OPTICS. QUANTUM ELECTRONICS. HOLOGRAPHY

REGULARITIES OF MANIFESTATION

OF THE BREWSTER AND PSEUDO-BREWSTER
ANGULAR CONDITIONS IN SPECTRA OF LIGHT
REFLECTION FROM A THIN TRANSPARENT LAYER

P.S. KOSOBUTSKYY, O.P. KUSHNIR'

UDC 53.082.54:563.5

©2007

L’viv Polytechnic National University
(12, Bandera Str., L'viv 79646, Ukraine; e-mail: petkosob@yahoo.com),

11’viv State Agricultural University
(1, V. Velykyi Str., Dublyany, L’viv region 80381, Ukraine; e-mail: o-p-ku@yandezx.ru)

In the present work, a computer simulation technique is used for
the analysis of regularities that determine the formation of the
spectra of the oblique light reflection from a transparent one-film
structure. It is substantiated that, at the Brewster angle for a
single interface, the envelopes of the Fabry—Perot spectra touch
one another, while, at the angle of the pseudo-Brewster condition,
the absolute values of the amplitudes of Fresnel factors for the
light reflection from opposite surfaces of the film are equal to each
other.

One of the techniques used to determine the parameters
of a thin or ultrathin film is the investigation of the
regularities that determine the formation of the oblique
reflection profile R, («) for an electromagnetic wave of p-
polarization, especially in the region of the formation of
a minimum, which is associated in the literature with the
manifestation of the Brewster [1,2] and pseudo-Brewster
angular conditions [3].

Inherently, the Brewster angular condition is specific
of a single interface of two insulators, where, in the p-
component, there exists an angle a,p, (the Brewster
one), for which the energy coefficient in the reflection
minimum is equal to zero, R,(ag:) = 0. If R,(as,:) # 0
in the minimum, such an angle is considered to be
a quasi-Brewster one [2]|, or it is also called pseudo-
Brewster [4,5].

The angular position of the minimum of the profile of
the light reflection from a binary plane-parallel interface
(film) R, () depends on the relation between the optical
characteristics of media and the layer depth d. Moreover,
the minimum of the profile of the reflection from a binary
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interface can also manifest itself in s-polarization [6,7],
which is theoretically forbidden for a single interface by
the Fresnel formulae.

Thus, the basic purpose of the given paper was in
the establishment of the regularities of manifestations
of the Brewster and pseudo-Brewster angular conditions
in the spectra of the light reflection from a thin
transparent layer. It is shown that, at the Brewster
angles for both single interfaces of the layer, the
envelopes of the Fabry—Perot spectra touch each other,
while the pseudo-Brewster angular condition for the
light reflection from a one-layer parallel-sided structure
manifests itself in the part of the angular dependence
of the envelopes Rpyin(), in which the condition of
equality of the absolute values of the Fresnel amplitudes
for opposite surfaces of the film 71393 in the p- and s-
components of polarization is satisfied.

Indeed, according to [8,9], the energy reflection factor
can be expressed in terms of the so-called envelopes of
the extrema Rpax min Of spectra in the following way:
o1 £ 093\
) )

Rma min —
* 1+ 012093

Here, 712,23 = 012,23 €xp (i¢12,23) denotes the amplitudes
of the coefficients of the reflection from the interfaces:
the medium with refractive index n;— a film with
refractive index ny (index 12) and a film — the medium
(mainly substrate) with refractive index ng (index 23).

At the Brewster angle a,p;, the multiple-beam
interference is absent. That’s why in this case, the
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envelopes Rp max,min touch each other:
Rp,max = Rp,min- (2)

According to (1), the difference of Rpax and Rpyin
amounts to:

Asz = Rp,max

- Rp,min =

(1—0p12) (10} 23)

(1 - ‘72,120;2;,23)2

; (3)

=40p120p,23

which indicates that equality (2) holds true in three
cases:

in asymmetric structures (012 # 023):

a) at the angle ayop,, where

op12 = 0,0p23 # 0; (4)
b) at the angle aasp,, where

op12 70, op23 =0; (5)

¢) in symmetric structures (12 = 0a3)
at the common angle ajop, = assp,, where

0'1,23 =0. (6)

Op12 = 0,

The angles o, 12,23 are the known Brewster angles for
single interfaces 12 and 23. Their values are determined
in terms of the optical characteristics of media [10]. At
the Brewster angles, the energy reflection factors are
equal to R(a2p;) = 0293 and R(aasp:) = 0215 and don’t
depend on the thickness of the layer. That’s why «, 12,23
can be experimentally determined as the intersection
angle of the reflection profiles R, («) obtained for several
wavelengths.

As follows from (1), the envelope Rpn(a) of the
minima of the reflection spectra under a multiple-beam
interference can possess its minimum at the angle a,sg;,
at which the following condition is satisfied:

012 = 023, where Ruyin(pspr) — 0. (7)

To our mind, it is the value of the angle oypsp:
that can be considered as the one at which the pseudo-
Brewster angular condition for a parallel-sided layer is
fulfilled. Hence, the reflection factor will be equal to zero
in the minimum of the profile R,(a) only in the case
where its angular position coincides with the value of
QpsBr-

