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Abstract: This work introduces a novel method to characterize cross-linking differences in spin-
cast polymers for waveguide applications. The method is based on a low-coherence interferometer
which utilizes an imaging spectrometer to gather spatially resolved data along a line without the
need for scanning. The cross-linking characterization is performed by the determination of the
wavelength-dependent optical thickness. In order to do this, an algorithm to analyze the wrapped
phase data and extract refractive index information is developed. Finally, the approach is tested on
photo-lithographically produced samples with lateral refractive index differences in pitches of 50 um.
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1. Introduction

The control of mechanical, electrical and optical properties of polymers during fabrication is
necessary to ensure their performance [1]. As cross-linking is a crucial process step, it is necessary
to monitor its degree. State-of-the-art characterization technologies often require slow, lab-based
approaches which are not able to deliver spatial information on a specific sample [2,3]. One of the
most common methods to determine the degree of cross-linking is Soxhlet-type extraction [4]. For
that purpose, a sample is exposed to a solvent, typically a xylene isomer, in which non-cross-linked
material will dissolve after a few hours. After drying, the degree of cross-linking can be calculated
from the respective weights of cross-linked and non-cross-linked material. Another common
method is differential scanning calorimetry (DSC) [5]. This approach measures thermal features like
heat-flow, melting point and reaction enthalpy. Similar to chemical based methods, this approach is
destructive to the sample and not in-line ready. Faster and non-destructive measurements can be
obtained by using optical metrology such as Raman spectroscopy [6]. The analysis of spectral
features of reactional groups and bonds can be utilized to calculate the degree of cross-linking.

This work aims to present a novel approach to overcome the shortcomings of traditional
characterization approaches. For this purpose, a low-coherence interferometer with an imaging
spectrometer is adapted from surface profilometry [7], for spatially resolved cross-linking
characterization without the need for mechanical scanning.
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2. Materials and Methods

In order to characterize the degree of cross-linking of a polymeric sample, the sample itself is
integrated into a MICHELSON interferometer, Figure 1.
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Figure 1. Schematic of the measurement setup with WLS—white-light source, BS—beam splitter,
REF —fixed reference mirrors, SMP—sample on a wafer with the thickness fsmpe and cross section
with index n1(A) and n2(A), LE1—Ilens to image the sample on the spectrometer, IMSPEC —imaging
spectrometer.

Specifically, a sample of negative tone photoresist was spin-cast onto a silicon wafer (fsampe = 750
pum) and exposed to light using a rectangular pattern (pitches of 50 and 100 pm) which produced
areas with defined refractive index differences. This sample acts as one mirror in the interferometer
setup. During measurement, the light of a white light source (EQ-99X, Energetiq Technology, Inc.,
Woburn, MA, USA) was split in a 50:50 ratio by a cube beamsplitter. In both arms, light traveled the
same optical path while the sample under test was placed in one of the arms. After reflection from
the wafer and the reference mirror, the recombined signal was imaged onto the slit of an imaging
spectrometer by an achromatic lens. The imaging spectrometer recorded the spectral intensity of the
recombined signal for every point on a line of interest, Figure 1.

By transmitting through the sample volume, the signal is affected by the material dispersion
which depends on the wavelength-dependent refractive index #n(A) and the thickness fsumpte. For this
reason, the optical path of the corresponding interferometer arm shows a slight variation in the
optical path length for every wavelength. In essence, the signal shows an interference pattern in
which the phase inherits a distinct minimum at wavelengths where the optical path difference in
relation to the reference arm equals zero. This point is characterized by the equalization wavelength
Aeg. The effect can be described with

I(A,x) = I,(A) * [1 + cosp(4,x)] and, 1)
¢(/1; x) - (n(l) - 1) ts;mple - 6(x) (2)

where o(A) is the spectral profile of the light source and 0 is the path length difference between both
arms. In order to estimate the degree of cross-linking, the analysis of the refractive index can be
utilized [8]. Therefore, the phase of the recorded signal was extracted from the interference data.

3. Results

In order to evaluate the phase and after rearranging Equation (1), a simple cos™ operation can
be performed on the measured and Io(A) corrected data which results in @mes. If the signal changes
are larger than 27, the resulting signal will be wrapped which leads to problems in the
determination of the absolute phase value. In order to overcome this issue, an alternative approach
based on the wrapped-phase derivative evaluation (WPDE) has been developed.
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An estimation of the equalization wavelength was performed using a Short-Term Fourier
Transform (STFT) where a Fast Fourier Transform (FFT) is performed in one small window of the
complete data set which is then slid over the signal successively [9]. This estimation is then used to
define a spectral area of interest around the equalization wavelength in order to perform a cos!
operation to retrieve the local phase information. The retrieved phase is still affected by an absolute
phase offset Ap which has to be taken into account. However, by analyzing the first derivative of
the signal with respect to A, this phase offset becomes irrelevant, Equations (3)—(5),

I (Aiocars A -1t -6
¢mea5 — COS_l[ ( local x) _ 1] = 2 (Tl( local) ) sample (x) + A(P and (3)
IO (Alocal) Alocal
aqueas — i [271’ (n(/llocal) - 1) tsample - 5(x) + A¢] (4)
aA daA Aocal

so that the relative derived optical thickness (RDOT) tgpr can be determined from the group
refractive index ng(A) using

AZ
téPT =ny (Alocal) * tsample = Csample — [¢r,neas * lZO;[al - 6] (5)
The imaging approach enables the detection of individual spectral data along a spatial line and
subsequent calculation of the RDOT profiles. The RDOT of two different areas in the sample could
be calculated and fitted with a CAUCHY model for negative tone photoresists [10], Figure 2a.
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Figure 2. Result of the measured RDOT (a) for two separate areas with different cross-linking
amounts over a spectral range and (b) spatially resolved along one sample dimension.

The data in Figure 2a shows that a RDOT difference of less than 2 um could be detected. The
results are affected by noise in the original data which gets more pronounced by the process of
taking the derivative. Some smoothing using a gaussian-filter was applied to the data. The RDOT
was fitted only in a small range around the equalization wavelength. The fitting of the spectral
range is not in the scope of a production accompanying approach but could be applied if needed.
The imaging approach allowed for the analysis of the spatially resolved optical thickness on the
sample, Figure 2b.

The approach was capable of resolving optical thickness difference on a pitch size of 50 um
with high resolution. Although the signal is affacted by noise and batwing-effects [11], a dynamic
range of 1 um in the RDOT for the given sample could be revealed over a lateral range of nearly
400 pm.
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4. Discussion and Conclusions

In order to characterize the cross-linking of waveguide polymers, an experimental approach
based on a low-coherent interferometer was developed. The approach utilized the material
dispersion of the sample as well as an imaging spectrometer to gather the wavelength-dependent,
derived optical thickness in a spatially resolved fashion as a measure for cross-linking. In order to
evaluate the derived optical thickness, a novel approach called WPDE has been developed and
successfully applied to the measurement of a negative tone resist sample. The results have shown
that the method allows for measurements to be made with an optical thickness resolution of about 2
um and a spatial resolution of about 2 um. This allows fast, one-shot evaluation of cross-linking
within the integration time of the camera. The use of this method for production accompanying
tasks is favorable due to its speed. Future work will be focused on the quantification of the
precision, the reduction of deviations such as bat-wing effects and the combined measurement of
sample thickness and refractive index.
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