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Highlights

e Determination of complex refractive index of SU-8 epoxy as a function of wavelength.

e Fourier-transform infrared (FT-IR) spectrometer iS the relatively rapid and wide IR spectral range by
non-contact technique

e The data analysis is based on the elegant Singly Subtractive Kramers-Kronig (SSKK) equations.

e Kramers-Kronig method is faster and more reliable in a broad spectrum range
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ABASTRACT

Accurate determination of the complex refractive index of SU-8 epoxy has significant for the wide
variety of applications-in-optical sensor technology at IR range. The complex refractive index of
SU-8 is determined by recording the transmission of light spectra for the wavelength range of 2.5 —
22.0 um. (The data analysis is based on the Kramers-Kronig dispersion relation method. The
method~has several merits, such as ease of operation, non-contact technique, measurement
accuracy, and rapid measurement. The present method is not restricted to the case of SU-8 but it is
also proposed to be applicable across a broad range of applications, such as assessment of the

optical properties of paints and biomedical samples.
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1. Introduction

Transmission spectroscopy is one of the IR spectroscopic sampling technique to identify substances
and to determine various characteristics of their structure and orientation. This technique is ideally
suited for samples such as thin films and adsorbed species on liquid [1]. Transmission technique is
easy to use, non-contact, non-destructive, no sample preparation requirement, /and moreover
this technique suitable for samples with flat, thin and smooth surfaces [2].:The-light absorption of a
film can be characterized with the aid of its complex refractive index/ The complex refractive index
is a fundamental property of gaseous, liquid and solid media. It has been widely used, for example,

detection of solid purity, chemical identification of species, density and even temperature [3].

There are many well-known mathematical routes experimentally to determine the complex
refractive index of a substance as a function of wavelength such as Fresnel’s method [4], maximum
entropy method [5], Azzam’s method [6], and Kramers-Kronig dispersion relation method [7].
Kramers-Kronig dispersion relations method. determines for a complex refractive index of the
material by solving numerically non-linear equations. The non-linear equations consist of the phase
shift and attenuation coefficient which~“are generated from the interaction between light and
material. Part of their popularity resides in the generality of the Kramers—Kronig relations: they are
derived from causality, the response must follow the excitation and not precede it, and linearity, the

superposition of responses to.different causes [8].

In our approach, Fourier-transform infrared (FT-IR) spectrometer was used to recode the
transmission spectra of the SU-8 epoxy. Beer-Lambert-Kramers-Kronig dispersion relation analysis
method, makes it possibly fast to get information on the complex refractive index of the SU-8 epoxy
film. The reason for SU-8 epoxy popularity can be found in its unique properties such as high
chemical and mechanical stability, biological compatibility, high aspect ratio capability and low
cost of fabrication [9]. Furthermore, due to excellent optical transparency and proper optical
parameters. The properties of SU-8 open it up to a wide range of components in all application
areas of micro-technology such as electroplated micro-parts, multilevel components, photonic

pressure sensors and diffractive optical elements [10-12]. The refractive index of SU-8 has been



reported in the visible and NIR spectral range in the literature. Piruska et al. have determined the
refractive index of SU-8 from different batches using the ellipsometer in several different spots in
samples in the visible spectral range [13]. Their result indicates that the refractive index of SU-8
was 1.603+0.001 at 532 nm and 1.593+0.001 at 633nm. The refractive index of SU-8 does not
change so much in different manufacturing batches. Unfortunately, the refractive index of SU-8

epoxy at the wavelength range of 2.5 — 22.0 um has not been reported in the literature.

2. Theory
The optical properties of any material may be described by the complex refractive index,
N(2)=n(2) -ik(2), (1)

where A is the wavelength, k is the extinction coefficient;-and nis the real refractive index. The
refractive index is defined as the speed of light inva.vacuum divided by the speed in the medium.
The extinction coefficient (imaginary part) is therefore described as the reciprocal damping of the
oscillation amplitude of the incident electric field.in'the medium [14]. In mathematical form this is

(1) = Aa(A) |

47

)

where a is the absorption coefficient and it can be calculated using the Beer-Lambert law

a(A)=—In(1/1,)/d ,
3

where, |, is the initial light intensity, | is the light intensity after it passes through the sample, d is
the thickness of the medium [15]. The infrared spectrum of transmission generated noise too.
Therefore, the extinction coefficient becomes an incorrect background, which can be fixed using the
Wavelet transform analysis. The Wavelet transform analysis is effective tool for elimination of

different kinds of noise to background, since the signal being processed usually contains
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contributions with different localizations and different locations in the time and frequency domains
[16].

The definition of real part of complex refractive index n of SU-8 can be calculated by using
Kramers-Kronig dispersion (K-K) relation method. The K-K relation connects the extinction
coefficient k and the real refractive index n of the medium. The conventional K-K relation is
modified to include the anchor point. The method is called Singly Subtractive Kramers-Kronig
dispersion relations, SSKK. In the case of SSKK analysis the dispersion integrals are as-follows:

Ae(A)dA
—AHQE = A7)

2 AIZ _ /1112 co
n(A) —n(A") = ( - )Pf oz 4)
0

where A is the wavelength of light at which the transmission=data was measured, A’ is the
wavelength corresponding to the calculated/extrapolated réfractive index using SSKK, A’ is the
anchor point wavelength, n(A’) is the wavelength-dependent refractive index, n(A’’) is a priori
known refractive index value at an anchor point A’” and P.denotes the Cauchy principal value [17].
For practical purposes, the integral especially inithe case of SSKK analysis can be usually truncated
to correspond to the initial and final point of the measured transmittance. Here we use the method
of optimal choice of the anchor point A’’ to ‘minimize possible data inversion error. The SSKK
relation gives stronger convergenceof the integral than a conventional Kramers-Kronig relation,
hence the accuracy of data inversion is'good even for finite range spectral data [17]. The SSKK

dispersion relation was based on the Lucarini‘s Matlab code [18].
3. Material and methods

The SU-8 epoxy molecule consists of eight epoxy groups, manufactured by Microchem (USA). In
order to make the sample, the SU-8 epoxy was deposited on a silicon substrate by spin coating
technique followed by soft baking at 95 °C. Square pattern openings of measuring 10 x 10 mm were
formed on silicon substrate through a UV-photolithography and a silicon wet etching process. Prior
to etching process the sample was hard backed at 150 °C for five minutes through a hotplate. The
thickness of the SU-8 film was estimated using atomic force microscopy and the result was given as
3.870 pm.

