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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 manufac-
turing 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]. Photolithogra-
phy 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 sili-
con 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 spin-
coating a photoresist onto a chemically cleaned silicon wafer substrate. The
photoresist is then irradiated with UV light through a photo-mask to in-
duce 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 semiconduc-
tor 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 manu-
facturing 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 approx-
imately doubled every two years [6].

The technological developments in nano-lithography have lead to the pro-
duction of semiconductor devices with feature sizes as small as 7 nm [7].

2
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Figure 1.2: Number of transistors per microprocessor as a function of the year of intro-
duction [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], \

CD:kl.ﬂ, (1.1)
where ki is a constant related to the lithographic process, A is the wave-
length of the light used in the exposure of the resist, and NA is the numeri-
cal 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 pa-
rameters. The exposure wavelength A was scaled down in steps from 436
nm to 365 nm, 248 nm, and 193 nm while the numerical aperture was in-
creased 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. Re-
cently, 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

3



1. Introduction

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 underly-
ing product patterns. Modern nanolithography machines use optical tools
that measure wafer location at many (~20-40) points on a wafer to deter-
mine 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 4+n*® and —n** diffracted orders (n=1,2,3,..).
A change in the phase difference between, for example, the +15¢ and —15¢
order diffracted beams can be measured by interfering the two beams. Mea-
suring 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 de-
posited 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 op-
tically 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 manufac-
turing 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



with wavelengths in the UV range is not possible due to the risk of re-
sist exposure [12]. This poses a big challenge for wafer alignment in the
nanolithography industry [6].
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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 trans-
parent to sound. Therefore, in this thesis, the use of laser-induced ultra-
sound 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 spa-
tial 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, time-
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1. Introduction

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 de-
tect 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), Amster-
dam.

In Chapter 2, the theory underlying the generation, propagation, and de-
tection of laser-induced acoustic waves is discussed. A description of the
laser amplifier, details of the experimental setups, and details of the sam-
ple fabrication are presented in Chapter 3. Chapter 4 address the first
step in the formation of an acoustic wave: heating and cooling of the elec-
tron 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 met-
als 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 tech-
nique 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.



THEORY

2.1 Introduction

The study of materials using femto/picosecond laser-induced high-frequency
acoustic waves is usually referred to as laser-induced ultrasonics, or femto
or picosecond ultrasonics. When ultrafast laser pulses (typically < 1 ps in
duration) are incident on absorptive solids, some part of the optical energy
is absorbed and converted to heat. The rapid heating of the lattice leads to
thermal stress, which launches a strain wave propagating in all directions.
In this thesis, we mainly focus on the longitudinal acoustic waves in met-
als generated using femtosecond optical pulses, which are acoustic waves
propagating normal to the surface with frequencies in the gigahertz (GHz)
to terahertz (THz) range.

An advanced numerical model developed by Hao Zhang, which captures the
generation, propagation, and detection of high-frequency acoustic waves
by ultrafast laser pulses, is used to simulate the experimentally measured
diffracted signals [18]. The model consists of three main parts, (i) ab-
sorption of light and the subsequent generation of the acoustic wave, (ii)
propagation of the acoustic wave, (iii) detection of the acoustic wave. The

7



2. Theory

absorption of the femtosecond laser pulse and the subsequent heating and
cooling of the electron gas inside a metal layer is described by the well-
known Two Temperature Model (TTM) [19-24]. The heating of the lattice
calculated from the TTM sets up an isotropic thermal stress, which leads
to the generation of the high-frequency acoustic wave. The equation of
motion for an isotropic, linear elastic wave is used to describe the propa-
gation of the acoustic wave inside the metal and dielectric layers. Finally,
by propagating the complex electric field of the light pulse after the opti-
cal excitation by the femtosecond laser pulse, through the sample, we can
calculate the diffraction efficiency as a function of time delay. The model
calculates the first-order diffracted signal by accounting for the spatially
periodic changes in the refractive index due to the thermo-optic effect and
the strain-optic effect, and the spatially periodic displacement of the sur-
face. In this chapter, we explain the theory underlying the generation,
propagation, and detection of acoustic waves in metal layers, which is used
in the numerical model.

2.2 Theory of laser-induced acoustic wave gener-
ation, propagation and detection

Substrate
Pump

pulse

N

y

X

Figure 2.1: Schematic depiction of a metal on a substrate. The laser pulse is incident
from x <0. The coordinate directions are used throughout this section.

The model solves a set of time-dependent equations in two spatial dimen-
sions, x and y. In the convention we use, the pump pulse is incident along
the x-axis, and when the sample has a buried grating, the k-vector of the
grating is along the y-axis (see Figure 2.1).
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2.2. Theory of laser-induced acoustic wave generation, propagation and
detection

2.2.1 Acoustic wave generation

The first step in laser-induced ultrasonics is the absorption of the femtosec-
ond pulse, which causes the rapid heating of the lattice. To calculate the
intensity of light absorbed inside a thick metal layer, we can use a simple
Lambert-Beer law with a correction term for the reflection. This is suffi-
cient to describe laser intensity attenuation inside the sample. Therefore,
the intensity of the light inside the layer I(x,y,t) can be written as,

I(z,y,t) = (1 — R)Io(x,y,t)e /1), (2.1)

where R is the reflectivity of the sample, Iy is the intensity of the incident
laser pulse, and L is the optical penetration depth. The optical penetration
depth is related to the absorption coefficient o at the pump wavelength by
L = 1/a. The relation in Eq. 2.1 describes the absorption of the pump
light when the thickness of the metal layer is much larger than the optical
penetration depth. When the layer thickness is smaller than the optical
penetration depth, or for multilayered structures where reflections at each
interface must be considered, the transfer matrix method [25,26] is a more
suitable method to calculate the intensity of the absorbed light. If the ab-
sorption layer contains sub-wavelength structures, optical near field effects
become important, and in this case, a more general method for the solution
of Maxwell’s equations must be used. After calculating the intensity dis-
tribution of light inside the metal, we can calculate the increase in lattice
temperature ATj(z,y,t) using the two-temperature model [19]. The two
temperature model, originally proposed by Anisimov et al. [19], is a widely
used phenomenological model that describes electron-lattice dynamics af-
ter optical excitation with a laser pulse. In this model, the electron gas
is assumed to be thermalized at all times during and after excitation and
is described by a time-dependent temperature T.. The lattice is also de-
scribed as having a time-dependent temperature 7;. For time scales greater
than the electron thermalization time (which is smaller than a few hundred
femtoseconds for most metals), the two-temperature model provides a good
description of the spatial and temporal evolution of electron temperature
T. and lattice temperature 7;. The electron gas and the lattice, exchange
energy through electron-phonon coupling, which tends to equilibrate the
two temperatures. The equation describing the electron gas temperature

9



2. Theory

includes a source term S(z,y,t) = al(x,y,t), which describes when and
where energy is deposited in the metal layer by the laser pulse. Initially,
the optical energy is absorbed by the electron gas system, increasing the
electron temperature while the lattice remains at room temperature. The
hot electron gas diffuses into the metal layer and transfers energy to the
lattice subsystem, as described by the following coupled equations [27,28]

oTe

CG(TE) 8t = V'KGVTG_Q(TE_ﬂ)+al(x7y)t)7
oT;
cla—; = V-KVT+g(T. - Ty), (2.2)

where C, and C) are the respective heat capacities of the electron gas
and lattice respectively, K. and K; denotes the thermal conductivities of
the electron gas and the lattice respectively, and ¢ is the electron-phonon
coupling constant [27,28]. The temperature dependence of lattice heat
capacity, lattice thermal conductivity as well as electron-phonon coupling
strength are neglected as the lattice temperature increase in our experimen-
tal conditions is calculated to be only a few tens of K. We use the relations
C. = AT, and K, = Ky x T./T; [21] and solve the TTM numerically to
calculate the time evolution of the electron temperature 7T, and the lattice
temperature 1;. Here, A, is the electron specific heat constant and K is
the thermal conductivity at 273 K.

