Optical Engineering 48(12), 124603 (December 2009)

Refractive index control in bicomponent polymer
films for integrated thermo-optical

applications

Paulo Azevedo Soave

Ronaldo André Ferreira Dau

Universidade Federal do Rio Grande do Sul
(UFRGS)

Instituto de Fisica

Laboratério Laser e Optica

Programa de Po6s-Graduacao em Microeletrénica

Av. Bento Gongalves 9500

Caixa Postal 15051

Porto Alegre, RS 91501-970

Brazil

E-mail: soave @ ufrgs.br

Marcia Regina Becker

Universidade Federal do Rio Grande do Sul
(UFRGS)

Laboratdrio de Materiais Poliméricos

Av. Bento Gongalves 9500

Setor 4, Prédio 74

Sala 117, LAPOL

Porto Alegre, RS 91501-970

Brazil

Marcelo Barbalho Pereira

Flavio Horowitz

Universidade Federal do Rio Grande do Sul
(UFRGS)

Instituto de Fisica

Laboratério Laser e Optica

Programa de Pés-Graduagao em Microeletrénica

Av. Bento Gongalves 9500

Caixa Postal 15051

Porto Alegre, RS 91501-970

Brazil

1 Introduction

The thermo-optical effect is present in transparent materi- B=

Abstract. Optical properties of transparent polymer thin films, produced
by spin-coating on silicon and constituted of polycarbonate (PC), poly-
(methyl methacrylate) (PMMA), and PC/PMMA, were investigated with
regard to integrated thermo-optical (TO) device applications. Refractive
index dependences on wavelength, temperature, and film composition
were measured by spectroscopic ellipsometry with a dedicated autocon-
trolled heater setup, in the ranges of 400 to 800 nm, 25 to 85 °C and
0to 100 wt% PC, respectively, with determination of Cauchy and
Lorentz-Lorenz parameters. Within these intervals, thermomechanical
compatibility and pronounced index contrast of around 0.12 between PC
and PMMA, as well as their TO coefficients one order of magnitude
higher than that of silica, allow convenient tailoring for specific TO re-
quirements. In addition, wide-range fine-tuning of refractive index varia-
tion is found to be facilitated by the weak dependence of isothermal

dispersion curves and TO coefficients on film composition. © 2009 Society
of Photo-Optical Instrumentation Engineers. [DOI: 10.1117/1.3275452]
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als, including organic thin films, semiconductors, and di-

electric bulks,' and has been used for integrated optical
devices in the microelectronics industry. Particularly, the
effect is characterized by the thermo-optical coefficient
(TOC), which is related to refractive index behavior when

temperature is modified.

From the Lorentz-Lorenz expression,2 the Prod’homme

. 3 .
relation” can be obtained as:

TOC = d_n: (n*=1)(n*+2)

dr 6n (©-5),

where T is the temperature, 7 is the refractive index, and ®
is the electronic polarizability. Already, the volumetric ex-

pansion coefficient (B) is defined as:

0091-3286/2009/$25.00 © 2009 SPIE

Optical Engineering

where p is the material density.

Due to its affinity to silicon technology, silica has been
used as a material of choice in integrated thermo-optical
devices. However, those devices present high fabrication
costs, as well as high electrical consumption during opera-
tion. Furthermore, due to its low thermo-optic coefficient,
the efficiency of refractive index modulation in silica is
more than 10 times lower than that for polymers.4’5
(1) In this context, pure polymers, polymeric composites,
and hybrid organic/inorganic compounds have been studied
as alternative materials to silica-based devices.®™ Among
these materials, polymer composites have more flexibility
in terms of refractive index, which is achieved by adjust-
ment of their composition. This advantage becomes inter-
esting in stringent applications that require a specific refrac-
tive index value.
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Fig. 1 Autocontrolled heater setup. The sample is placed over the
heater during the ellipsometric measurement. Sample temperature
is controlled with a sensor fixed on the film surface.

