parameters of metal films.
The complex refractive index of metals in the optical range is
determined by several light–matter interaction processes such
as interband and intraband transitions, and there has been
continuous effort to establish dispersion models able to provide an accurate description of these phenomena [11,12]. In
Refs. [13,14], a non-parametric approach for reliable characterization of thin metal films is presented. The results provided by
1559-128X/20/05A123-05 Journal © 2020 Optical Society of America

the approach are very close to the optical constants delivered by
the multi-oscillator model [14].
In the present work, a new laser application of metal–
dielectric coatings is developed. By carefully tuning the
thickness of the dielectric overcoating, a broad-band phaseshifting metal–dielectric mirror [15] for visible light is
demonstrated. Unlike the currently available achromatic
wave plates, which consist of multiple transmissive birefringent
plates and therefore often introduce group delay dispersion on
the order of multiple tens to hundreds of fs2 , this novel mirror
acts as a quarter-wave plate without introducing group delay
dispersion due to its reflective nature. Its capabilities are demonstrated by turning linearly polarized, few-cycle, near-octave
spanning visible laser pulses into nearly circularly polarized
waveforms without additional dispersion compensation.
A schematic of the operating principle is shown in Fig. 1(a).
Figure 1(b) plots the polarization state of the reflected light in
terms of the polarization ellipse. For perfect circular polarization, the amplitudes of the s- and p- components of the light
wave are of equal amplitude and exhibit a differential phase shift
of 90◦ . Depending on the differential phase shift, the polarization ellipse will exhibit different eccentricity. Figure 1(b)
displays the simulated polarization states calculated for different
differential phase shifts. The primary goal of this work is to
demonstrate the development of the multilayer optical element
and its implementation in laser systems.
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Fig. 1. (a) Operating principle of the phase-shifting optical element. (b) Polarization state diagram calculated for phase shift of 80◦ ,
91◦ , and 99◦ .

2. THEORY AND DESIGN
A metal–dielectric coating applied as quarter-wave plate
requires fulfillment of the following target requirements in the
broadband spectral range from 500 to 1000 nm:
• Reflectance of greater than 95% for both s- and
p-polarization
• Balanced reflectance for s- and p-polarization
• A differential phase shift between the s- and p-polarization
θ̂ = 90◦ ± 10◦ distributed over an even number of required
reflections (bounces) N(2, 4, etc).
• Maintenance of a high effective mirror area, with
incidence angle (AOI) in the range 10◦ –45◦
• A phase shift at the central wavelength of typical titanium:
sapphire short pulse lasers λ0 = 780 nm as close as possible
to 90◦
These requirements can be satisfied with the help of an
Ag − Al2 O3 coating containing a thick Ag layer and a thin
Al2 O3 layer.
The design process was based on minimization of the merit
function M F evaluating the closeness between the target and
actual spectral characteristics:
MF 2 =
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Fig. 2. (a) Reflectance and phase shift of the designed coating; triangles show the corresponding range targets. (b) Sensitivity of the differential phase shift with respect to the thickness of Al2 O3 layer and to the
AOI.

Multiple design attempts [16] have shown that it is not possible to achieve a phase shift of θ̂ = 90◦ ± 10◦ assuming only
one reflection bounce; the same occurred for the twice-smaller
phase shift of 45◦ per bounce and two bounces. A good solution
was found for four reflection bounces (N = 4) and a phase shift
of 22.5◦ per bounce. A two-layer Ag/Al2 O3 design on a fused
silica substrate was chosen as the most simple and stable solution. The thickness of the silver layer was 110 nm. A solution
with Al2 O3 layer of 42 nm thickness satisfied all the requirement shown in the Introduction. Refractive index wavelength
dependencies of the Al2 O3 thin-film material and substrate were
described by a well-known Cauchy formula:
n (λ) = A 0 + A 1 (λ0 /λ)2 + A 2 (λ0 /λ)4 ,

(2)

where A 0 , A 1 , A 2 are dimensionless parameters, λ0 =
1000 nm, and λ is specified in nanometers. The values of
the Cauchy parameters of the Al2 O3 layer and substrate were
A 0 = 1.612, A 1 = 5.419 · 10−3 , A 2 = 1.066 · 10−4 and
A 0 = 1.448, A 1 = 3.681 · 10−3 , A 2 = −2.325 · 10−5 , respectively. The extinction coefficient of Al2 O3 was specified by
the exponential formula k(λ) = B0 · exp{B1 λ−1 + B2 λ},
with B0 = 5984.95, B1 = −1.9467, and B2 = −46.556. The
optical constants of silver were initially taken from [17]. The
theoretical spectral performance of the obtained design is shown
in Fig. 2(a). Dependence of the phase shift on the thickness of
the Al2 O3 layer is shown in Fig. 2(b). The reflectance values for
both polarizations are above 95% and quite close to each other
in the full wavelength range. The differential phase shift d Pr(λ)
in the 600–800 nm spectral range, where the most pulse energy
is concentrated, lies entirely in the specified corridor from 20◦ to
25◦ . In the ranges 500–600 nm and 800–1000 nm, the d Pr(λ)
values do not exceed 26◦ and 15.5◦ , respectively; there, spectral
regions have less pulse energy. The optimal AOI was found to
be 37◦ .