In metals, the rapid increase of the lattice temperature 7j(z, y,t) sets up an
isotropic thermal stress o which is the dominant mechanism for acoustic
wave generation [29,30]. This is this source term for the acoustic wave
generated in the metal layer. The relation between the thermal stress and
lattice temperature change ATj(z,y,t) is given by,

ol = ol = —3BBAT(x,y, 1), (2.3)
where o' = ol" are the two cartesian components of the thermal stress,

B is the bulk modulus of the metal and g denotes the linear expansion
coefficient. We solve the two-temperature model using Eq. 2.2, to obtain
the lattice temperature increase ATj(x,y,t). With this, we can calculate

th

the thermal stress ¢'"* using Eq. 2.3.

10



2.2. Theory of laser-induced acoustic wave generation, propagation and
detection

2.2.2 Acoustic wave propagation

The propagation of an acoustic wave in a metal can be described by the
equation of motion for an isotropic, linear elastic wave [31,32] where the
source term is given by Eq. 2.3. Therefore, the displacement vector « of
the material can be written as,

0%

pom = BV (0 + NV (Vi) + Vo'l (2.4)

where p is the mass density of the material, A and p are the so-called two
Lamé parameters in the stress-strain relationship.

Expanding Eq. 2.4 in two-dimensional cartesian coordinate leads to the
equations for the velocity components v, and v, [18],

ov. 1o Doty ool
o p Oz oy ox "’
o, 1 (3056 doe 803‘) (2.5)
o p Oy ox oy '
where, 0;¢,0,¢ are the normal stress components and oy is the shear stress.
Here,
0,0 = —(A+2p)s: — Asy; 0,5 = —(A+2u)sy — s,
Opy = —MHSazy- (2.6)

where s; and s, are the components of normal strain and s;, the shear
strain. The superscript “re” stands for “restoring” as they originate from
the restoring force. Eq. 2.6 is known as the strain-stress relation. The
definition of normal and shear strain come with the expansion as well, i.e.,

_ Ouy Ouy Oouy %

8&0’ Sy_aiyv Sxy = ay + aCC (27)

Sz

The equation of motion described in Eq. 2.4 does not include damping.
Acoustic damping is included in the model by adding two viscous terms to
the equation of motion [33,34]. Also, the model we use in the numerical
simulations includes relaxation damping [35-37]: the sound waves disturb

11



2. Theory

the distribution function of the thermal phonons, and the return of the
system to equilibrium through phonon collisions removes energy from the
sound wave. The details of the model explaining how the various damping
terms are added are discussed in [18].

2.2.3 Optical detection of the acoustic wave

In a laser-induced ultrasonics pump-probe experiments, the probe pulse
detects the response of the material to the presence of an acoustic wave.
This is usually done by measuring changes in the sample reflectivity [38],
by measuring diffraction efficiency in the case of transient-grating experi-
ments [39,40] or by using interferometric measurements [41,42] where the
electric-field amplitude and phase of the probe pulse are measured simulta-
neously. In our experiments, we measure the change in the intensity of the
diffracted probe pulse induced by the pump pulse. Diffraction of the probe
pulse can arise due to (i) a spatially periodic displacement of the surface,
(ii) a spatially periodic change in the refractive index in a layer near the
surface, or (iii) a combination of both effects. A change in the refractive
index of a medium due to the presence of an acoustic strain wave is com-
monly referred to as the strain-optic effect. In addition to this, spatially
periodic lattice temperature variations at the surface can also give rise to
grating-like changes in the refractive index near the surface. A change in
the refractive index of a medium due to a temperature change is commonly
referred to as the thermo-optic effect.

The transient change of the refractive index may influence both amplitude
and phase of the electric field of the reflected/diffracted probe pulse while
the displacement of the surface only changes the phase of the electric field
of the reflected/diffracted probe pulse. The change of the refractive index
due to the lattice temperature increase, Any(x,y,t), can be expressed in a
linear relationship as,

- 0 0
Mir(et) = (g7 +ign ) AT, 2

where On /0T and 0k/JT are the real and imaginary parts of the thermo-
optic coefficient, respectively, and AT; is the lattice temperature increase.

12



2.2. Theory of laser-induced acoustic wave generation, propagation and
detection

Similarly, the change of the refractive index due to the strain-optic effect,
Ang(z,y,t), can be expressed as,

Ang(z,y,t) = (871 + zaﬁ> Sz(,y,1). (2.9)

05y 08,

where On/0s, and 0k/Js, are the real and imaginary parts of the strain-
optic coefficient respectively and s, is the longitudinal strain. The two
relations in Eq. 2.8 and Eq. 2.9, are valid when the probe pulse is incident
normal to the surface and when the strain field doesn’t have a large off-axis
component (s, ~ 0). If the probe pulse is not incident in a direction nor-
mal to the surface, or if the strain field has large off-axis components, the
anisotropy of the sound-induced changes in the permittivity tensor should
be taken into account. In that case, one has to solve Maxwell’s equations
in an anisotropic medium to obtain the diffracted/reflected field of the
probe pulse. In our experiments, the probe pulse is incident on the sur-
face at almost normal incidence, and the strain-optic effect due to acoustic
diffraction is neglected. When the strain-optic and thermo-optic coeffi-
cients are known, the total change of the refractive index An(z,y,t) =
Anp(z,y,t) + Ang(z,y,t) can be determined. Later, the complex electric
field of the probe pulse at the surface, E’p As» is calculated for each time
step using the transfer-matrix method [43].

According to the Fraunhofer diffraction theory, the two dimensional spatial
Fourier transform of this electric field should give the far field diffraction
pattern. However, we need to include the spatial modulation of this elec-
tric field due to the grating-shaped surface displacement from the spatially
periodic acoustic wave. It is assumed that the surface displacement by
the acoustic wave only introduces a local phase-shift to the electric field.
Therefore the complex electric field that takes all the effects into account,
Ep, can be written as,

- - c4mn
Ey(y.t) = Eypz(y t)e e =00, (2.10)

where uy; is the surface displacement as a function of y and Ep Ay, 1) is
the earlier calculated complex electric field of the probe at the surface after
accounting for the refractive index changes. The assumption that surface
displacement only introduces a phase shift in the electric field is commonly

13



2. Theory

known as the shallow grating approximation. This is a valid approximation
when the peak-to-valley amplitude of the displacement grating is much
smaller than the wavelength of the probe pulse (800 nm). This is usually
the case for laser-induced ultrasonics experiments where the surface and
interface displacement amplitudes are less than a nanometer.

Once we know the complex electric field at the surface that includes any
possibles refractive index modulations and possible displacement of the
surface, we can take the 2D spatial Fourier transformation to obtain the
diffracted electric fields in the far field. The optical intensity of the 15
order diffracted field is then calculated.

In the next section we demonstrate mathematically that when a diffraction
grating is translated along the grating vector direction, the +15¢ order and
the —15¢ order beams acquire opposite phase shifts.

