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Calculation of Pseudo-brewster Angle for Substrate and Thin
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Abstract: Numerical calculation of pseudo-Brewster angles for substrate and thin-film substrate
system is demonstrated. The results show: for only substrates, pseudo-Brewster angles are
mainly affected by refractive index when the extinction coefficient is lower than 0. 01; when the
extinction coefficient is above 0. 1, the pseudo-Brewster angle is also modulated by the extinction
coefficient. The studies indicate; for thin film-substrate systems, pseudo-Brewster angle is
influenced by both refractive index and physical thickness of thin film together with optical
constants of substrate; in the HfO, film on silicon and fused silica substrate systems, pseudo-
Brewster angles exhibit quasi-periodic characteristic with variation of incident wavelength or thin
film thickness, as caused by interference effect.
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. describe reflection properties upon surface of
0 Introduction . . : .
optical medium. For instance, Wild et al.' found

Brewster angle is an important parameter to a large negative lateral shift near the Brewster
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angle in a configuration with an absorbing

dielectric reflecting medium, which has attracted

L2351 " In fact, such a lateral

some attention recently
shift occurs around the angle when the real part of
We would like

to term this angle as pseudo-Brewster angle, which

the reflection coefficient vanishes.

should be more pertinent than Brewster angle,

since an absolute null reflection cannot exist for a

dissipative  reflecting  medium  generally™™.

Measurement of pseudo-Brewster angle is usually
used as a method for determining the optical
and extinction

( refractive index n

coefficient &) I,

constants

When p-polarized collimated light is incident
upon the surface of an optical isotropic transparent
medium, the reflected wave vanishes at a specific
incident angle, which is known as Brewster angle.
Brewster angle can be expressed as @y = arctan’’
(n), where n is the refractive index of medium.
For absorbing medium, refractive index is in
complex form N, = n,-ik,, where n, and k, are
and  extinction  coefficient

refractive  index

respectively. When p-polarized parallel light is
incident upon the surface of such medium, the
reflectance R, is nonzero at all angles of incidence
but can reach a minimum at one angle of incidence
which is called as pseudo-Brewster anglet®. In thin
film-substrate system, if thin film and substrate

are both absorbing, the pseudo-Brewster angle can

where n, is refractive index of incident medium, 6,
is angle of incidence, @, is the refractive angle in
the absorbing substrate and N, is the complex
refractive index of substrate.

For thin film-substrate system, the first step

is to write the characteristic matrix of single thin

isin &/m}[l } 2
cos O /2

film-substrate M

[BJ [ cos Oy
M=|_|=|. .
C iy sin Ot

where the phase of retardation ¢; is

6[:2TEN[CZ[COS (9[//1 (3)
where A, N, d;, 0; are the wavelength in vacuum,
complex refractive index of thin film, layer

thickness, and complex angle of refraction in the
thin film, respectively.

The parameter 7 and 7, is equivalent optical
admittance at oblique incidence, as follows

7 = N¢/cos 0. =N,/ cos 0, €Y)
where 0; and 6, are the complex angles of refraction
in the thin film and substrate.

The next step is to calculate the equivalent
optical admittance Y, for the thin film-substrate
system, as follows

Y})jgzimsin 6{+7.]>cos O 5)

B cosoiTipsin o/ p

So, the amplitude reflection coefficient and

reflectance of the p-polarized parallel component

can be given:

(s 1= SRS

r,

be defined as the incident angle when R, of thin n 1Y, oY, \ptY,
film-substrate system reaches a minimum. This The pseudo-Brewster angle (0) is defined by
angle is useful for measurement of optical oR, -0 7
constants of thin film and substrate ', and o 1g,
manufacturing of  thin  film  polarization Analytic  solution of Eq. (7) is very
splitters’” complicate for absorbing film-substrate system,
thus numerical calculation is adopted to obtain

1 Basic theory pseudo-Brewster angle. The process of calculation

For substrate, the amplitude reflection is shown in Fig. 1. The incident medium is
coefficient for p-polarized light can be given by considered as air, which means 7, =1.