(1)

where ϕ and R are actual phase of reflectance and actual
reflectance, respectively; (s ) and ( p) correspond to the s- and
p-polarization cases, respectively; X = {d1 , ... , dm } is a vector
of layer thicknesses; {λ j } is the wavelength grid in the spectral range 500–1000 nm; and L = 100. Simultaneously with
minimization of the merit function [Eq. (1)], the best AOI was
searched for. This is easy to do with a trial-and-error method,
since angular dependencies of the spectral characteristics are
quite smooth.

3. EXPERIMENTAL SAMPLES AND OPTICAL
CHARACTERIZATION
Four identical Ag/Al2 O3 samples, denoted S-42 nm and based
on the design described in Section 2, were produced in the
SyrusPro 710 high-vacuum system (BühlerLeybold Optics
GmbH, Germany) by e-beam evaporation technique. The
coatings were deposited on fused silica substrate of 6.35 mm
thickness. The substrate temperature during the deposition
was 50◦ . The vacuum system was pumped down to 10−6 mbar
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before the process. The deposition rates of Ag and Al2 O3 were
1.5 and 0.2 nm/s, respectively.
The oblique incidence reflectance for s- and p-polarization
cases at AOI = 37◦ was measured at the Universal Reflectance
Accessory of Lambda 950 (URA, Perkin Elmer) in the spectral
range of 500–1100 nm; experimental reflectance values are
greater than 95% in the entire spectral range. The samples
were implemented into the laser setup. The details of the laser
characterization are presented in Section 4.
As reflectance data does not exhibit informative features in
the spectral range 400–900 nm, it does not allow one to reliably
determine optical constants of silver as well as the thickness of
the Al2 O3 layer. For this reason, additional Ag/Al2 O3 samples
were produced and more informative data sets were provided as
follows:
• Two samples with identical thickness of Ag (110 nm) and
Al2 O3 thicknesses of 52 and 62 nm, respectively, were produced:
S-52 nm and S-62 nm.
• Transmittance and quasi-normal incidence reflectance
data in the range 300–1200 nm were measured using Lambda
950 spectrophotometer and the URA, respectively.
• Ellipsometric angles 9 and 1 in the spectral range
300–1200 nm were measured at angles of incidence of 30◦ , 37◦ ,
45◦ , 60◦ , and 75◦ with a J.A. Woollam V-VASE ellipsometer.
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Fig. 3. (a) Comparison of the determined refractive index and
extinction coefficient of Ag layer with literature data of thick films/bulk
Ag [18–20] and thin film [21]. (b) Fitting of the experimental
reflectance and transmittance (inset) data by model data.

Fig. 4. Fitting of the experimental ellipsometric data by the model
data related to the S-42 nm sample.

A. Non-parametric Approach to Optical
Characterization

In the framework of the non-parametric approach, wavelength
dependencies of optical constants n(λ), k(λ) of the Ag films
were assumed smooth functions. These dependencies, as well
as the thickness of Al2 O3 layer d , were searched for by the minimization of the discrepancy function estimating the closeness
between the model S(n, k, d ; λ j ) and measured Ŝ(λ j ) spectral
characteristics on the wavelength grid {λ j }, j = 1, ... , M in
the spectral range of interest [14,22]:
"
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(3)
In Eq. (3), n 00 (λ) and k 00 (λ) denote numerical second-order
derivatives of the refractive index and extinction coefficient, respectively. The second and third terms in Eq. (3)
specify the additional demands on smoothness of n(λ) and
k(λ) wavelength dependencies; the parameters α1 and α2 are
weight factors balancing the smoothness and fitting demands.
Characterization was performed using OptiLayer software
[16]. The first term was considered as a sum of terms related
to reflectance, transmittance, and ellipsometric measurements 9 and 1; 1 j are measurement accuracies. In the course
of the characterization process of S-42 nm, the thickness of
Ag layer was fixed to 110 nm. Good fitting of ellipsometric

Fig. 5. Fitting of the experimental ellipsometric data by the model
data related to the S-52 nm sample.

and reflectance data [Figs. 3(b) and 4] by smooth wavelength dependencies n(λ), k(λ) were plotted in Fig. 3(a),
and d = 45.5 nm Al2 O3 layer thickness was achieved. At the
same time, measured transmittances in the range 300–400 nm
were significantly higher than the model transmittance. Then,
by varying thickness of the Ag layer, a good fitting of the experimental transmittance by model transmittance was achieved for
Ag thickness of 100 nm [inset in Fig. 3(b)]; varying the thickness
of Ag layer did not worsen the fitting of other experimental data
since they are not sensitive to the thickness of a thick metal layer
on the substrate.
In order to verify the characterization results, measurement
data related to the S-52 nm and S-62 nm samples were processed. The refractive index of Ag was fixed and the thickness of
the Al2 O3 and Ag layers was searched for. The actual thicknesses
of the Al2 O3 layers in S-52 nm and S-62 nm were found to be
56 and 72 nm, respectively; the thicknesses of Ag layers were
103 and 99 nm, respectively. The excellent fittings achieved are
shown in Figs. 5 and 6.
B. Application of a Multi-oscillator Approach

Reflectance and ellipsometric spectra exhibit a pronounced dip
around 320 nm that can be associated with the excitation of
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Fig. 6. Fitting of the experimental ellipsometric data by the model
data related to the S-62 nm sample.