On the other hand, the method of envelope functions
correctly describes the regularities of the formation
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of Fabry-Perot spectra in the both polarizations
[8,9]. That’s why the pseudo-Brewster behavior of the
envelope of minima will manifest itself both in the s-
and in p-components depending on the relation between
the refractive indices. In the p-polarization, there can be
several such angles a,sp;:
QpsBr1 = arctg(na) (8.a)

and

2”%1”:251 (n%1 - ”:251)
sBr2 = t 5
Cpebra = E g\/Qngl (n3y —1) = n8y (n3; — 1) + V=
(8.b)

if the condition n%; > ns; is satisfied. Here, the relative

values of the refractive indices are nq; = Z—?, ngy = Z—f,
4 2 6 2 2
2= [2n3; (n3; — 1) —ngy (n3; —1)] "+
6 2 2/ 4 2
+4ng, (n21 —1) (”21 —n3).
If the relative refractive indices lie in the intervals
1 < ng; < 1.0525, where nj; < mng < ni, (9a)
ng1 < 1, where nj%; < mngzp < noi, (9b)

condition (7) holds true at the angles apspy1, QpsBre, and

2”%1”:251 (n3, — ”:2’,1)
QpsBrg = arctg )
g \/Qngl (n3y —1) = n§y (n3; — 1) — V=
(10)

as depicted in Fig. 1. In the case where
ngy < 1, but ng <ngz; < Tlgi, (11)

the minimum of the envelope, for which the pseudo-
Brewster angular condition is satisfied, will manifest
itself for the angles apspr1 and apgprs. Here,

5 A+4
nQIZ\/Q\FScos( gﬂ>+H,

niy = \/2\3/§cos (?) + H,

n21 q
ny = ———, cosA=—=

1—ni; S’
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Fig. 1. Angular dependence of the envelopes Rmin,max(a) for

structures with the relation of refractive indices (9a) and (9b)

3
S—4/_|_ [n8; + 4n3, (n3, — 1)]? + ns,
122(71%1 — 1)2

n$; + 4nz; (n3; — 1)

H =
12(n3; — 1) ,
_ [n; +4n3,(n3; — 1)]3+
a 123(n3; — 1)
ns; [n; + 4n3, (n3; —1)] B ns,
48(n3; — 1)2 8(n3, — 1)

If the relative refractive indices lie in the intervals

no1 <1 and ngp > ngi, (12)

condition (7) holds true only for the angle apsp,s. In the
case where n3; < ng; , but conditions (9a), (9b), (11),
and (12) are not satisfied, the minimum of the envelope
manifests itself only for the angle of incidence apspy1.
As one can see from (8a), at this angle, the classical
Brewster angular condition for a substrate without a film
is fulfilled.

In the s-polarization, the pseudo-Brewster angular
condition (7) is also not forbidden. The corresponding

angle amounts to
2 4
N3 — Mgy
2 2 |
(n3; —1)

if the relative refractive indices lie in the intervals ng; >
n3,, where ng; > 1 or

QssBr = arctg ( (13>

Ng1 > N31 > n%l, where n9p < 1.
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Fig. 2. Calculated spectra for the oblique incidence of a beam on
a film with the thickness d = 3 nm.

As one can see from Fig. 2, the angles a,p,y can
manifest themselves on either side of the Brewster angle
aper depending on the values of ny 2 3. Provided that the
film is characterized with a higher optical density than
that of the substrate, then a,.p: < ap;. If the optical
density of the substrate is higher, apsp, > ap;.

In conclusion, it’s worth noting the following. With
decrease in the thickness of the layer d — 0, especially
in the region of small values, the dynamics of variation
of the profiles R, s(a) is fundamentally different. In
the p—polarization, a decrease in the layer thickness
results in the formation of the minimum of R, () in the
neighborhood of the angle apsg;, so that, in the limiting
case d — 0, the reflection profile in this region of the
spectrum coincides with the envelope of minima. The
minimum of this envelope function coincides with the
value of the Brewster angle for the substrate which is
determined by formula (8a).

In the s-component, the form of the spectral profile
Rs;(a) in the limiting case d — 0 tends to the
corresponding one allowed by Fresnel formulae in the
case of the light reflection from the pure surface of the
substrate.

The basic conclusions of the work can be formulated
as follows.

1. At the Brewster angle for single interfaces on the
both sides of the film, the envelopes of the Fabry—Perot
interference bands touch each other, Ry ax = Rumin-

2. The angular position of the minimum of the
envelope of the minima of Fabry—Perot interference
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bands in the geometry of light reflection from a
film, which is conditioned by the equality of the
absolute values of the amplitudes of Fresnel factors
for the opposite faces of the film, doesn’t depend
on the thickness of the film and is determined by
the relation between the refractive indices of the
media that form the one-film structure; from the
viewpoint of the Brewster effect for a single interface,
it represents the pseudo-Brewster effect for a binary
interface that is not forbidden for both p- and s-
polarizations.
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3AKOHOMIPHOCTI IIPOSIBY BPIOCTEPIBCHKOI
I TICEBAOBPIOCTEPIBCHKOI KYTOBUX YMOB
B CIIEKTPAX BIZIBUTTS CBITJIA TOHKUM
ITPO3OPUM HIAPOM

11.C. Kocobyuvruti, O.I1. Kywmnip
Pezowme

MeTomoM KOMII'IOTEPHOIO MOZEIIOBAHHS IPOAHAII30BAHO 3aKOHO-
MipHOCTI (pOPMYBaHHS CIIEKTPIB ITOXUJIOTO BIAOUTTS CBITJI& IIPO30-
POIO OJIHOILIIBKOBOIO cTpyKTyporo. [Tokazano, o nix kyrom Bpro-
crepa Jisi oguHapHOI MexKi o6BiaHi ciiekTpis ®abpi—Ilepo moru-
KaroThCs MiK c000I0, TOZI sK IIiJ] KyTOM, IO BiJIIOBifae mcesmo-
6procTepiBehbKiil ymoBi, Momymi ammmiTyn xoedimnientis Ppenesns
BIiZIOMTTS CBiTJIa MPOTHJIE2KHUMHM IMOBEPXHAMHU ILIIBKUA PIBHI MixK
c060r10.
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