nycos 0,— N cos 0,
Ty = (D
nycos 0.+ N,cos 6,

e -
| | Input range matrix of : _____________ = I'------':
| angleofincidence |1 || i | |
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Fig. 1

Calculation process of pseudo-Brewster angle
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2 Results and discussion

Influence of pseudo-Brewster angle by
substrate refractive index and extinction coefficient
is first analyzed. Fig. 2 (a) shows the 3D plot of
pseudo-Brewster angle distribution with a
substrate refractive index range of 1. 38 ~4 and a
substrate extinction coefficient range of 107’ ~
107% while Fig. 2 (b) shows that with another
substrate extinction coefficient range of 0. 1~ 4.
The corresponding of pseudo-

distribution with the

contour plot

Brewster angle same
substrate refractive index and extinction coefficient

ranges are shown in Fig. 3.

s ¥

on

g 704+ »

5

B 6ol

Z

(5]

!

2 3 og M

& actjy, . 2 T=5 02 04 T <107
4 deX . coeﬂ‘\c‘e“

Extinction

Pseudo-brewster angle/(°)

3

Re . 2 . -
ﬁ‘ actIVe i O 1 efﬁc'\enﬁ

1 .
Ndex Extinction ¢©

(b) Extinction coefficient range of 0.1~4

Fig. 2 3-D plot of pseudo-Brewster angle distribution

with refractive index range of 1. 38~4
It can learn from Fig. 2(a) and Fig. 3(a) that
the values of pseudo-Brewster angels are mainly
when the

extinction coefficient is below 0. 01, which stands

depended on the refractive index
for the weakly absorbing substrate. In such
substrate, pseudo-Brewster angel increases with
enlargement of the refractive index. For absorbing
substrate with large extinction coefficient, pseudo-
Brewster angel is modulated by not only the
refractive index but also the extinction coefficient.
They are demonstrated in Fig. 2(b) and Fig. 3(b)
with the extinction coefficient being larger than
0.1. It can be seen that pseudo-Brewster angel
becomes larger while both refractive index and

extinction coefficient increase.
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Fig. 3 Contour of 3-D of pseudo-Brewster angle distribution
with refractive index range of 1. 38~4

Typical examples are given with fused silica
(quartz) and silicon, both of which are most
common used substrates in thin film optics
experiments and applications. The transparent
region for silica substrate lies in near ultraviolet
and visible range while silicon substrate is
transparent in the wave range of 1 200 ~4 000 nm.,
Fig. 4(a) and (b) respectively shows the dispersion of
optical constants of the silica and silicon substrates in
the wavelength range of 200 ~ 1 300 nm. In the
Fig. 4, solid line stands for the refractive index and
the dashed line
Silica

refractive index dispersion relationship with low

stands for the extinction

coefficient. substrate shows normal

extinction coefficient in its transparent region while
silicon substrate is absorbing in this region. What " s
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Fig. 4 Dispersion of optical constants of the substrates
more, silicon substrate shows abnormal dispersion
relationship of optical constant in the wave range
of 200 ~ 400 nm with very high extinction
coefficient which is in the extinction coefficient
range of Fig. 2(b) and Fig. 3(b), which makes
silicon substrate as a typical absorbing medium in
this wave range.

The dispersion of pseudo-Brewster angle with
wavelength range from 200 nm to 2 000 nm for
silica and silicon substrates are shown in Fig. 5(a)
and (b), respectively. Pseudo-Brewster angle of
silica decreases monotony with the decrease of
refractive index at longer wavelength because of
the low extinction coefficient in this region.
Variation curve of pseudo-Brewster angle of silicon
exhibits two peaks at the wave range 200~400 nm
because of the abnormal dispersion relationship of
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Fig. 5 Dispersion of pseudo-Brewster angle of the substrates

both extinction coefficient and refractive index.
What's more, the pseudo-Brewster angle of silicon
substrate is significantly larger than that of silica
substrate, which can be thought to be caused by
the larger refractive index or extinction coefficient
of silicon substrate than silica substrate.