2.3 Fraunhofer diffraction from a displaced grat-
ing

We use the Fraunhofer diffraction equation to describe the diffraction of
optical fields when the diffraction pattern is viewed at a large distance from
the diffracting object. This is the case when we have optical diffraction from
a grating. The following is adapted from [44]. The electric field of U, at
the far field from a aperture can be described as:

'Lkz z— (x2+y?) .
Utz = o [ Ulenz =0 e magay. (2.11)

where £ and 7 are the source coordinates and z, y, and z, are the coordi-
nates where the field is calculated. Defining the spatial frequencies spatial
frequencies as f; = x/(A\z) and f, = y/(\z), we write Eq. 2.11 as,

zkzezg

(22 +y?)

f/ U&,n,2z=0)e —i2m (fz€+fym) dédn. (2.12)
i

The Eq. 2.12 shows that the diffraction field is related to the source field by

a simple Fourier transform relationship. We now define a transmission func-

U(z,y,z) =

tion t4 which is the ratio of the complex field immediately behind a plane
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2.8. Fraunhofer diffraction from a displaced grating
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Figure 2.2: An example of a cosine phase grating with grating period A (spatial frequency
fo =1/A), amplitude m/2, and multiplied by a rect function, rect(£/¢) . The red curve
is a grating with the same rect function, but with the phase grating shifted by —&o.

to that of the field incident on the plane. If the incident field has amplitude
1 and is incident normally on the screen (so no phase variation across the
aperture for the incident beam) then we can write: t4(&,n) = U(&,n, 2z = 0).

For this calculation we will assume that the grating is a thin cosine phase
grating with dimensions in the x and y-direction of ¢ (Figure 2.2). Hence
we can write the complex transmission function for this grating as,

ta(&,m) = exp z% cos(2m fo(€ + fo))] rect (i) rect <Z> , (2.13)

where fy is the spatial frequency of the grating, —¢&p is the distance over
which the grating has been displaced compared to the original position
(&0 =0) and m is the peak-to-valley variation of the phase.
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2. Theory

The Fourier transform will give us the following expression,

FT[ta (&,n)] Z / EQSlnc — f1)]sinc [¢(fy — fo)]

q=—00

exp (127 180) i, (”;) (41 — oo, )y

= > ity () Psielt(fe — afo)lsine [0 exp (2rmaoce).

q=—00

(2.14)

where, J, is the Bessel function of the first kind and order g.

Since we are interested it the +1%¢ and the —15¢ order diffracted light, we
use the value ¢ = 1 and ¢ = —1 to get,

etkz z—( 24+y2?)

Usm(@,y,2) = —————(F5)sinc[((f, — fo)lsinc[tf,)
exp(27 fo&o + ig)
(2.15)
eikz z—( 24+y?) m y
Ujp——1(x,y, z) = _TJ_I( 5 ) smc[ (fz + fo)]sinc| fy} (2.16)

exp(—i2m foéo + 15)
As expected, the phase terms, exp (£i27 fo&o) are opposite in phase. Since
J_1 (%) = —J1 (%), we can write the above expression as,

etkz z—(w +y?)

Upzi(z,y,2) = ~ Jl(%)EQSinc[Z(fm — fo)]sinc[€f,]

exp(i2m fo&o + Zg)

(2.17)
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2.4. Transient-grating pump-probe setup

etkz z—( 2+y?)

Up—m1(@,y,2) = —————T1(5)Csinc[t(fs + fo)lsincltf,]

exp(—i2m foo + z§)

(2.18)

From the above expression we can see that a translation of the grating along
the direction parallel to the grating k vector (§y) changes the phase of the
—1%¢ and +15 order diffracted fields in opposite direction. We can also see
that the intensities of the —1%° and +15% order diffracted fields remain the
same after the translation.

For a non-displaced cosine grating £, =0, and the expressions for first-order
diffracted electric fields are,

eikz z—(z +y?)

— Jl(%)ﬁsmc[e( fo — fo)lsinc[tf,]

exp(ig)
(2.19)

qul(xv Y, Z) |§’0:0

zkz z—(z +y?)

Up1(2.9,2)lg,_o = - Jl(’;)z sinc[¢(fz + fo)]sinc[Cf,]

exp()
(2.20)

Here the phases of the —15¢ and +15* order diffracted fields are the same,
as expected.

2.4 Transient-grating pump-probe setup

Experiments described in this thesis aim to study the electron-lattice dy-
namics in metals and to generate grating-shaped acoustic waves in metals,
were mostly performed using a transient-grating pump-probe setup. In a
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2. Theory

transient-grating pump-probe setup, two pump pulses are crossed at an an-
gle to create an optical interference pattern on the sample. The interference
pattern, which has the shape of a grating with a spatial period A, excites
the sample in a spatially periodic manner. The spatial modulation induced
by the interference pattern can result in the diffraction of a delayed probe
pulse.

Figure 2.3: Transient-grating produced by two interfering beams with intensities 74 and
Ip having wave vectors k4 and kg respectively.

Here we show the derivation of the transient-grating period A, for two plane
waves with a wavelength A crossing at each other at an angle 20. A detailed
theoretical description of two beam interference under various conditions
can be found in here [45]. An experimental configuration for the generation
of transient-gratings is shown in Figure 2.3. The output from the laser is
split into two beams, denoted here as A and B. The electric field of beams
A and B can be written as,

EA(7t) = Eqexpli(ka -7 — wt + ¢4)]F (2.21)
and,
Ep(7t) = Egexpli(kp - 7 — wt + ¢ )7, (2.22)

respectively, where 7 = & + §. Here, ki and kp are wave-vectors, F4 and
Ep are the electric field amplitudes, and ¢ 4 and ¢p are the optical phases,
of beam A and B, respectively. In the coordinate system we use, the wave
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2.4. Transient-grating pump-probe setup

vectors can be written as,

kg = kcos 03 + k sin 04

B (2.23)
kp = kcos 0z — ksin 07.

where k = 27/A. The two fields interfere on the sample surface and the

total electric field due to the interference can be written as,

E(r,t) = Eqexpli(ka - 7—wt+da)|f + Eg expli(kp - 7—wt+ ¢p)]F (2.24)

The intensity I(7,t) of the plane wave is given by the time average of the
Poynting vector,

I(7t) =< § >= %U@(ﬁ £ (2.25)

where c is the speed of light in vacuum, € is the vacuum permittivity and
n is the refractive index of the medium. Since,

|E(7,1)|? = E4 4+ E% + 2E4Ep cos(K .7+ ¢1 — ¢2) (2.26)

where the grating vector K is given by,

K = +(ka — kp) = +2ksin 03, (2.27)

we can write the intensity along the x-axis due to the interfering plane
waves as,
€ecn, o 9 .
I= 7<EA+EB+2EAEBCOS(2]€SIHQ+¢1 — ¢2)). (2.28)
When the phase difference between the two beams is set to zero: ¢4 = ¢,
the intensity of the interference pattern can be written as,

I=1I4+1Ip+ %QEAEB cos(2k sin ), (2.29)

where I 4 and Ig are the intensities of the beams A and B respectively. The
spatial modulation of the intensity is due to the cosine term in Eq. 2.29
and therefore, the spatial period of the transient grating is then given by,

A

— 2.30
A 2sin 6 ( )

19



2. Theory

where, A is the pump wavelength and 26 is the angle between the beams.
Here it can be seen that the pitch of the grating can be varied by chang-
ing the angle between the beams. The smallest grating pitch that can be
achieved is A\/2 when the angle between the beams is 7, and the largest
grating pitch that can be achieved is limited by the diameter of the laser
beams. In our transient-grating setup, the angle between the beams is such
that sinf = 1/30, and A = 400 nm; therefore, we have a grating period of
6 pm.
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EXPERIMENTAL DETAILS

