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Introduction

The semiconductor industry has driven many technological developments
over the past several decades. As a result, we have phones nowadays that
have 100,000 times the processing power of the computer aboard the Apollo
11 spacecraft that landed a man on the moon in 1969 [1]. The manufacturing of modern-day computer chips is an extremely complicated process
that involves various repetitive processing steps. One of the most critical
steps in the whole process is that of photolithography [2]. Photolithography is the process that uses light to transfer a specific pattern from a mask
to a light-sensitive material (a photoresist), which is deposited onto a silicon wafer. The photolithography techniques used in today’s semiconductor
industry require various complicated processing steps. A basic scheme of
photolithography is illustrated in Figure 1.1. The process starts with spincoating a photoresist onto a chemically cleaned silicon wafer substrate. The
photoresist is then irradiated with UV light through a photo-mask to induce chemical reactions, which changes its solubility. The silicon wafer is
then washed in a developer solution to remove either the part of the resist
exposed to UV light or the portion which was unexposed to the UV light.
As a result, the pattern on the mask is transferred to the resist. Finally,
in the etching process, the etching agents remove the uppermost layer of
the substrate in areas that are not protected by the photoresist, and the
pattern from the mask is on the silicon substrate [2].
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Figure 1.1: Simplified illustration of the various steps involved in photolithography

The need for faster and cheaper computer chips has pushed the semiconductor industry to improve the design of integrated circuits along with reducing
the size of transistors. The shrinking of transistor size has been achieved
with the help of improvements in the processing steps in the chip manufacturing procedure. In 1965, a prediction was made by Gordon Moore,
co-founder of Intel, that the number of transistors in an integrated circuit
doubles approximately every year [3]. Ten years later, in 1975, he revised
the forecast rate to doubling every two years [3–5]. In the past several
decades, the semiconductor industry has followed the predictions set down
by Moore’s law, which has subsequently been used to guide future plans
and to set targets for research and development. Figure 1.2 shows that the
number of transistors per microprocessor over the few decades has approximately doubled every two years [6].
The technological developments in nano-lithography have lead to the production of semiconductor devices with feature sizes as small as 7 nm [7].
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Figure 1.2: Number of transistors per microprocessor as a function of the year of introduction [6].

The size of the smallest features which can be printed, commonly referred
to as the critical dimension (CD), is given by the well-known Rayleigh
equation [8],
λ
CD = k1 .
,
(1.1)
NA
where k1 is a constant related to the lithographic process, λ is the wavelength of the light used in the exposure of the resist, and NA is the numerical aperture of the optical system. In the past few decades, the continuous
lowering of the CD was made possible by improving all three of these parameters. The exposure wavelength λ was scaled down in steps from 436
nm to 365 nm, 248 nm, and 193 nm while the numerical aperture was increased to a hyper-NA of 1.35 using immersion lithography in the systems
that use an exposure wavelength of 193 nm [9]. These improvements were
combined with multi-patterning techniques to achieve a CD of 10 nm. Recently, the industry has moved to 13.5 nm exposure wavelength with an
NA of 0.33, which allows printing of features down to 7 nm [7] or even
smaller [10, 11]. This shrinking of feature size allows the manufacturers to
increase the density of transistors in a modern chip and increase memory
density in a storage device.
To print such extremely small features, alignment sensors must be used
in the lithography machines that measure the lateral position of the wafer
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inside the machine. The wafer needs to be positioned with sub-nanometer
accuracy in order to print new patterns on the resist, on top of the underlying product patterns. Modern nanolithography machines use optical tools
that measure wafer location at many (≈20–40) points on a wafer to determine the wafer distortion and therefore align the wafer with sub-nanometer
accuracy. In order to perform these measurements, many gratings, called
alignment gratings, are etched into the area between the individual product
dies in the Si wafer. These gratings are illuminated with a light source, and
optical sensors measure the diffracted orders emerging from the grating. A
small translation of the wafer in the direction of the grating wavevector has
no effect on the diffraction efficiency. However, it does change the optical
phase-difference between the +nth and −nth diffracted orders (n=1,2,3,..).
A change in the phase difference between, for example, the +1st and −1st
order diffracted beams can be measured by interfering the two beams. Measuring these changes makes it possible to align wafers with an accuracy of
less than a nanometer [12].
Unfortunately, this optical technique works as long as the materials deposited on top of the alignment gratings, during the semiconductor device
fabrication, are transparent to light. Therefore such an optical sensor is
inadequate when it comes to detecting alignment gratings buried under optically opaque materials. This is the case during the fabrication of the new
generation, 3D NAND flash memory. In 3D NAND, rather than a single
layer of small memory cells in a side by side layout, multiple memory cells
are stacked on top of each other, increasing the memory density [13–17]. A
3D NAND memory consists of thin alternating layers of silicon oxide and
nitride films on a silicon substrate. A thick hard-mask layer, most often
opaque to visible/IR light, is deposited on top of the oxide/nitride stack.
The hardmask layer is essential to protect the patterned areas during the
etching process, which comes after the lithography step in the manufacturing of a 3D NAND memory. The new generation of 3D NAND has up
to 100 pairs of oxide/nitride layers and hardmasks that are few microns
thick. Unfortunately, the all-important alignment gratings that are etched
in the silicon wafer get buried under hundreds of dielectric layers and also
under the thick hard-mask [13, 16]. As a result, the alignment gratings are
invisible or difficult to detect with visible and IR light, while using light
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with wavelengths in the UV range is not possible due to the risk of resist exposure [12]. This poses a big challenge for wafer alignment in the
nanolithography industry [6].