In order to continue to research the
characteristic of pseudo-Brewster angle, we choose
a typical example of thin film-substrate system
given by HfO, film and substrate, and the
thicknesses of HfO, films were both about 500
nm. The variation of pseudo-Brewster angle of
HIO,-silica,ystem and HIfO,-silicon,ystem are
shown in Fig. 6. From the Fig. 6(a), it can be seen
that the H{O,-

silica,ystem oscillates with wavelength of the

pseudo-Brewster angle of
incident light. The oscillation can be thought to be
caused by interference effect, which has strong
relation with the refractive index and thickness of
the deposited films. For the HfO,-silica,ystem,
the refractive index of HfO, is higher than the
substrate for all wavelengths, thus pseudo-
Brewster angle exists at non-zero degree. For
HfO,-silicon,ystem, due to the refractive index of
H{O, layer being lower than silicon substrate, so

the optical thickness of thin film satisfies with

antireflection  conditions at some  certain
wavelengths. In such conditions, absolute
minimum reflectance for p - polarized light is
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Fig. 6 Dispersion of pseudo-Brewster angle of thin

film-substrate system



7 1 LIU Hua-song, et al: Calculation of Pseudo-brewster Angle for Substrate and Thin Film-substrate System 821

achieved at zero incident angles while only relative
low reflection point was achieved at other incident
angle.

It is also important to research the influence of
thin film thickness on pseudo-Brewster angle. It is
well known for thin film-substrate system that
optical  characteristics  repeat when optical
thickness of the film reaches integral multiples of
A/4, where A stands for the reference wavelength.
Although absolute transmittance degrades when
the substrate and the films are absorbing mediums,
the positions of extreme values do not change. It is
constantly true that the film thickness is too large
to vyield interference effect. The quasi-periodic
characteristics of pseudo-Brewster angle of HfO,-
silica and HfO,-silicon system with the reference

wavelength at 351 nm and 633 nm are shown in

Fig. 7.
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Fig. 7 Periodic characteristic of Pseudo-Brewster angle
with reference wavelength at 351 nm and 633 nm
From Fig. 7 (a), it can be seen that the
HfO,-silica

exhibits quasi-periodic characteristics as the film

pseudo-Brewster angle of system
thickness increase, and the range of pseudo-
Brewster angles are all almost between 50° and
70°. From Fig. 7(b), we can find that the pseudo-
H{O,-silicon

exhibits quasi-periodic characteristics as the film

Brewster angle of system also

thickness increases, but there is the pseudo-

Brewster angles of zero and the range of pseudo-
Brewster angles cover from 0° to 80°. From both
Fig. 7(a) and (b), it can be found that the period
is short and the quasi-periodic characteristic will
become clear when the reference wavelength is

much shorter.

3 Conclusion

In conclusion, the pseudo-Brewster angle of
substrate and thin film-substrate
researched.  The

substrate is affected by the refractive index and

system are
pseudo-Brewster angle of
extinction coefficient. For transparent substrate
with extinction coefficient below 0. 01, the pseudo-
Brewster angle of substrate is mainly decided by
refractive index. For absorbing substrate with
extinction coefficient above 0. 1, the pseudo-
Brewster angle is both modulated by the refractive
index and the extinction coefficient. For thin film-
substrate system, the pseudo-Brewster angle is
influenced both by the

thickness of thin film together with the refractive

refractive index and

index of substrate. As caused by interference

effect, pseudo-Brewster angle of thin film-
exhibits

variation of the film

substrate system quasi-periodic

characteristic with the
thickness and wavelength of incident light. When
the refractive index of thin film is larger than
substrate, the minimum reflection of p-polarized
light is achieved at non-zero incident angle. When
the refractive index of thin film is smaller than the
refractive index of substrate, minimum reflection
of p-polarized light is achieved at zero incident

angles when the anti-reflection condition is

satisfied.
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