3.1 Laser system

Most of the pump-probe measurements discussed in this thesis were per-
formed using a Ti:Sapphire amplifier (Femtopower, Spectra-Physics). It is
a 1 kHz-repetition rate, multi-pass amplifier seeded with broadband, ultra-
short pulses of about 10 fs pulse duration at a repetition rate of approxi-
mately 79 MHz from a dispersion controlled oscillator. A functional block
diagram of the laser system is shown in Figure 3.1. The pulses from the
oscillator are stretched by propagation through thick layers of glass prior to
amplification to avoid damaging the Ti:Sapphire crystal inside the ampli-
fier. The pulses are then amplified by multiple passes through the crystal,
pumped by a 22 W diode-pumped Nd:YLF laser operating at a wavelength
of 527 nm and a repetition rate of 1 kHz. After the four passes, a single
pulse is selected from the MHz-pulse train with two Pockel’s cells. This
pulse is sent through Fastlite’s DAZZLER, an acousto-optic programmable
filter that is used to pre-compensate third- and fourth-order dispersion (i.e.
optimize the re-compressed pulse-width). The DAZZLER also spectrally
shapes the optical pulse in order to reduce the effect of gain-narrowing in
the amplifier. Further amplification of this pulse to 4 mJ is achieved by
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Figure 3.1: Functional block diagram of the laser system.
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8.2.  Pump-probe setup

six further passes through the Ti:Sapphire crystal. After the 10" pass, the
pulse is picked off and sent to a grating compressor followed by a set of
chirped mirrors for pulse compression. Finally, the average output power
from the amplifier is 3 W at 1 kHz repetition rate, and pulses have a dura-
tion of 30 fs with a wavelength centered around 800 nm.

3.2 Pump-probe setup

(a) (b)

i Buried grating

Metal layer
Metal layer

Copy of
buried
grating

15t order

diffracted
\ probe pulse

1st order
diffracted
probe pulse

Figure 3.2: Two configurations of pump-probe setup: (a) single pump pulse excites the
sample, and the probe pulse diffracted from the "copy” of the buried grating is measured
as a function of pump-probe delay. (b) two pump pulses interfere to form a grating, and
the diffracted probe pulse is measured as a function of time.

All of the experiments discussed in the thesis were performed using various
configurations of a pump-probe setup. Pump-probe setups are usually em-
ployed to study extremely fast processes occurring in the physical, chemical,
and biological research fields. In our pump-probe setups, a beamsplitter
splits a laser pulse into a ‘pump’ pulse and a ‘probe’ pulse. Both of the
two pulses arrive at the sample via different paths, and the optical path
difference between the pulses is varied to create a temporal delay between
the pump and the probe. This is done by reflecting light off two mirrors
in a retro-reflecting geometry mounted on a mechanical delay line. The
pump pulse excites the sample and can change the physical properties of
the sample, while the delayed probe pulse detects these changes. In our ex-
periments, we mainly use two schemes of a pump-probe setup. In the first
scheme shown in Figure 3.2 (a), a single pump pulse excites a flat metal
layer with an optically buried grating. The shape of the buried grating
is transferred to the surface of the metal layer in the form of a spatially
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3. FExperimental details

periodic surface displacement or a spatially periodic change of the complex
refractive index. The delayed probe pulse diffracts from this “copy” of the
buried grating, and the first-order diffracted signal is recorded. Various
physical mechanisms responsible for creating the “copy” of the buried grat-
ing are discussed in Chapter 3, 6 and 7. In the second scheme shown in
Figure 3.2 (b), two pump pulses overlap spatially and temporally to form
an interference pattern that excites the sample in a grating-like pattern.
The probe pulse diffracts due to the change in the optical constants of
the sample or by a spatially periodic displacement of the surface induced
by the periodic excitation (details can be found in Chapter 4 and 5). In
laser-induced ultrasonics experiments, the diffraction can also be due to
the spatial periodic displacement of the surface. In both the schemes, we
measured the intensity of the diffracted probe pulse with a silicon photode-
tector. The photodetector generates a voltage proportional to the intensity
of the light recorded by the photodiode. Fluctuations in the output energy
of the laser pulses are accounted for by dividing the measured diffracted
signal by a reference signal obtained by a silicon photodetector that mon-
itors pulse-to-pulse variations in the output energy. The signals are sent
to a boxcar integrator, which integrates the electronic signals. The analog
signals from the boxcar integrator are converted to a digital signals us-
ing an analog-to-digital converter. The data acquisition card triggered by
the laser pulses reads out the voltages and also records the position of the
mechanical delay line. The home-built software can vary the pump-probe
delay in small steps (down to 1 fs) and simultaneously records the reference
signal and the diffracted signal. The software can average the signal over
a number of optical pulses for a given time delay.

3.3 Determining the pump-probe temporal over-
lap

3.3.1 Sum-frequency generation

Before using the transient-grating pump-probe setup for experiments, we
have to determine the exact position of the mechanical delay stage, for
which the pump and probe pulses overlap temporally on the sample. For
this purpose, a type 1 beta barium borate (BBO) crystal was placed at the
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3.83. Determining the pump-probe temporal overlap

Red arrow - Polarization of 800 and 400 nm wavelength
Blue arrow - Polarization of generated 266 nm wavelength

Optical

Incident beam )
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/ idirection

White dashes show the
phase matching plane

Figure 3.3: The crystal orientation and polarization of the 400 nm and 800 nm wavelength
beams used to generate 266 nm wavelength beam.

location of the sample where we want the pump and probe pulses to overlap.
When the 400 nm wavelength pump pulse and the 800 nm wavelength probe
pulse overlap both spatially and temporally inside the BBO, we expect 266
nm light to be created as a result of sum-frequency generation inside the
BBO crystal. The BBO used here was 200 pm thick and 6 mm x 6 mm
in area and the crystal orientation was # = 44.3° and ¢ = 90° so that,
the crystal can generate a 266 nm wavelength beam when a 400 nm and
800 nm wavelength beams are incident perpendicular to the surface of the
BBO crystal. The crystal orientation and polarization of the 400 nm and
800 nm wavelength beams with respect to the BBO crystal, are shown in
Figure 3.3. We focus the 400 nm wavelength pump beam and the 800 nm
wavelength probe beam into the BBO in a non-collinear geometry such
that both beams overlap spatially inside the crystal. The angle between
the beams was 2.5°. The 400 nm and 800 nm wavelength light and the
generated 266 nm wavelength light is transmitted through the crystal. We
placed a SiC detector that measures the intensity of the 266 nm beam at
the location where we expect the 266 nm beam. Spatially, the 266 nm
wavelength beam is expected to be generated in between the 400 nm and
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3. FExperimental details

800 nm wavelength beams but not exactly in the middle. In the detection
plane, if the distance between the 400 nm beam and the 800 nm beam
is x, then the 266 nm wavelength beam will be positioned at roughly x/3
from the 400 nm beam. This is a direct consequence of the momentum
conservation between the 800 nm, 400 nm and 266 nm photons.