Fig. 8. Transient-grating frequency-resolved optical gating measurements of the retrieved intensity envelopes and temporal phases of
the pulses along the respective polarization directions. Env. denotes
intensity envelope of the pulse. See text for details.

non-parametric approach [Fig. 3(a)]. The thicknesses of Al2 O3
layers in S-42 nm, S-52 nm, and S-62 nm were 45.5, 56.4, and
71.7 nm, respectively, quite close to the values estimated by the
non-parametric approach.
Fig. 7. Fitting of the experimental ellipsometric data by the model
data related to the S-42 nm sample (multi-oscillator model).

Berreman modes, which can be excited in multilayer structures
containing metal layers when the dielectric function of metal
becomes close to zero [23]. Optical constants of the Ag layer
were modeled using a multiple-oscillator approach as previously
described [14]. In this model, the dielectric function reads as
ε (E ) = ε∞ −

ω2p
E (E + iγ )

n
X


εG R,k (E ) + iεG I ,k (E ) ,
+
k=1
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(4)

where ε∞ is the constant polarization contribution of light–
matter interaction mechanisms taking place at wavelengths
below the spectral range of interest. The second term is the
Drude model that accounts for the contribution of free electrons, and is described by the plasma frequency ω p and the
damping constant γ . The last term is a sum of Gaussian oscillators that can be used to account for interband electronic
transitions and other possible absorption mechanisms. Each
Gaussian oscillator is defined through its amplitude (A k ),
central energy (E k ), and broadening (Bk ); εGR and εGI denote
real and imaginary parts of the Gaussian oscillators; p.v. is the
Cauchy principal value. An excellent fitting of the experimental
ellipsometric data by model data is clearly demonstrated in
Fig. 7. The obtained n(λ) and k(λ) wavelength dependences are
in good agreement with those determined with the help of the

4. INTEGRATION INTO A FEW-CYCLE LASER
SYSTEM
To demonstrate the applicability of the new optics as a dispersionless quarter-wave plate for few-cycle laser pulses, four
S-42 nm mirrors were integrated into a hollow-core-fiber broadened laser system producing linearly polarized sub-6 fs laser
pulses [24] without additional dispersion compensation. Their
orientation was chosen to realize an equal projection of the
incident polarization to the s- and p-polarization directions
in the mirror system, and an angle of incidence of 37◦ . The
time structure of the linearly polarized input pulse and the
polarization-converted pulse were resolved using transientgrating frequency-resolved optical gating [25] in a 20 µm
thin fused silica plate (Fig. 8). To show that the polarizationconverted laser pulse is short in both the s- and p-polarization
directions, both directions were isolated using a reflective polarizer and individually measured. A third measurement mixing
the s- and p-polarization in the 45◦ direction is used to ensure
that both overlap in time [26]. The retrieved pulse envelopes,
compared in Fig. 8, possess durations of 5.8 fs (input, intensity
full width at half maximum), 6.1 fs (polarization-converted,
s-pol.), 6.1 fs (polarization converted, p-pol.), and 5.8 fs (polarization converted, 45◦ ), proving that the time structure of the
input pulse is conserved by the novel reflective wave plate. The
time dependences of the measured pulse phases (Fig. 8) are
close to constant in the range [−4; 8] fs, where the most pulse
energy is concentrated. This indicates that the Ag/Al2 O3 optical elements do not introduce additional dispersion and phase
modulation. The phase shift (95◦ ) and group delay difference
(0.3 fs) between the s- and p-polarized light fields, extracted
from all three measurements using tomographic ultrafast
retrieval of transverse light E-fields [26], match the values predicted by the ellipsometric measurements (Section 3) and show
that the optics introduces a quarter-wave shift.
5. CONCLUSIONS AND OUTLOOK
Ag/Al2 O3 phase-shifting mirrors were designed and produced.
Careful optical characterization of the samples was performed in
the spectral range 300–1200 nm based on spectral photometric

Research Article
and ellipsometric measurements. Interesting spectral behavior
of Ag refractive index around 320 nm was noticed. Optical constants of silver were determined using two different techniques,
non-parametric and multi-oscillator, and the consistency of the
results is clearly demonstrated.
The mirrors were integrated into a state-of-the-art ultrashort
laser system, where they converted linearly polarized few-cycle
light pulses to circular polarization. Resolving the initial and
resulting pulses’ time structure showed that no additional group
delay dispersion compensation is necessary as for conventional
waveplates. This shows that reflective waveplates employing
metal–dielectric coatings can readily create circularly polarized
few-cycle light fields from existing laser systems, providing a
gateway to many applications in diverse fields of physics such as
high-harmonics generation [27], attosecond physics [28], and
the ultrafast study of 2D materials [29].
Funding. Munich-Centre for Advanced Photonics;
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