Spectroscopic data from the SU-8 epoxy was acquired by the Nicolet 6700 FT-IR spectrometer

(Thermo Fisher Scientific). The recorded spectra were in the form of means of 32 spectra,
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performed in the range of 2.5 — 22.0 um wavelength with a 0.005 pum resolution on at room
temperature (22°C). The background of transmission was recorded with dry air.

4. Results and discussion

Initially, the transmission spectrum (2.5 — 22.0 um) was measured at 0.005 um intervals from SU-8-
films (thickness, 3.87 um) using a Nicolet 6700 FT-IR spectrophotometer. The transmission
spectrum of the SU-8 is shown in Fig. 1. It can be observed from Fig 1., that OH vibrations, and
aliphatic CH stretching wavelength bands at 2.83 - 2.91 um (3440 — 3540 cm—1) and 3.35 — 3.5 um
(2850 - 2900 cm—1), respectively. In addition, we can see from spectrum CC aromatic ring stretch
at 6.22 um (1606 cm—1) and 6.64 um (1507 cm—1), the stretch modes of CO groups at 8.00 um
(1247 cm—1), and of CC groups at 9.67 um (1034 cm—1). The phenyl bending modes can be
detected at 8.46 — 8.89 um (1124 — 1182 cm—1) the phenyl ring modes finds at 12.6 um (829

cm—1). These results are in accordance with Airoudj et al. research [19].
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Fig. 1. Transmission results for SU-8 as a function of wavelength.



Next, the absorbance and extinction coefficient of the SU-8 film was calculated from measured
transmission data using Eqgs. 2 and 1, respectively. In the literature, the real refractive index values
of SU-8 can be found at wavelength range 0.4 — 2.5 um. The determination of refractive indices
were based ellipsometer technique [20]. The anchor point of refractive index is used (value was
obtained by eye from the curve) value of 1.572 at the wavelength of 2.5 um [19]. Finally, we can
extrapolate the values of refractive indices over a wide wavelength range by using SSKK’s formula
which is given in Egs. 4. The results are shown in Fig. 2. From Fig. 2, it is observed that the
refractive index and extinction coefficient vary between 1.495 — 1.621 and 0.000 — 0.0951 at the 2.5
— 22.0 um, respectively. The Lorentzian permittivity of equation have been used/to evaluate the
accuracy of the result based on the change of extinction coefficient (k) is«equal,to the change of
refractive index (n), A k= An [21]. We calculated for example the n.and k. for minimum and the
maximum values from the peaks that is located at the 12 pm. Result obtained that Ak is 0.93An.

That conclusion is consistent with the model of Lorentzian.
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Fig. 2. Complex refractive index of nanocrystals SU-8 as a function of wavelength.



In addition, it is obvious from the data of Fig. 2 that, big variations around the resonant
wavelengths both for the real part and the imaginary part curves of the refractive index. Near the
resonance, the imaginary refractive index increases sharply to a maximum then falls as the
frequency exceeds the resonance frequency. The real refractive index increases quickly in near
resonance point, then fall below unity, and eventually makes its way back up towards unity. This
behavior near resonance is called anomalous dispersion [22]. The anomalous dispersion is the
phenomenon when an electromagnetic wave encounters a collection of atoms, an. oscillating
electromagnetic field is superimposed on the field of forces that is responsible for the ceherency of
the material [22]. In other words, the anomalous dispersion range determined by their material
fingerprints. We propose that the FTIR and the method of this study have more general
applications, provided that the scattering is negligible and absorption bands‘is not very strong in the
frame of using the Kramers—Kronig method. The infrared spectrum of strong absorption bands, the
Kramers-Kronig method will produce erratic results that do net physically make sense, e.g.,
refractive index can be less than 1 [18]. Kramers-Kronig method is more practical than the Fresnel
method for the extraction of the complex refractive index ‘ef a material because Kramers-Kronig
method is faster and more reliable in a broad spectrum,range. Ellipsometry is in itself a good
experimental method, but much more difficult to implement in a broad spectrum and requires more

expensive equipment than transmission measurement.

5. Conclusion

The aim of this study.was/to show the Beer-Lambert-Kramers-Kronig dispersion relation method
for the determinationof optical properties of SU-8 epoxy. To our knowledge, the wavelength-
dependent complex refractive index of SU-8 has not been reported at 2.5 — 22.0 um in the literature
until now. (This study has shown that, the refractive index and extinction coefficient vary between
1.495 =.1.627"and 0.000 — 0.0951 at the 2.5 — 22.0 um, respectively. An advantage of our method is
that it provides information on various optical properties of a thin film in the relatively rapid and
wide IR spectral range by non-contact technique. The anomalous dispersion region of SU-8 may
provide an exciting route to utilize optical properties of the material in the tailor applications. In the
future plan, we continue to study how the refractive index of epoxy changes to exposed by

temperature change and ultraviolet radiation as a function of time.
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