On the other hand, polymers are very often used in re-
search and industry and are commercially available. In par-
ticular, Zhang et al.’ previously reported several TOC val-
ues of pure polymer films, altough not for their
combinations, including polycarbonate (PC) and poly(m-
ethyl methacrylate) (PMMA). These two polymers have
similar mechanical and thermal properties: density, thermal
conductivity, thermal diffusivity, thermal expansion coeffi-
cient, and Young’s modulus.'* Furthermore, their refrac-
tive index temperature dependences are well known.**!?

However, to our knowledge, studies of PC/PMMA film
properties as a function of constituent concentration and
temperature for thin films were not reported previously.
This is the aim of this paper, which includes detailed film
preparation and optical characterization procedures, with
regard to compositional PC/PMMA tailoring of refractive
indices for specific TO requirements. Last, dispersion
curves and their corresponding thermo-optical coefficients

of the prepared films in the 25 to 85 °C temperature range
will be presented.

2 Experiment

Films of PC/PMMA (PC from Bayer and PMMA from Al-
drich) in concentrations of 20, 40, 50, and 80 wt % of PC,
as well as the PC and PMMA pure polymers, were prepared
via solution blending at room temperature, using tetrahy-
drofuran (THF) as solvent. The polymer concentration was
4 wt % in solvent, and the solutions were filtered through a
0.2-um polytetrafluoroethylene (PTFE) micropore mem-
brane. The solutions were used to prepare thin films on
polished silicon substrates (25 mm X 25 mm X 0.5 mm) by
the spin-coating process under saturated THF atmosphere.
After deposition, the films were dried for complete removal
of the solvent.

For measurement comparisons, all films were prepared
with physical thicknesses between 300 and 600 nm. This
control was achieved by adjusting individually the spinner
speed (2500 to 3000 rpm), for each film deposited, and
confirmed by ex situ Ambios XP2 mechanical profilometer
measurements.

To investigate sample thermo-optic response at different
temperatures, a controlled heater device (temperature fluc-
tuation of £1 °C) was built (see Fig. 1) and integrated into
a SOPRA GES-5E spectroscopic ellipsometer, allowing in
situ measurements. The ellipsometer uses one rotating po-
larizer, one analysis polarizer (fixed), and the Hadamard
method"* to analyze the output polarization state of light
and extract two components, o and 7, for each wavelength

(N):

Table 1 Obtained Cauchy coefficients (A, B, and C) of pure polymer solutions and PC/PMMA at different temperatures.

PMMA PC 40 wt % PC 80 wt %

T (°C) A B (x1079) C (x10™% A B (x1079) C (x1079) A B (x107%) C (x10™%
25 1.479 5.48 -1.72 1.542 2.21 0.49 1.585 6.59 3.40
40 1.477 5.56 -1.76 1.543 0.22 0.75 1.583 6.29 3.78
55 1.474 5.89 -2.23 1.544 -1.14 0.92 1.581 5.91 4.27
70 1.472 6.04 -2.43 1.543 -1.75 0.99 1.579 5.66 4.58
85 1.469 6.25 -2.71 1.541 -1.93 1.02 1.578 5.48 4.82

PC 20 wt % PC 50 wt % PC

T(°C) A B (X107 C (x10%) A B (x107%) C (x107%) A B (x107%) C (x10%)
25 1.518 8.34 6.16 1.576 -5.05 1.68 1.597 3.96 8.57
40 1.517 5.47 6.49 1.574 -5.06 1.68 1.592 4.42 7.91
55 1.515 4.04 6.64 1.571 -4.54 1.61 1.590 4.31 7.99
70 1.513 3.66 6.67 1.569 -4.50 1.60 1.588 4.20 8.02
85 1.511 6.55 6.27 1.567 -4.11 1.54 1.585 4.52 7.53
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Fig. 2 (a) Dispersion curves at 25 °C for pure polymers and PC/
PMMA films, and (b) dispersion curves of PC 40 wt.% film with
PMMA for different temperatures. All dispersion curves were ob-
tained by spectroscopic ellipsometry.

