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Determination of refractive index, extinction coefficient and thickness
of thin films by the method of waveguide mode excitation

V.I. Sokolov, N.V. Marusin, V.Ya. Panchenko, A.G. Savelyev, V.N. Seminogov, E.V. Khaydukov

Abstract. We propose a method for measuring simultaneously the
refractive index n;, extinction coefficient m; and thickness H; of
thin films. The method is based on the resonant excitation of wave-
guide modes in the film by a TE- or a TM-polarised laser beam in
the geometry of frustrated total internal reflection. The values of
ng, my; and H; are found by minimising the functional ¢ =
IN_12[¥= l(Rexp(ei) - Rthr(ei))zll/29 where Rexp(ei) and Rthr(Oi) are the
experimental and theoretical coefficients of reflection of the
light beam from the interface between the measuring prism and
the film at an angle of incidence ;. The errors in determining r;,
m; and H; by this method are £2 x 10~4, +1 x 103 and £0.5 %,
respectively.
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1. Introduction

Measurement of the refractive index ny, extinction coefficient
my and thickness H; of thin films is important in the formation
of optical coatings and the fabrication of various integrated
optics devices. Traditionally, ellipsometry is used in measure-
ments [1]. However, the error in determining 7y and mi; by the
ellipsometric method is rarely less than +5 x 10, On the
other hand, the method of resonant excitation of waveguide
modes in a film under conditions of frustrated total internal
reflection (FTIR) yields a measurement error in n¢at a level of
+2 x 10* and in H; — at a level of 1% [2—13]; however, m;
cannot be found by this method.

The method of resonant excitation of waveguide modes
was proposed in the 1970s and is currently conventionally
accepted in the study of thin-film structures [14]. The method
consists in the fact that the film under study is in optical con-
tact with the working face of the measuring prism having a
high refractive index N, and is illuminated by a monochro-
matic light beam from the prism’s side. For beams incident at
the prism—film interface at angles 6;, for which the synchro-
nism condition Nysinf); =B; (i =0, 1, 2,...; f; is the effective
refractive index of the mode with index i) is fulfilled, the con-
dition for total internal reflection is violated and light can
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penetrate into the film, exciting a corresponding mode. In this
case, the angular dependence of the reflection coefficient R(6)
of the beam from the working face of the prism features sharp
and narrow minima. If two mode angles 6; are known, then
knowing N, one can calculate f;, and solving the system of
nonlinear dispersion equations for waveguide modes, one can
determine the two unknown parameters: refractive index n;
and thickness H; of the film. This method was successfully
used for studying polymer [15] and metal [16, 17] films, and
transparent conductive [18] and dielectric [19] layers. A num-
ber of recent publications that extend the capabilities of this
method show the possibility of measuring ultrathin films by
using immersion liquids [20], of determining the refractive
index gradient across the film thickness [21], and of measur-
ing the dispersion of the film material in the visible and near-
IR wavelength regions [19].

In this paper we propose a method for measuring simulta-
neously the refractive index ng, extinction coefficient mz; and
thickness H; of thin films. The method is based on the reso-
nant excitation of waveguide TE or TM modes in the film in
the FTIR geometry. Errors in determining ng, m; and Hy by
this method are £2 x 107*, £1 x 102 and 0.5 %, respectively.
The proposed method is conceptually similar to the approach
shown in [22] by the example of leaky and TE waveguide
modes and is its extension.

2. Calculation of the reflection coefficient
of plane TE and TM waves from an absorbing
film in the FTIR geometry

The scheme of waveguide mode excitation in a film having a
refractive index nyin the FTIR geometry is shown in Fig. 1. A
plane electromagnetic wave Ej, is incident on the prism—film
interface from the measuring prism’s side having a refractive
index N, at an angle 6. Below, we assume that absorption in
the prism material is absent, while the permittivity of the
prism is ¢, = sz. The film is located on a substrate with a
refractive index n,. The gap between the prism and the film
has a thickness H;,, and can be filled with air or an immersion
liquid with a refractive index n;,. The permittivities of the
immersion layer, film and substrate are, generally speaking,
complex quantities and are detemined by the expressions ¢&;,
= (M + 1M5)°, &0 = (np + imp)? and e, = (ng + img)?, where myy,,
my and m are the extinction coefficients of respective media.
Monochromatic electromagnetic fields

E(r,t) = E(r)exp(-iwt) + c.c.,

H(r,t) = H(r)exp(—iwt) + c.c.
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Figure 1. Scheme of excitation of the waveguide modes in the film in
the FTIR geometry (e, &m, &r and & are the permittivities of the mea-
suring prism, the immersion liquid (or air), the film and the substrate,
respectively; Hj, is the thickness of the gap between the film and the
prism; Hpis the film thickness; and 6 is the angle of incidence).