To determine the temporal overlap, the delay between the 400 nm pump
pulse and the 800 nm probe pulse is varied while observing the presence and
intensity variation of the generated 266 nm light. When the pulses are not
overlapping, we don’t expect any 266 nm wavelength light to be generated.
As the pump and probe pulse begin to overlap in time, the intensity of the
266 nm wavelength light increases. The pump-probe delay time for which
the highest intensity is recorded is when the pump and probe perfectly
overlap in time. Although the 266 nm wavelength is invisible to the human
eye, we can detect the generation of this UV light by placing a white paper
where we expect the beam. When the 266 nm wavelength light falls on
a white paper, we can see a violet-colored spot due to the fluorescence of
the white paper. For experiments that use two pump pulses, the same
procedure described above is repeated with the second 400 nm pulse and
the 800 nm pulse. The delay between the two 400 nm pulses is adjusted
until all three pulses overlap spatially and temporally.

3.3.2 Transient grating in BBO

Now that we know the spatial and temporal position where the two pump
pulses and the probe pulse overlaps, we can perform transient-grating
pump-probe experiments. To align the location of the detector such that
it measures the first-order diffracted probe pulse, we performed the first
set of transient-grating experiments on the BBO crystal that was used to
find the temporal overlap of the pulses. When two pump pulses overlap on
the BBO crystal, a spatially periodic intensity pattern with a grating pitch
of 61um is created. The intensity of the 400 nm wavelength pump pulses
was increased in order to induce spatially periodic changes in the refractive
index of the BBO, which arise from nonlinear optical effects in the crys-
tal. The 800 nm wavelength probe pulse then diffracts from the refractive
index grating, and the first-order diffracted beam can be recorded by the
detector. This experiment can be performed either in transmission or in
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Figure 3.4: Diffracted signal from the BBO crystal as a function of pump-probe delay.

reflection. As our experiments on metal layers are done in reflection, we po-
sitioned the detector to capture the diffracted light in reflection geometry.
In Figure 3.4, we plot the measured diffraction signal from the BBO crys-
tal as a function of the pump-probe delay. We observe a symmetric curve
centered around a delay time of 0 fs, with a full width at half maximum
(FWHM) of approximately 160 fs. The probe pulse diffracts only when the
pump pulses overlap spatially and temporally inside the sample. This is
because the formation of a refractive index grating in the BBO is due to
non-resonant nonlinear optical effects, which are practically instantaneous.
The FWHM is larger than the original pulse duration most likely because
of dispersion inside the BBO crystal and other transmissive optics.

3.4 Sample preparation

The metal layers of the samples used in the measurements were fabricated
by various physical vapor deposition (PVD) techniques, such as thermal
evaporation, electron beam evaporation, and sputter deposition. All of the
samples were fabricated at the Amsterdam Nanocenter at AMOLF.

The Au layers were mostly deposited using a thermal evaporator called
“Nanoontje”. The evaporator uses a resistive heat source to evaporate the
metal in a vacuum environment. The evaporated metal forms a thin film
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on the substrate placed above the heat source. The Au and Cu layers in
the samples with buried gratings, discussed in Chapter 4, were fabricated
using the same evaporator. The SiOy layer in samples discussed in Chapter
5 were also fabricated using this evaporator.

The W and Ni layers on the samples discussed in Chapter 5 were deposited
using an electron beam evaporator called “Kameleon”. Instead of using
a resistive heat source, in electron beam deposition, the target metal is
bombarded with an electron beam from a charged tungsten filament to
melt and evaporate the metal. The evaporated metal forms a thin film on
the substrate placed above the metal target. This evaporation technique
is better suited for metals having a high melting point. The bilayer metal
samples discussed in Chapter 4, which contain both Au and Pt layers, were
deposited using this evaporator. The Ni layers in samples discussed in
Chapter 7 were deposited using another electron beam evaporator called
“E-flex”.

The SiO2 and SizN, layers in the samples discussed in Chapter 6 were
deposited using reactive sputter deposition. In sputter deposition, the ma-
terial ‘target’ is subjected to an argon (Ar) gas plasma in a relatively low
vacuum (1072 mbar). The energetic Ar ions from the Ar plasma bombard
the target material and remove (sputter) atoms from the material. The
removed atoms are then deposited onto the substrate to form a uniform
thin film. In reactive sputtering deposition, the ejected material undergoes
a chemical reaction before reaching the substrate. This is done by introduc-
ing a reactive gas in the deposition chamber. For the deposition of SiOs, a
Si target is sputtered in the presence of oxygen gas (O2) and for deposition
of SigNy, a Si target is sputtered in the presence of nitrogen gas (Ng2). The
composition of the material can be adjusted by varying the ratio between
the Ar gas and the reactive gas (Oy or Ny).The parameters used during the
deposition of 18 nm SiOy and 18 nm SigN4 are shown in Table 3.1.

The gratings on the metal layer of the samples discussed in Chapter 6 and
7 were fabricated by UV lithography. The resist, S1805, was spin-coated
on the metal layer for approximately 45 seconds at 2000 rpm. The resist-
coated sample was then exposed with UV light through the mask containing
the grating pattern for 2-3 seconds using a commercial UV mask aligner,
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8.4. Sample preparation

SiO9 SigNy

Base pressure (mbar) 7.6x1073 1 x 1072

Argon flow rate (sccm) 7.16 3.5
Oxygen flow rate (sccm) 7.16 0
Nitrogen flow rate (sccm) 0 20

RF Power (W) 150 143
Time (s) 700 1700

Table 3.1: Parameters for the deposition of 18 nm SiO2 and SizN4 using reactive sputter

deposition.

—
18 um

Figure 3.5: Optical microscope image of a 6 pm pitch, 50% duty cycle grating fabricated
on a flat gold layer.

“Suss MAG”. The exposure wavelength is 385 nm, and the system operated
at 25 mW of optical power. The resist is then developed in the developer
solution, Ma-D 533-S, for approximately 30 seconds. Another layer of metal
is deposited on top of the patterned resist layer, and the remaining resist
layer is removed by immersing the whole sample in a “lift-of” solution. The
optical microscope image of a grating on a Au layer fabricated with this
recipe is shown in Figure 3.5. The grating shown here has a pitch of 6 pm,
and a duty cycle of approximately 50%.
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4

DETECTION OF GRATINGS
THROUGH OPAQUE METAL
LAYERS BY OPTICAL
MEASUREMENTS OF ULTRAFAST
ELECTRON DYNAMICS

The first step in the generation of extremely-high frequency acoustic waves
is the absorption of the light by the free-electron gas. The subsequent ther-
malization and cooling of the electron gas together with the electron energy
diffusion, are essential ingredients to determine where the absorbed energy
is transformed into lattice heat. This determines the extent and shape of
the generated acoustic wave. In this chapter, we show measurements and
calculations of electron dynamics in single metallic layers and in metallic
bilayers upon excitation with a femtosecond laser pulse. We show that the
electron dynamics is strongly influenced by the thickness of the metal and by
the strength of the electron-phonon coupling constant. These effects can be
used to determine the presence and nature of a metal layer (grating) buried
below another metal layer.

This chapter has been published as Opt. Express 26, 23380-23396 (2018) [46].
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4. Detection of gratings through opaque metal layers by optical
measurements of ultrafast electron dynamics

4.1 Introduction

When a femtosecond pulse is absorbed by the metal within the optical skin
depth, a non-thermal distribution of excited electrons is created. These
electrons undergo ballistic and diffusive motion and thermalize to a Fermi-
Dirac distribution, due to electron-electron scattering, on a time scale of
up to hundreds of femtoseconds [40,47-50]. An acoustic wave is generated
as the thermalized electron gas cools by heating up the lattice, a process
that typically takes a few picoseconds. Therefore it is essential to study
the electron-lattice dynamics just after the optical excitation for a better
understanding of the acoustic wave generation in metals.