tan’ i — tan” A’

=5, 3
77 tan? Y+tan® A’ ®)
and

tan tan A’
7=2cOS d 4)

tan® +tan> A"’

where tan ¥ and A are the amplitude ratio and phase shift
difference, respectively, between values associated with the
transverse magnetic (TM) and transverse electric (TE) po-
larization components of light (parallel and perpendicular
to the plane of incidence, respectively), and A’ is the angle
between the transmission axis of the analysis polarizer and
the light incidence plane.2

The resultant curves were used with the ellipsometer’s
analysis-modeling software to perform the curve fitting, as-
suming that the films have isotropic, dielectric, and homo-
geneous behavior, with the well-known Cauchy formula as
refractive index dispersion function:*
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Fig. 3 Refractive index and physical thickness variation with stan-
dard deviation versus temperature for a pure PC film.

B C
n()\)=A+F+F’ (5)
where A, B, and C are constants. As a result, film physical
thicknesses () and dispersion curves are obtained.

All measurements were performed using a light beam at
an incident angle (¢) of 75 deg, in the wavelength range of
400 to 800 nm. To avoid phase transitions in the films, the
measurements were performed at temperatures of 25, 40,
55, 70, and 85 °C, which are lower than the glass transition
temperatures of PC and PMMA (both higher than 100 °C).
Furthermore, to avoid shifts in the refractive index values
caused by film water adsorption, > room relative humidity
was controlled at levels of 40 to 50%.

3 Results and Discussion

A total of nine measurements were performed with the
spectroscopic ellipsometer for each sample, taken during a
down-up-down temperature cycle. From these measure-
ments, film physical thicknesses were obtained and disper-
sion curves calculated using the Cauchy coefficients (see
Table 1).

The dispersion curves obtained for PC, PMMA, and PC/
PMMA at temperature 25 °C are presented in Fig. 2(a). As
can be seen in the figure, the shape of the dispersion curve
is not significantly modified by film composition. However,
a great dislocation of the dispersion curves values is ob-
served, around 0.12 from PMMA to PC at wavelength
633 nm. By comparison, when the temperature is modified,
the curve shapes remain almost unchanged, and the dislo-
cation observed is less significant than that caused by com-
position change, as shown in Fig. 2(b) for the PC 40 wt %
film.

An interesting result is observed when the physical
thickness and refractive index for a single wavelength are
plotted versus temperature, as shown in Fig. 3 for the PC
80 wt % film. In all samples measured, behavior of physi-
cal thickness and refractive index was linear in the tem-
perature range between 25 and 85 °C.

This behavior is expected, since no phase transitions are
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Fig. 4 Refractive index and f;; with standard deviation versus tem-
perature for a PC 50 wt.% film.

observed in this temperature interval. Therefore, it is pos-
sible to write the Lorentz-Lorenz factor (f;;) as a linear
function of temperature:

n’+2

Ju="5—=al+b, (6)

where a and b are constants.

The calculated f;; and refractive index values (N
=633 nm) for the PC 50 wt % film at different tempera-
tures are shown in Fig. 4.

Furthermore, since aT<<b in this temperature interval,
from Egs (1) and (6), the volumetric expansion coefficient
can be obtained from:

a

5 (7)

B=
For this result, in the application of Eq. (1) to polymers, for
which the contribution of the thermal expansion to refrac-
tive index variation is much higher than that of the electri-
cal polarizability, i.e., ® <3, ® was neglected.

