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ABSTRACT

We present the use of high harmonic generation (HHG) to achieve sub-nanometer sensitivity to out-of-plane geometric
features on an industrially relevant damascene sample with extreme ultraviolet (EUV) scatterometry. We also demonstrate
a methodology to take advantage of the tuneability of HHG by selecting experimental conditions that maximize the
sensitivity of EUV scatterometry. The method uses the Fisher information matrix to encode prior knowledge about the
sample into a robust mathematical framework that enables automated selection of the optimal experimental conditions
such as wavelength and incidence angles. Importantly, HHG allows us to use wavelength tunability across the EUV
spectrum through precisely controlled phase matching to achieve these conditions. We apply this to our damascene sample
to show that EUV light at ~13nm will maximize the sensitivity of our scatterometry measurements and the angle selection
will break correlations between parameters to enable a reliable solution to the inverse problem. Using this approach, we
are able to take full advantage of the wavelength tunability of HHG based EUV sources to support accurate metrology for
next generation semiconductor devices.
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1. INTRODUCTION

With the recent development of extreme ultraviolet (EUV) lithography producing feature sizes on the order of single
nanometers, there is an increasing demand for fast, accurate, and reliable metrology that can provide feedback on the
manufactured nanostructures to help drive EUV lithography to its fundamental physical limitations and provide efficient
process control. High harmonic generation (HHG) is particularly well suited to the production of EUV light for metrology
due to its coherent laser-like emission of wavelength-tunable light spanning the EUV spectrum in a compact tabletop setup
[1]. For periodic samples such as interconnects, EUV scatterometry using HHG is a metrology technique that shows
promise to meet this demand, and recent advances show the utility of HHG EUV light in semiconductor metrology [2-4].
Because of this, there is significant interest as to what the optimal experimental conditions (e.g. wavelength and angle) are
for EUV scatterometry in regards to both the underlying sensitivity of the measurement and inter-parameter correlations
which can hinder a reliable and repeatable solution to the inverse problem of scatterometry [5]. Here we first demonstrate
EUV scatterometry using a HHG source at 29nm to measure out-of-plane features on a periodic damascene sample with
sub-nanometer accuracy. Then we describe how a mathematical framework based on the Fisher information matrix enables
us to calculate the optimal experimental conditions that maximize the sensitivity of scatterometry measurements. The
method is applied to the damascene sample to show that by maximizing an eigenvalue of the Fisher information matrix,
we have a maximal sensitivity at ~13nm and the selected angles can break correlations between the model parameters. We
will present how, in conjunction with the tunability of HHG, this enables us to experimentally and mathematically optimize
EUV scatterometry measurements.

2. EXPERIMENTAL RESULTS

The damascene sample we measured consists of a periodic array of copper pads arranged on top of a SiO, substrate and
separated by a thin ~100nm layer of SiCN. The copper pads are depressed into the sample by a small amount on the order
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of single nanometers due to differences in the polishing rate of each material, and we want to measure the exact value of
this step height. Using a 29nm HHG source, we collected the diffraction efficiency data shown in Fig. 1(a). This data was
then modeled with rigorous coupled wave analysis to accurately determine the step height. The fit to the data is shown in
Fig. 1(a), along with single nanometer variations in the step height, showing excellent sensitivity to the step height.
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Figure 1. (a) Experimental data and modeled diffraction efficiency curves showing the best fit (red curve) and 1nm variations in
step height. (b) Results of a global optimization of the minimum eigenvalue of the Fisher information matrix indicating a maximal
sensitivity at 13.9nm and the angles shown. (c) Increase in diffracted power at 13nm as compared to 29nm which will provide a
higher SNR, and (d) a low correlation between model parameters at the optimized angles as compared to other pairs.

3. OPTIMAL EXPERIMENTAL CONDITIONS

The Fisher information matrix is a well-developed tool for experimental design and has been applied to many other areas
of research, most notably neutron reflectometry and x-ray diffraction [6,7]. In the work here, we use a Poisson noise model
on the photon count propagated through the diffraction efficiency, which we define as
DE = Ny +N_g

"~ Ny +N_;+ Ny

where N; indicates the number of photons in the ith diffracted order. With the assumptions of high flux and that the DC
power is significantly higher than the diffracted power, the signal to noise is approximately given by SNR = ,/2(DP),
where DP is the number of photons in the first diffracted order. Thus, we expect that the optimal wavelength for
scatterometry will likely occur where the diffracted power is highest and at a range of angles around the peak in the
diffracted power. Using this noise model, we constructed the Fisher information matrix for two unknown sample
parameters with realistic priors, the step height and a global angle offset. The wavelength and two angles were left as free
parameters to optimize. By maximizing the minimum eigenvalue of the Fisher information matrix using a global optimizer,
we determine that the sensitivity of our measurement will be maximized at 13.9nm. A map of the eigenvalues for 13.9nm
is shown in Fig. 1(b). As we should expect, this leads to a significantly higher diffracted power as shown in Fig. 1(c) and
consequently a higher signal to noise. Furthermore, the angles optimized in this way occur around the peak in the diffracted
power and additionally lead to a small correlation coefficient between the two parameters as shown in Fig. 1(d). Thus, in
tuning HHG to measure the sample with these experimental conditions, we have a higher sensitivity to model parameters.
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