The interaction of femtosecond laser pulses with metals has been an area
of active research in photochemistry [51,52], laser ablation [53], and in the
generation of coherent terahertz pulses from the surface of metals [54-57].
Numerous studies have led to an improved understanding of the funda-
mental processes involved when a femtosecond laser pulse irradiates metal
layers of nanometer-scale thickness [21,22,24,58-73].

Surprisingly, although electron dynamics following ultrafast optical excita-
tion in single metal layers of nanometer-scale thickness is fairly well un-
derstood, only a few experimental studies of metallic bilayers have been
published. The presence of one type of metal below a layer made of a dif-
ferent metal is not only expected to affect the electron dynamics in the top
layer [67-69,74-76], but also the location inside the bilayer system where
lattice heating occurs [77,78]. This is obviously highly relevant for ablation
experiments, but, interestingly enough, they also hint at the possibility to
use these effects to detect and, possibly, image buried metal layers and

buried micro-and nano-structures [79].

In this chapter, we show that gold and copper gratings, buried below an
optically opaque, flat gold layer, can be detected at the surface of the gold
by observing transient optical diffraction. The transient diffraction is the
result of an electron temperature grating that forms after exciting the flat
gold layer with a single femtosecond laser pulse. This temperature grating
is the result of the different electron dynamics above the valleys and the
trenches of the real, buried grating and leads to a grating in the optical
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4.2.  Ezperimental setup

constants near the surface of the gold from which a probe pulse can be
diffracted. Time resolved diffraction measurements on flat metallic bilay-
ers, in which two overlapping and interfering pump pulses form a spatially
periodic, grating-like excitation pattern, confirm that electron dynamics is
a sensitive probe of the type and thickness of the buried metal underneath
the opaque gold layer. They hint at the possibility to use these effects for
optical detection and alignment applications.

4.2 Experimental setup

Delay line

\ (

<— Diffracted

—

beam
Q Detector ’
L

Figure 4.1: Schematic of the experimental setup: components include a non-linear optical
crystal (BBO), Half Wave Plate (HWP) and photodiodes. The two frequency-doubled
400 nm pump pulses are focused onto the sample at the same position, but under different
angles to form a spatially periodic intensity pattern. The 800 nm probe pulse that
diffracts off the resulting grating in the optical constants of the sample, is recorded by
the detectors while the delay line is used to change the pump-probe delay.

A schematic of the experimental setup used for our experiments is shown
in Figure 4.1. The laser system used is a Ti:Sapphire multi-pass amplifier
(Femtopower, Spectra Physics) generating 30 fs pulses, with a wavelength
centered at 800 nm and with a repetition rate of 1 kHz. The output from
the laser is split into two using a 1% beam splitter. The stronger part is
frequency doubled with a 100 pm BBO crystal to generate 400 nm pump
pulses. A half wave plate (HWP) rotates the polarization of the 400 nm
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pump pulse by 90° so that both the pump and the probe are p-polarized.
For experiments on flat samples, the pump pulses are split into two by a
50% beamsplitter. One part passes through a 500 Hz mechanical chopper.
Both beams are then weakly focused onto the sample at a different angle.
On the sample, the two pump pulses overlap in space and time to create
a spatially periodic interference pattern with a period determined by the
angle between the beams. In our experiments, we have a grating period
of about 61nm. The spatially periodic excitation of the metal leads to
spatially periodic changes in the optical constants of the metal, that can
be observed by diffracting a delayed probe pulse off the transient grating.
By measuring the diffracted signal as a function of the pump-probe delay,
we can measure the decay of this transient grating, giving information
on the electron dynamics. Using different, fixed wavelengths for pump
and probe allows us to use optical filters to block scattered pump light
from entering the probe detector. The diffracted pulse energy is recorded
by a silicon photodiode placed at the position where we expect the first-
order diffracted beam. The analog signal recorded from the photodiode is
converted to a digital signal and averaged over 100 pulses. The diffracted
probe signal recorded by the detector when the chopper blocks the pump
beam is subtracted from the diffracted probe signal when the pump beam
is transmitted by the chopper and plotted as a function of the pump-probe
delay. The signal recorded by the detector in the absence of the pump
pulse is from probe light scattered by the surface roughness of the sample.
Depending on the experiment, we probe from the front surface or from
the back surface. In the latter case, the probe pulse passes through the
glass substrate and probes the metal near the glass-metal interface. The
pump beam has a spot size of 1.5 mm on the sample and the pump pulse
energy ranges from 31J to 1511J depending on the experiment. The probe
pulse energy was kept constant at 1pJ . This is a significant fraction
of the pump-pulse energy to maximize the possibility of detecting signals
on samples demonstrating a low diffraction efficiency. However, in our
experiments we mostly pump and probe Au in which about 60% of the 400
nm wavelength pump-pulse energy is absorbed and only about 2% of the
800 nm wavelength probe-pulse energy. The typical diffraction efficiencies,
recorded when the pump and probe overlap, range from 1075 to 1074,
depending on the pump pulse energy and the sample thickness. For the
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4.8. Numerical calculations

experiments on the physically buried metal grating, only one pump beam
is used.

All samples used in the experiments are prepared by physical vapor deposi-
tion at a pressure below 10~® mbar on a chemically cleaned glass substrate.
The film thickness was determined using a quartz crystal thickness monitor
with a + 5% uncertainty. For experiments on bilayer thin films, the mate-
rials were evaporated one after the other without disturbing the vacuum of
the evaporator. The metal gratings on the flat layer of gold were fabricated
by UV lithography.

4.3 Numerical calculations

4.3.1 Laser pulse absorption calculation

For a proper understanding of our experiments on flat bilayer samples and
buried grating samples, it is important to calculate where the optical energy
is deposited inside the material. To calculate the absorption of the light
inside the metal layers, we solve Maxwell’s equations with the appropriate
boundary conditions. This calculation is important in the case of bilayer
samples, because the incident laser pulse can directly excite the electrons
in the second metal layer. To include the absorption of light in the second
layer, we solve Maxwell’s equations for a system of four materials as illus-
trated in Figure 4.2. This resembles the experiment in which, air, the first
metal, the second metal and the substrate are the four different materials
through which the laser pulse propagates. Material 1 and 4 are infinitely
thick while materials 2 and 3 have a finite thickness. The first material
represents air and material 4 represents glass. Material 2 and material 3
are the Au and Pt metal (or other metals used in the experiment) layers
respectively. From the basic electromagnetic equations, we can understand
that a wave incident on the interface between material 1 and material 2 will
undergo partial reflection into the first material and partial transmission
into the second material. The partially transmitted wave undergoes further
partial reflection and transmission at the interface between material 2 and
3 and, material 3 and 4 . To calculate the spatial distribution of absorption
in material 2 and material 3, we need to obtain the complete electric and
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magnetic field expressions describing the magnitude and direction of the
fields. We assume that all fields propagate perpendicular to the interfaces.
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Figure 4.2: Geometry used for the calculation: Material 1 and 4 have an infinite extent
to the left and right side respectively. Material 2 and 3 have a finite thickness of l> and I3
respectively. The electromagnetic wave originating from material 1 propagates through
all four materials after undergoing partial reflection and transmission at each interface.