Figure 1.3: Schematic explaining the technique to detect buried gratings underneath
optically opaque materials using laser-induced ultrasound.

Fortunately, materials that are opaque to visible/IR light are often transparent to sound. Therefore, in this thesis, the use of laser-induced ultrasound waves is proposed to detect hidden alignment gratings. This concept
is based on the fact that ultrafast laser pulses can generate acoustic waves
inside different materials (step 1 in Figure 1.3). These ultrasound waves
have the ability to propagate through optically opaque materials, and can,
therefore, probe an alignment grating in situations where light can not
penetrate (step 2 in Figure 1.3). These ultrasound waves reflect from the
alignment grating and propagate back towards the surface of the stack.
The shape and amplitude of the alignment grating is encoded on the spatial phase of the reflected ultrasound wave (step 3 in Figure 1.3). This
returning grating-shaped acoustic wave can be probed by optical means, as
it gives rise to two optically observable effects: i) the returning wave causes
a grating-like physical displacement of the surface and, ii) the stress related
to the acoustic waves induces a grating-like change to the optical constants
of the surface via the strain-optic effect. By diffracting a second, time5
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delayed optical pulse from the surface at the return time of the acoustic
wave, the acoustic response from the buried target can be detected (step 4
in Figure 1.3). This alignment concept combines the speed and resolution
of optical detection with the penetration depth of ultrasound waves.

Outline of this thesis
This thesis demonstrates the application of laser-induced ultrasound to detect buried gratings in the context of wafer alignment and aims to improve
the understanding of light-metal interactions. This is the culmination of
the work performed in the ‘Light-Matter Interaction’ group (formerly ‘EUV
Targets’) , in collaboration with the ‘EUV Generation and Imaging’ group
at the Advanced Research Center for Nanolithography (ARCNL), Amsterdam.
In Chapter 2, the theory underlying the generation, propagation, and detection of laser-induced acoustic waves is discussed. A description of the
laser amplifier, details of the experimental setups, and details of the sample fabrication are presented in Chapter 3. Chapter 4 address the first
step in the formation of an acoustic wave: heating and cooling of the electron gas. The demonstration of how ultrafast electron dynamics can be
used to detect the presence of gratings buried underneath optically opaque
gold layers is also discussed in this chapter. In Chapter 5, the results of
transient-grating photoacoustic pump-probe experiments on different metals and bi-layer samples are presented. The detection of buried gratings
on a sample similar to that of a 3D NAND is shown in Chapter 6. The
effect of multiple dielectric interfaces in the propagation of acoustic waves
is discussed in this chapter. Finally, the limits and sensitivity of this technique are studied in Chapter 7, where the amplitude of the buried grating
is reduced to below 1 nm. Here the significant role played by interface
roughness in understanding the pump-probe measurements is discussed.
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