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and low refraction indices. In this research, we designed and 
fabricated a transmittance quarter-wave phase retarder at 
1064 nm with optical nanometric thin films of SiO2 as low 
refraction index material and TiO2 as high refraction index 
material. The aim of this design is to get a circular polarized 
transmitted light. So the transmittance of s and p polarizations 
should be equal and their phase difference should be 90° [2].

2 � Design principles

Suppose that the medium of incidence beam is named 
medium 0 and the medium of refraction is named medium 
1. At the boundary of these two homogeneous thin films, 
we have Snell law [3]:

where n0 and n1 are refraction indices of two media 
(n0 > n1), θ is the angle of incident beam and ϕ is angle of 
refraction beam. The transmittance Fresnel coefficients for 
p and s polarizations assume their simplest forms [4]:

Coherent multiple beam interference in a tilted dielec-
tric thin films introduces a differential phase shift between 
the p and s polarizations in transmission. If δp and δs are, 
respectively, p and s phases,
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Abstract  We designed and fabricated the transmission quar-
ter-wave plate phase retarder at 1064 nm using optical nano-
metric thin films of silicon oxide and titanium oxide. Final 
design consists of 32 layers. Transmissions of polarizations 
are equal and ≥99 % and their phase difference is 90°. System 
consists of two 16 layers systems that coated with the same 
condition on BK7 glass substrates then attached together with 
optical glue. Electron beam evaporation method was used for 
depositing materials. Photo spectrometer was used for meas-
uring transmission spectrum of system. Transmission of polar-
izations was ≥95  % and equal. A polarimeter was used for 
testing systems. Polarization of beam was circular.

1  Introduction

Quarter-wave and half-wave retarders (QWR and HWR) are 
widely used for the control and analysis of polarized light 
with numerous applications. The desired differential phase 
shift between two orthogonal linear polarizations is com-
monly obtained when light is transmitted through a natu-
ral crystalline or form birefringent plate or by total internal 
reflection in thin films. Transparent multilayer thin films 
deposited on a transparent substrate can provide QWR in 
transmission at oblique incidence in air [1]. Thin-film phase 
retarders are fabricated by using two materials with high 
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where N is n0 /n1 > 1.
A completely polarized beam was defined by two 

orthogonal components of electric field that exhibit com-
plete coherence. Then, the ellipsometric parameters ψ and 
Δ (psi and Delta) are defined as [3]:

It has an upper bound in the limit of grazing incidence in 
transmission [4]:

Equation  (9) indicates �max < 90◦, so that quarter-
wave retarder (QWR or 90° differential phase shift between 
the p and s components) is not feasible under conditions of 
partial transmittance at the two interfaces and needs more 
than two layers.

At oblique incidence, ψ and Δ are initially defined with 
respect to the plane of incidence. Provided the plane of 
incidence for any subsequent transmission does not change, 
then combining the effect of multiple surfaces straight-
forward. For the case of multilayer system, the relations 
should be repeated for each boundary. Since the p-direction 
and s-direction are completely independent, then, ignoring 
the phase shift between elements, we can write in the series 
of coated surfaces [3]:

In QWR, the total phase difference for s and p polariza-
tions must be Δ = 90° and τp and τs must be equal to have 
circular polarization. It means tan ψ = 1.
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(10)τp = τp1 · τp2 · τp3 · · ·

(11)τs = τs1 · τs2 · τs3 · · ·

(12)tan ψ = tan ψ1 · tan ψ2 · tan ψ3 · · ·

(13)� = �1 +�2 +�3 + · · ·

3 � Materials selection

The first step in designing this kind of system is materials 
selection. Thickness of each layer and the incident angle 
should be changed as degrees of freedom to get the desired 
transmittance coefficients and phase difference. This is 
done with a lot of complicated computations. Usually, 
these systems consist of only two materials with high and 
low refractive indices. Selected materials should have high 
transmittance and low absorption at the desired wavelength 
(in this case 1064  nm), also if this retarder is to be used 
in high power systems then the selected materials should 
have high laser damage threshold at 1064 nm for Nd:YAG 
laser. Another point is that the refractive indices difference 
should be high enough to get smaller number of layers. 
Other points include cost, roughness, ability of deposition, 
etc. [5].