Due to the non-magnetic nature of gold and platinum we can safely assume
@ = po for all materials. In absence of any charged particles or currents,
we can write the electric and magnetic fields inside each material as

(eth17 4 pe=ik17) 4, 2 <0
Bet) = Bo(t) | e A
(cezkg, z=l2) 4 Je—ika(z— lz)) z, lo <z<(la+13)
(ethsle—(la+a)) 3 2> (ly +13)
(4.1)
kl(eiklz _re —iklz)g’ z2<0
ey = B0 | e = b7 L
Wi | kg(cettale—la) _ ge—iks(:—la)y 5. Iy <z < (la+13)
g (ks G=(2+12)) z> (lo +13)
(4.2)

where a, b, ¢, d, t, r, k1 and k4 are assumed to be real and ko = and k3 are
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complex. Here ko = wngy/c and k3 = wns/c with ng 3 = ng 3 + ik 3 being
the complex refractive index of material 2 and 3 respectively. The pulsed
excitation is incorporated by our choice of electric field,

Eo(t) _ Ae—4ln2(t/Tp)2) > e(—iwt)’

where 7, is the full width at half maximum pulse duration of the electric
field envelope and A is the amplitude of the electric field.

We use the boundary condition that both the electric and magnetic field
components parallel to the interface are continuous across each interface
and solve the resulting set of equations to obtain expressions for a, b, c,
d, t and r. This allows us to write the expression for the space and time-
dependent fields in all four materials. From thes_(? we calcuLate the single

oscillation time average of the Poynting vector, (S). From (S), the optical
power absorbed per unit volume is expressed as,

ou O
o =~V (5, (4.3)

where u is the electromagnetic energy density. We use the refractive index
n and extinction coefficient x values of Au and Pt to calculate the optical
intensity distribution and absorption inside the Au-Pt bilayer [77]. The
result is the source term in the two-temperature model.

4.3.2 Two temperature model

To gain some insight into the physical processes taking place during and
after optical excitation, we also performed calculations of the electron and
lattice temperatures using the two-temperature model (TTM). For the cal-
culations shown in this chapter, we numerically solve the TTM in 1 D. In
the model, the electron gas is assumed to be thermalized at all times during
and after excitation with, and is described by a time-dependent tempera-
ture T, while the lattice is assumed to have a time-dependent temperature
T;. The time evolution of the temperature is modeled by two coupled dif-
ferential equations, originally proposed by Anisimov et al. [19] and can,
assuming a one-dimensional geometry, be written as [21],
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aT. 0 (. 0 du
CuT) G = 5 (Kol ) — ot~ 1) + 5 (14)
o1,
it = g(T. - Ty). (4.5)

ot

Here, C, and Cj are the respective heat capacities of the electron gas and the
lattice, K. is the thermal conductivity of the electron gas, g is the electron-
phonon coupling constant and du/0t is the source term. The source term
describes when and where energy is deposited in the system by the laser
pulse. Note that in Eq. 4.5, we left out a term for lattice heat diffusion since
this is typically slow on the time scales of our experiment. We use the rela-
tions C, = AT, and K. = Ko x T./T; [21] and solve the TTM numerically
to calculate the time evolution of T, and 7}, using the actual experimen-
tal parameters and using material properties obtained from literature and
shown in Table 4.1. By assuming instantaneous local thermalization of the
electron gas we ignore ballistic transport of the electrons which is known
to occur in gold in the first ~ 100 fs [61].

As we will show in the following sections, we find a remarkable correspon-
dence between the measured, time-dependent, diffracted signal, and the
calculated time-dependent electron temperature. There is no a priori rea-
son to assume that the diffraction efficiency 7 should linearly depend on
the change in the electron temperature AT.. It can be shown that the
diffraction efficiency 7 scales as n o« (A€)?, with Ae being the change in
the complex dielectric function [45]. If we assuming that changes in the di-
electric function are dominated by changes in the electron gas temperature
AT,, we conclude that this linear relation must imply Ae oc /AT,. This
is different from the often made assumption that Ae oc AT, [50,69,73] or
Ae o< A(T,)? [70,80]. We currently do not know what the origin is of the
different temperature dependencies of the dielectric function extracted from
the experiments. A full theoretical analysis of the time-dependent complex
dielectric function after optical excitation requires detailed calculations of
the contribution of inter- and intraband transitions to the changes in the
complex dielectric function. Hohlfeld et. al. [62] showed that this can give
satisfactory results, but such an effort is beyond the scope of this chapter.
Here, we focus on the ability to use electron dynamics to detect gratings,
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buried below an opaque metal. It is interesting, though, that our calcula-
tions of the electron temperature use only material parameters known from
the literature. Only the electron-phonon coupling constant of gold that we
use is on the low side of the range of values found in the literature. There
are no adjustable parameters in our model as excitation parameters are
taken from the experimental values. We have placed calculations of the
time-dependent electron temperature alongside some of the measurements
as they provide important physical insight into the electron and lattice
dynamics occurring after excitation.

Table 4.1: Material constants used in our two temperature model calculations. Listed
are the electron-phonon coupling constant g, electron specific heat constant A., thermal
conductivity Ko at T'= 273 K and lattice heat capacity C;. [21,64,81-85]. We have used
the relations C. = A.T. and K. = Ko x T./T; [21].

Metals g A Ky C
(101 Wm—3K=1) (Jm3K™?) (Wm'K™!) (10° Jm—3K™!)

Gold 1.6-2.6 71 318 24.3

Platinum 100 740 73 27.0

Copper 8.0 98 401 35.0

Silver 1.9 63 428 25.0

4.4 Results and Discussion

Prior to our experiments on buried gratings, we performed pump-probe
experiments with interfering pump pulses forming a spatially periodic,
grating-like excitation pattern, on single layers of gold and gold-metal bi-
layers. These co-called transient-grating experiments were performed to
obtain a better understanding of the electron dynamics and, in a few cases,
to compare with results known from literature.
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Figure 4.3: Diffracted front-probe signal vs. pump-probe delay for different gold thick-
nesses at a pump fluence of 0.8 mJ/cm?.

4.4.1 Dependence of electron dynamics on Au layer thick-
ness

To study how the electron dynamics is affected by the thickness of a metal
layer, we performed transient-grating pump-probe measurement on Au lay-
ers having different thicknesses. In Figure 4.3, the normalized first-order
diffracted signal is plotted as a function of pump-probe delay for 30, 45, 80,
150, 200 and 500 nm thick gold layers. At delay zero, when pump and probe
pulses overlap in time, the diffraction efficiency rises to its maximum value
within less than 100 fs. For gold layers thicker than about 100 nm, this
is followed by a rapid decrease of the diffraction efficiency to zero within
a few ps. In contrast, for thin gold layers, the decrease of the diffraction
efficiency proceeds at a much slower pace taking up to 10 ps for the 30 nm
sample. For thin layers, after 0.5 ps, the diffraction efficiency appears to
decay linearly with delay for a few picoseconds. The results are similar to
those obtained by Hohlfeld et al. who measured the transient reflectivity
of gold layers [61] after illumination with 400 nm pulses, although there
are some subtle differences between their results and ours. Most notably,
the fast and sharp peak around delay zero with a width of about 0.5 ps,
visible in our measurements in all but the 30 and 45 nm thick samples, is
absent in the Hohlfeld paper. We think that this is due to the relatively
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long pulses of 200 fs used in their experiments, as this would partially smear
out rapidly changing signals. The initial fast decay observed for the thicker
gold layers is caused by rapid electron energy diffusion out of the tens of
nanometers thick surface layer probed by the 800 nm probe pulse. For thin
layers, the electron energy becomes relatively homogeneously distributed
over the entire thickness of the metal layer almost immediately, such that
net spatial diffusion of energy out of the probe optical interaction region
near the surface becomes negligible. The diffraction signal decay is then
dominated by cooling of the electron gas by transfer of electron energy to
the lattice, a process that is relatively slow for Au [61].