[r = (x,»,z), w is the frequency, and 7 is the time] in the case
of an incident TE wave (s polarisation) can be written in the
form.

In medium I with a permittivity ¢, = sz

E'(y.2) = x[Ehexp(ik,y + ik.2) + Riexp(ik,y - ik.2)],
(1)

H'(y,2) =y l]i [Efexp(ik,y + ik.z) — Ryexp(ik,y — ik.z)]

k, . . . . .
—zf[Efn exp(ik,y + ik.z) + Ryexp(ik,y — ik.z)],
where Ej, is the amplitude of the incident s-polarised wave;
R5 is the reflected wave amplitude; k = 2m/A; A is the wave-

length of light in vacuum; k, = kN ,sin0; and k. = kN, cos0.
In medium II with a permittivity e;, = (% + i72)°

E"(y,z) = x[E™"exp(ik,y —y"z) + E™Pexp(ik,y +y"2)],

| 2)
H"(y,2) = y T [E"*"exp(ik,y —"'2)

— E"™Pexp(ik,y +y"2)]

- z%[E“d"W“ exp(ik,y —y"z) + E™Pexp(ik,y +y"2)],

where ET1down and ETIUP are the amplitudes of the waves prop-
agating in the gap in the positive and negative directions
along the z axis, respectively; y " = (k7 — k2;,)"%; Rey!! > 0;
and Imy T <0.

In medium III with a permittivity e = (1 + imy)?

EIII (y,Z) — x[EIIIdOWn exp(ikyy _ '}/HIZ)

+ E"Pexp(ik,y +y"'2)], 3)

111 _ Lm Idown : oy
H7(y,2) = p=7—[E7 exp(ik,y —y72)

where EMdown and EW are the amplitudes of the waves in
the film; y "' = (k2 — k%)% Rey '™ > 0; and Imy ' < 0.
In medium IV with a permittivity e, = (ng + im)?

E"(y,z) = xE" exp(ik,y —y" 2),
4)
v iVIV v : v
H(y,2) = y=1—E7explik,y — 77 2)

b
where E'V is the amplitude of the wave in the substrate; y !V
= (k} - k%" Rey' > 0; and Imy "V <0.

Taking into account the form of electromagnetic fields
(1)—(4) and sewing these fields at the interfaces z = 0, z = H,
and z = H;,,, + H; (see Fig. 1), for the amplitude of the s-polar-
ised reflected wave, R, we obtain

EV exp(ik,y —y"2),

k. + 1y

R:. kz i 11
Z = et i))j” + Asexp(—2y“Him)]
k. — in B
X1 + == HASeXp(—ZyHHim)] ,

&)

I 111 I v

—7 —v 11
Ay = + exp(—2y " Hy)
VII n ,}/III yIII i yIV
R ) B | | S A -1
Yy — Y v -V 111
X|1 + exp(—2y Hf)] .
yH n ym ym n VIV

Similarly, in the case of the incident TM wave (p polarisation)
the electromagnetic fields in media I-1V can be represented
as follows:

in medium I

H'(y,z) = x[H} exp(ik,y + ik.z) + RPexp(ik,y — ik.z)],

n

(6)

E'(y.2) =~y [HY, exp(ik,y + ik.2)
p

— Rl exp(ik,y — ik.z)]

+z:Ty[H§1 exp(ik,y + ik.z) + RPexp(ik,y — ik.z)];
P

in medium II

H"(y,2) = x[H"*""exp(ik,y — y"'z)

+H"Pexp(ik,y +y''2)], ()
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E"(3.2) =~y 9 expi,y — ')

"V keim ke
— H™Pexp(ik,y +y"2)]

ky . .
+z - [H" " exp(ik,y — y"z) + H™Pexp(ik,y +y"2)];

keim
in medium III

Hlll (y, Z) — x[Hllldown CXp(ikyy _ j/luZ)

+ H""exp(ik,y +y"'2)],

®)

Em(y,z) =y /){’8 [Hllldown exp(ik,y — j/1112)

— H""exp(ik,y +y"'2)]
+ %[Hﬂldown exp(lk}y _ ‘)/HIZ) + HHIup eXp(ikyy + ‘}/HIZ)];
f
in medium IV
Hlv(y’z) = xHWexp(ikyy - ylvz)a

©)

EV(y,z)=—y ,’g H" exp(ik,y —y"z)

ﬁHW exp(ik,y —y" z2).