In high power lasers, dielectric thin films coating is 
favorable, because these materials have low absorption and 
high stability. In the most of medical and scientific instru-
ments, high power lasers are used. Oxide materials have 
good stability and transparency between dielectric mate-
rials. We selected silicon oxide with refraction index of 
1.42 at 1064 nm for low refraction index material. If this 
material is coated under normal physical situations using 
electron beam evaporation at normal substance tempera-
ture, it has low absorption [6–8]. Laser damage thresh-
old of a quarter-wave layer of silicon oxide at 1064 nm is 
about 20–28 J cm−2. This material has good thermal stabil-
ity and is being used in high power lasers [5, 9]. For high 
refractive index, we selected titanium oxide with refraction 
index of 2.18 since its chemical stability is good [10]. It 
has 9.79  J  cm−2 laser damage threshold at 1064 nm. The 
laser damage threshold parameters of the two samples were 
measured in the “1-on-1” regime according to ISO standard 
11254-1, using Q-switch pulsed laser operating at 1064 nm 
with a pulse length of 12 ns [11].

4 � Design procedure

After selecting suitable materials, the design procedure is 
started by calculating transmittance coefficients and phase 
difference of s and p polarizations for a double layer of 
SiO2 and TiO2 on BK7 glass substrate. Then, layer thick-
nesses, angle of incidence and the number of layers are 
used as degrees of freedom to be changed to get the desired 
values of s and p polarization transmittances Tp, Ts and 
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phase difference ∆. A 15 layer system with acceptable per-
formance is achieved by using thin film software which is 
presented in Table 1.

After several attempts, we noticed that it is not possible 
to get both transmittance and phase difference criteria at the 
same time with this type of systems. So we decided to split 
the design procedure and design a system for transmittance 

for s and p polarization and phase difference of 45°. Then 
put this system on both sides of the substrate to reach to 
90° phase difference. Transmittance and phase difference 
curves for this 30 layers system are presented in Figs.  1 
and 2. As it can be seen, the transmittance for both s and 
p polarizations is about 98 %, and the phase difference is 
about 90°.

Table 1   Design of thin films 
phase retarder with SiO2–TiO2

Incident angle (deg) 45
950.00Reference wavelength (nm)

Layer Material Refractive index Quarter-wave optical thickness (QWOT)

Medium Air 1.000

1 TiO2 2.180 0.8

2 SiO2 1.420 0.8

3 TiO2 2.180 0.7

4 SiO2 1.420 1.3

5 TiO2 2.180 0.8

6 SiO2 1.420 1.3

7 TiO2 2.180 0.8

8 SiO2 1.420 1.0

9 TiO2 2.180 1.0

10 SiO2 1.420 1.0

11 TiO2 2.180 0.8

12 SiO2 1.420 1.0

13 TiO2 2.180 0.8

14 SiO2 1.420 0.4

15 TiO2 2.180 2.0

Substrate BK7 1.508

Total thickness 14.50

Fig. 1   Transmittance diagram for s and p polarizations versus wavelength for 30 layers system
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5 � Refining electric field distribution in system

Multilayer optical coatings are being used for various high 
power laser applications. The study of electric field distri-
bution has assumed greater significance in the context of 
damage to optical coatings by intense pulsed laser radia-
tion. While designing multiplayer phase retarders for high 
power lasers, it is generally ensured that the peak electric 
field amplitude for polarized radiation is kept minimal. 
In order to avoid damage to the phase retarders, the peak 
field amplitude inside the multilayers should also be low 
for polarized radiation [12]. Distribution of electric field at 
1064 nm and in the fixed angle 45° in boundary and lay-
ers is an important element that must be considered in thin 
film designs. Maximum of electric field should not be in 
boundary and high refraction index layers because laser 
damage threshold will be reduced. So we must refine elec-
tric field distribution. Distribution of electric field for fif-
teen layers system is shown in Fig. 3 from air (medium 0) 
to the substrate (medium 16). Vertical lines indicated layers 
boundaries.

Silicon oxide has approximately three times higher laser 
damage threshold than titanium oxide as it represented in 
Sect. 3. We know half-wave layers have no effect on trans-
mittance and phase difference spectrums and they are 
named absent layers in thin film technology.

The characteristic matrix of a dielectric thin film takes 
on a very simple form if the optical thickness is an integral 
number of quarter- or half-waves. That is, if

For even m, cos δ = ± 1 and sin δ = 0, so that the layer 
is an integral number of half wavelengths thick, and the 
optical matrix becomes

This is the unity matrix and can have no effect on the 
reflectance or transmittance of an assembly. It is as if the 
layer was completely absent [3]. So we added a half-wave 
layer of silicon oxide to final design on air boundary and 

(14)δ = m
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)
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(15)M =
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1 0
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)

Fig. 2   Phase difference 
between two orthogonal polari-
zations versus wavelength for 
thirty layers system

Fig. 3   Electric field for 15 
layers system from air (medium 
0) to the substrate (medium 16). 
Vertical lines indicated layers 
boundaries
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refined design again to reach good result with thin film 
software. Peak of electric field shifted to this layer that has 
higher laser damage threshold and was reduced for p polar-
ization. Final design has 32 layers and each side has 16 lay-
ers. This design is shown in Table 2.