Table 2 Film physical thicknesses, refractive indices, thermo-optic
coefficients, and thermal expansion coefficients at A=633 nm and
25 °C of several polymer combinations.

h n TOC B

(£5X10™%)  (x4%x10™%) (x10™%) (x10™%
Sample [um] (25°0) (K] (K]
PC 0.4167 1.6118 -1.72 2.43
PC 80 wt % 0.6601 1.6031 -1.47 1.99
PC 50 wt % 0.3909 1.5738 -1.11 1.77
PC 40 wt % 0.3653 1.5508 -1.25 2.02
PC 20 wt % 0.4313 1.5239 -1.31 2.18
PMMA 0.4954 1.4916 -1.41 2.48

Optical Engineering

124603-4

B S
1.61
1.60
1.59
1.58
x 1.57-
3
2 1561
© 155
=
T 154
©
4= 1.53
(0]
X 152
1.51
1.50 -
1.49
148 1%
PC Concentration (%) in PMMA
(@)
1.62 T T T T T T T T T T T T
1.61 4 IL.\ .
— ]
.\
1.60 - .
PC 80% ]
1.59 4
1.58 <
— 1
1.57 4 _— ]
PC 50% — 1
% 1.56 -
© 4
£ 155 \ <
g 1541 PC 40% 1
5 ]
8 153 4
S 152 ]
@ 1 PC20% ]
1.51 4
1.50 4
\q\v 4
1.48 - 4
147 T T T T T T T T T T T T T

20 25 30 35 40 45 50 55 60 65 70 75 80 8 90

Temperature (°C)

(b)

Fig. 5 (a) Refractive index isothermal curves as functions of PC
concentration, and (b) refractive index variation as function of tem-
perature for PC/PMMA and pure polymers (both at =633 nm).

Taking the slope of f;; curves and using Egs. (6) and
(7), the expansion coefficients from PC, PMMA, and PC/
PMMA films are calculated. Table 2 shows the values ob-
tained for B, as well as the refractive index values, film
physical thicknesses, and TOCs (A=633 nm and 25 °C).

Last, in Fig. 5, refractive index dependences on polymer
film composition and on temperature are show.

Figures 2 and 5 allow observation that refractive index
values can be the tuned by adjusting film composition, tem-
perature, or both. This is relevant for applications that re-
quire fine refractive index control. Furthermore, since TOC
values associated with the slopes of curves shown in Fig.
5(b), as well as the shape of the isothermal dispersion
curves in Fig. 5(a), remain almost unchanged with variation
of film composition, its fine-tuning becomes much facili-
tated for a specific application.

4 Conclusion

In this paper, fabrication and optical characterization of PC/
PMMA films were proposed, as polymeric thermo-optical
active film materials, with the benefit of refractive index
tunability. The films were fabricated by spin-coating on sili-
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con substrates under saturated solvent atmosphere, using
rotation speeds that kept physical thicknesses between 300
and 600 nm. In situ spectroscopic ellipsometry measure-
ments were performed with a dedicated autocontrolled
heater, during heating cycles and at several temperatures
(25, 40, 55, 70, and 80 °C). In this range of temperatures,
no phase transitions could be observed in the composites,
as expected, and refractive index dispersion curves, as well
as Lorentz-Lorenz factors, are linear functions of tempera-
ture.

For each PC/PMMA film composition (20, 40, 50, or
80 wt %), resulting film physical thicknesses and Cauchy
dispersion coefficients were presented that allow determi-
nation of refractive indices and thermo-optical coefficient
(TOC) values under a variety of wavelength and tempera-
ture ranges. Since the shape of the isothermal dispersion
curves and TOC values remain almost unchanged with film
composition, even with a pronounced shift of up to 0.12 in
refractive index, wide-range fine-tuning of refractive index
variation becomes much facilitated for a specific applica-
tion.

Therefore, transparent PC/PMMA polymer, with TOC
values one order of magnitude higher than that of silica,
seem to be a viable alternative to this traditional material
for integrated TO on Si chip devices that operate within the
range of this study, with additional control of refractive
index and its variation in a wide temperature and spectral
range.
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