T

In expressions (6)—(9) Hf is the amplitude of the incident
p-polarised wave; RP is the amplitude of the reflected wave;
and HHdown’ HIIup’ [_IIIIdown7 | Mup and HWY are the ampli_
tudes of the waves in media II, 11T and IV, respectively. By sew-
ing the fields (6)—(9) at the interfaces z =0, z = H;,, and z = H;,
+ Hy, for the amplitude of the reflected wave RP we derive

) .
i [emk T S+ Apexp(- 2y“1im)]

HY  |emk. +iy"e
imk: -
x|1 +w/1 pexp(— 27/“H,m)]
e,mk,-i—l
(10)
" I
8 elln gs
Ap= [Z £f+;me Z le +$ Ver exp(= 2yIHH)]
yler— y eml y es e N
X1+V ety e Pz, -9 Vey L exp(— 2y Hy)

Figure 2 presents the dependences [calculated by expres-
sions (5) and (10)] of the specular reflection coefficients R (6)
= |Ry/ES|? and R,(0) = |[RY/HP | on the angle 6 of the beam
1n01dence at the prism—film 1nterface. The parameters of the
prism, immersion layer, film, substrate and wavelength of
light are given in the legend to Fig. 2. One can see that the
dependences Ry(0) and R(0) exhibit sharp minima (m lines)

due to excitation of waveguide TE and TM modes in the film.
An increase in the extinction coefficient in the film material
leads to a broadening of the width of m lines, their angular
position remaining virtually unchanged. Note the break in the
curves Ry(#) and R,(0) at 6 = 42.9° (the so-called knee), aris-
ing due to the tunnelling of light in the substrate, when the
condition N,sin6 = ng is met.

Ry, R,
1.0E

0.6

0.2F

42.9°
1 1 1 1 1 1 1 1

0
42 46 50 54 p/deg 8

Figure 2. Dependences of the reflection coefficients Ry(60) and R,(0) un-
der illumination of the prism—film interface by a plane electromagnetic
wave with A = 632.8 nm in the case of TE (1, /') and TM (2, 2') polari-
sations; Ny, =2.14044, g;, = 1, Hip, = 150 nm, Hy= 1082 nm, n,=1.45705
and mg = 0. Curves (/) and (2) refer to the case & = (1.840 + i0.001)?,
curves (/') and (2') — to the case &; = (1.840 + i0.005)>.

The idea of the proposed method for measuring the
extinction coefficient m; of the film by the angular depen-
dence of the specular reflection coefficient is based on the fact
that the depth and width of the resonance associated with the
excitation of the waveguide modes in the film are very sensi-
tive to the value of m; [22, 23]. The method is based on the
numerical simulation for determining the parameters ny, m;,
H;and H,,, at which the reflection coefficients calculated by
expressions (5) and (10) are fitted best with the experimentally
measured dependences of Ry(0) and R,(0) in a wide range of
angles of incidence.

3. Experiment and method for determining
the film parameters

A film of silicon oxide SiO, (x ~ 1), having a thickness H; ~
1 wm, was fabricated by thermal evaporation of SiO monox-
ide followed by vacuum deposition on a SiO, substrate. This
structure will be denoted below as SiO,/SiO,. The reflection
coefficients Ry(0) and R,(0) were measured with a Metri-
con-2010 prism coupler in the range of angles from 42.7° to
67.7° during scanning by a TE- and TM-polarised beam of a
helium—neon laser with a wavelength 4 = 632.8 nm and a
diameter d = 1.5 mm. The divergence of the laser beam was
A8 ~ Ald = 0.024°; therefore, in calculating Ry(6) and R,(0)
one can use the approximation of a plane incident wave.

To find the reflection coefficients, we measured the angu-
lar dependences of the intensity of the laser beam reflected
from the working face of the measuring prism in a situation
when the sample is in optical contact with it [in this case, the
dependence R(A) exhibits an m line] and when the sample is
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removed from the prism (m lines are absent). The specular
reflection coefficients were defined as the ratio of these
dependences. To enhance the accuracy of Ry(6) and R(0)
measurements, we performed averaging over several scans.
Figure 3 presents the experimental dependences of the
specular reflection coefficients Ry(6) and R,(6) for the SiO,/
SiO; film.

R
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0.6

0.4

0.2

0.2

0 1 1 1 1 1
45 50 55 60 65
0/deg

Figure 3. Angular dependences of the specular reflection coefficient for
the SiOx/SiO, film — (/) measured and (2) calculated by expressions (5)
and (10) at the optimum values of ng, mg, H; and H, in the case of (a)
TE and (b) TM polarisations of the incident laser beam.