Total thickness of this system is 2347.89 nm. Distribu-
tion of electric field after adding half-wave layer of silicon 
oxide is shown in Fig. 4.

It can be seen in Fig. 4 that electric field distribution is 
reduced in titanium oxide layers especially for p polariza-
tion. Transmittance for s and p polarizations for 32 layers 

system is up to 99 % and phase difference is 90° which are 
presented in Figs. 5 and 6.

6 � System fabrication

Materials were deposited by using the electron beam evap-
oration (EBE) technique with Balzers BAK 760 coating 
machine. Substrate temperature was 250 °C, and chamber 
pressure was kept at 1.1 × 10−4 mbar. Titanium oxide lay-
ers were made at deposition rate of 0.3 nm/s. Silicon oxide 

Table 2   Design of 16 layers 
system after adding half-wave 
layer of SiO2

Incident angle (deg) 45
950.00Reference wavelength (nm)

Layer Material Refractive index Quarter-wave optical thickness (QWOT)

Medium Air 1.000

1 SiO2 1.420 2

2 TiO2 2.180 0.8

3 SiO2 1.420 1.1

4 TiO2 2.180 0.8

5 SiO2 1.420 1

6 TiO2 2.180 0.8

7 SiO2 1.420 1.3

8 TiO2 2.180 0.8

9 SiO2 1.420 0.8

10 TiO2 2.180 1.3

11 SiO2 1.420 1.0

12 TiO2 2.180 0.8

13 SiO2 1.420 1.0

14 TiO2 2.180 0.5

15 SiO2 1.420 0.8

16 TiO2 2.180 2.0

Substrate BK7 1.508

Total thickness 16.80

Fig. 4   Electric field after add-
ing half-wave layer of silicon 
oxide from air (medium 0) to 
the substrate (medium 16). 
Vertical lines indicated layers 
boundaries
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was made at coating rate of 0.5 nm/s and the vacuum pres-
sure of 1.5 × 10−4 mbar.

Optimum deposition conditions for TiO2 and SiO2 are 
summarized in Table 3.

7 � Results and discussion

Transmittance spectrum of the 32 layers system was 
measured using a double-beam photo spectrometer, Shi-
madzu 3100 UV–Vis–NIR spectrophotometer. The inci-
dent beam on the system was kept at 45°. The result of the 

measurement is shown in Fig. 7. As it can be seen, trans-
mittance at 1064 nm is more than 95 % for bout s and p 
polarizations which are in agreement with our calculations 
in design step.

The setup to measure the polarization of the output 
beam is shown in Fig. 8. We used a diode laser with low 
power (A few tenths of milliwatts) at wavelength 1064 nm. 
The beam after polarizer is a linear polarized light that is 
shown in Fig. 9.

The polarization of output beam is measured by pola-
rimeter. Polarization of the output beam after the phase 
retarder is shown in Fig. 10 which shows a −88° phase dif-
ference between s and p polarizations. 

8 � Summary

Interesting features of the transmission of polarized light 
by interfaces and thin films are reviewed with emphasis on 
their application in the design of phase retarders.

In summary, we have designed a 32 layers transmittance 
quarter phase retarder by using two kinds of dielectric 

Fig. 5   Transmittance diagram 
for s and p polarizations versus 
wavelength for 32 layers system

Fig. 6   Phase difference 
between two orthogonal polari-
zations versus wavelength for 
32 layers system

Table 3   Deposition conditions of 16 layers system

Vacuum pressure for silicon oxide coating 1.5 × 10−4 mbar

Vacuum pressure for titanium oxide coating 1.1 × 10−4 mbar

Coating rate for silicon oxide coating 0.5
nm

s

Coating rate for titanium oxide coating 0.3
nm

s

Vacuum pressure at the first of coating process 7 × 10−6 mbar

Substrate temperature 250 °C
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Fig. 7   Spectrum through the 
sample is measured by the 
spectrometer beam

Fig. 8   Symbolic arrange-
ment of testing system with 
polarimeter

Fig. 9   Polarization of the polarizer is measured by the polarimeter
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materials SiO2 and TiO2 at 1064 nm for oblique incidence 
and obtained circular polarization at 45° with computer 
coating design program and fabricated it.

Finally, it will be interesting to search for other optical 
materials that would be used for other spectral ranges.
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