It follows from Fig. 3 that the film features four TE and
four TM waveguide modes. The optical constants n, m; and
the film thickness H; were determined by minimising the func-
tional

)

N 1/,
¢ =|N""D (Rexp(6) — Ruue(6))°| .

i=1

determining the root-mean-square deviation between the
experimental [R.,,(0)] and theoretical [by expressions (5) and
(10)] [Ryy(0)] values of the reflection coefficient. We also cal-
culated the thickness H;,, of the air gap between the film and
the prism. The optical constants of the substrate were as fol-
lows: ng=1.45705 and my = 0. The optimal values of ng, my, Hy
and H;,,,, which yield the best agreement between the theoreti-
cal and experimental values of R(f) throughout the entire
range of incidence angles, are listed below. It follows from

Fig. 3 that the measured and calculated widths of the reso-
nances associated with the excitation of the waveguide modes
in the film are close. Note a slight discrepancy between the
measured and calculated positions of the minima for the
mode with m = 0. In our opinion, this is due to the presence of
a small refractive index gradient across the film thickness.
Such a gradient affects to the greatest extent the position of
m lines for the lower-order modes (7 = 0, 1), which are
strongly localised in the film, and to a much lesser extent the
positions of m lines for the higher-order modes.

The values of the SiO,/SiO, film parameters calculated
from the angular dependences Ry(¢) and R,(6) for a wave-
length of A = 632.8 nm are as follows: n; = 1.9677, m;= 0.011,
H;=1003.3 nm and H;,, = 88.6 nm [for Ry(6)] and n;=1.9595,
my=0.011, Hy=1012.3 nm and H;,, = 75.7 nm [for R,(6)]. For
comparison we present the values of ny, mpand Hy, calculated
for the same wavelength by the transmission spectroscopy
method: n; = 1.9664, m; = 0.010 and H;= 1007 nm.

As can be seen from these data, the values of the extinc-
tion coefficient of the film, found for the case of TE and TM
polarisations of the exciting laser beam, coincide and are
equal to 0.011. The calculated film thicknesses differ by 9 nm,
and the error in determining H;is £0.5%. The thickness of
the air gap between the prism and the film, defined as the
average of the values obtained in the case of the TE and TM
polarisations is 82.2 = 6.5 nm. Measurements performed at
different thicknesses H,, of the gap between the measuring
prism and the film showed that the measurement error in n; is
+2 x 107 The difference in the values of n; (1.9677 and
1.9595) for TE and TM polarisations we associate with the
anisotropy of the film material.

To check the accuracy of the proposed method used for
measuring n, m; and H; of thin films, we also determined the
Si0,/Si0O, film parameters by transmission spectroscopy.
Figure 4a presents the transmission coefficient 7'(4) measured
by a Cary-50 spectrophotometer at normal incidence of the
beam. The thickness and optical constants n¢(1) and m; (1) of
the film were determined by minimising the root-mean-square
deviations of the experimental and theoretical curves 7'(1)
with Cauchy’s dispersion model n;(1) = Ay + A/A> + A/2%,
me(A) = By + By/A*> + B,/A* where A;and B, (i=0, 1, 2) are the
constants. The calculated values of Hy, ny and my; are given
above. Figure 4b shows the found dependences ny(A) and
my(4), and Fig. 4a — the corresponding theoretical curve T'(4).

Thus, the values of ng, m; and H; obtained by the method
of excitation of the waveguide modes are in good agreement
with the results obtained by transmission spectroscopy.

4. Conclusions

We have shown that the method of excitation of the wave-
guide modes allows one, at any coupling coefficient, to per-
form the simultaneous measurement of the refractive index ny,
extinction coefficient m; and thickness H; of thin films, as well
as to determine the thickness H;,, of the gap between the mea-
suring prism and the film. We have found the optical con-
stants and thickness of a silicon monoxide film deposited on a
quartz substrate at a wavelength of 632.8 nm. The values
found are in good agreement with those obtained by trans-
mission spectroscopy. The error in determining ny, m; and Hy
by the method described is £0.0002, £0.001 and £0.5%,
respectively. The method can be also used to measure optical
parameters of films at other wavelengths by employing the
corresponding lasers.
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Figure 4. (a) Dependences 7'(4) for the SiO,/SiO, film — (/) measured
at normal incidence and (2) calculated at the optimal ng (1), mp (A), Hy =
1007 nm, and (b) dependences n;(1) and m(1) at which the best agree-
ment is achieved between the experimental and calculated values of T'(4).
The optical constants of the substrate are n, = 1.45705 and m, = 0.

When calculating the ng, mpand Hyvalues of the SiO,./SiO,
film, we have used the approximation of an incident plane
wave and a model of a single-layer uniform film. To improve
the accuracy of the method we should take into account the
possible presence of transition layers, refractive index gradi-
ents n;(z) and the extinction coefficient m;(z) in a thin film, as
well as the finite cross section of the exciting laser beam, as is
done in ellipsometry.
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