In Figure 4.4, we plot the probe signal diffracted from both the air-Au
interface (front probe) and the glass-Au interface (back probe), for two
different thicknesses of Au, 45 nm in Figure 4.4 (c) and 100 nm in Figure
4.4 (d), for various pump powers. Additional measurements of the front
probe diffraction efficiency as a function of time, for various thicknesses of
gold are similar to those shown by others [61]. In all cases, the 400 nm pump
beams illuminate the Au from the front-side. As it is difficult to compare
the absolute diffraction efficiencies for the front and back-probe cases, we
applied a scaling factor to the back-probe signal such, that for a single pump
intensity, both the front-probe signal and the back-probe signal overlap as
much as possible for time delays larger than 0.5 ps. We then use the same
scaling factor for the curves at different intensities. Different scaling factors
were used for the 45 nm Au and 100 nm Au back probe signals and the
signal strengths shown in Figure 4.4 (¢) cannot be compared with those in
Figure 4.4 (d). In both figures, the front probe diffraction efficiency is seen
to rise on a rapid time scale of ~ 100 fs. For the 45 nm sample in Figure
4.4 (c), this then gradually decays towards zero for increasing time delays.
For the 100 nm sample in Figure 4.4 (d), the decay is initially rapid, and
then slows down. In both measurements, excitation with two spatially and
temporally overlapping pump pulses results in a spatially periodic electron
gas temperature Te(z,t) along the surface, in a direction perpendicular to
the grating lines. This temperature grating is formed when in the bright
fringes of the interference pattern the electron gas is rapidly heated whereas
in the dark fringes, where the electron gas is not excited, the temperature
remains 297 K. The amplitude of this electron-gas temperature grating,
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Figure 4.4: (a) Schematic showing the pump and front-probe: the samples were pumped
from the air-Au side and probed from the air-Au side. (b) Schematic showing the pump
and back-probe: the samples were pumped from the air-Au side and probed the glass-Au
side. (c) Diffracted front-probe and back-probe signal as a function of pump-probe delay
at various pump fluences for 45 nm gold layer and (d) 100 nm gold layer.

AT,(t), is thus determined by the difference between the temperatures in
the bright and the dark fringes. The heating of the electron gas leads to
changes in the complex dielectric function of the metal. A grating in the
electron-gas temperature thus leads to a grating in the dielectric function.
From this grating, a probe pulse can be diffracted. As such, the diffracted
signals observed in Figure 4.4 (¢) and (d) are correlated with the dynamics
of AT,(t).

The rapid decay, observed during the first 0.5 ps for the 100 nm thick
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sample, was not observed by Hohlfeld et. al. [61], presumably because they
used longer pulses in their experiments which may have given rise to a
smearing out of the sharp peak. Interestingly, the results show that for the
45 nm gold film the signal shapes for the front and back-probe signals are
very similar. This observation agrees with the assumption that for thin
layers, after optical excitation, the electron energy is quickly redistributed
relatively homogeneously throughout the layer [61]. This redistribution
causes the measured dynamics, now dominated by electron cooling through
lattice heating, to be the same everywhere. However, for the 100 nm gold
layer, the front- and back-probe signals are different. There, we find that
the front probe signal shows a rapid rise and decay, but that the back-
probe signal rises more slowly. For pump-probe time delays larger than
about 0.5 ps, the signals look similar and, again only one vertical scaling
factor is applied to the back-probe signals to overlap all the front- and
back-probe signals for this sample. The sharp rise/fall time of the front-
probe signal and the slower rise of the back-probe signal are the result of
ballistic transport and diffusion of electron energy out of the front-surface
front-probe interaction region towards and into the back-probe interaction
region near the Au-glass interface [61]. For 100 nm Au this process takes
a few hundred femtoseconds which explains the slower rise of the back-
probe diffracted signal. This also means that after this time the electron
energy distribution should be relatively homogeneous again, explaining why
for delays larger than about 0.5 ps the front-and back-probe signals look
similar.

4.4.2 Electron dynamics in Gold-Platinum bilayers

To better understand the measurements on buried gratings discussed later
in this chapter, we also studied the effect that a buried metal layer has
on the electron dynamics observed at the gold surface. Initially, we chose
platinum as the buried metal layer due to its very high electron-phonon
coupling strength when compared to gold. In Figure 4.5 (a) we plot the
measured diffracted front-probe diffraction efficiency versus pump-probe
time delay for a bilayer consisting of 30 nm of Au deposited on 30 nm of Pt.
In the same figure, we also plot the time-dependent front-probe diffraction
efficiency for a single 30 nm thick layer of Au. The figure shows that the
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Figure 4.5: (a) The measured front-probe diffracted signal vs. pump-probe delay for a
pump fluence of 0.80 mJ/cm? on a sample with 30 nm Pt under 30 nm Au. (b) The
experimentally measured front-probe diffracted signal vs. pump-probe delay on a sample
with 5 nm Pt under 150 nm Au. (c¢) The numerically calculated electron temperature Te
vs. time for the sample with 30 nm Pt under 30 nm Au. (d) The numerically calculated
Te vs. time for the sample with 5 nm Pt under 150 nm Au.

presence of the Pt layer underneath the gold dramatically accelerates the
decay of the diffracted probe signal. Note that, although no signal for a Au
thickness of 60 nm was measured, the results shown in Figure 4.4 for 45
and 100 nm thick single Au layers suggest that for 60 nm of gold, the decay
would be in between these two cases and would still be significantly slower
than for 30 nm of Au on Pt. To determine the limits of the effect that Pt
has on the decay of the measured diffracted signal, we plot in Figure 4.5 (b)
the front-probe diffraction efficiency versus pump-probe delay for a sample
consisting of 150 nm of Au on 5 nm of Pt and for a sample consisting of
150 nm Au only. This gold layer thickness was chosen to eliminate the
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possibility of the 400 nm pump beam directly exciting the Pt since the 400
nm light has a penetration depth of about 16 nm in Au. Remarkably, the
results show that for this particular bilayer, even the effect of a buried Pt
layer as thin as 5 nm on the shape of the diffracted signal versus pump-
probe delay, is still measurable. The tell-tale sign of the effect of the buried
Pt layer is that the transition from an initial fast decay to a slower decay, as
observed in the gold-only sample, is absent. This means that the difference
between the single Au layer and the bilayer manifests itself most strongly
for longer time delays, as shown in Figure 4.5 (b).

This difference in decay due to the presence of a platinum layer can be
simulated using TTM calculations. In Figure 4.5 (c¢) and Figure 4.5 (d), we
plot the calculated electron temperature at a depth of 8 nm from the top
surface of the gold layer as a function of time, using the same parameters
as in the experiments. For the sample with 30 nm Au on top of 30 nm
Pt, the electron temperature decreases rapidly due to the presence of the
platinum layer. For the sample with 5 nm Pt under 150 nm Au, the electron
temperature decreases at a slightly slower rate than in 150 nm Au. We note
that the calculation of the time-dependent electron temperature closely
resembles the measurements of the diffraction efficiency versus pump-probe
time delay.

We can explain this behavior by looking at the electron-lattice dynamics
occurring in the buried platinum layer. After optical excitation, the elec-
tron energy diffuses deeper into the gold layer and beyond into the plat-
inum layer. The electron-phonon coupling constant of platinum, however,
is about two orders of magnitude higher than that of gold. This means that
thermalized electrons that diffuse into the platinum, immediately lose en-
ergy to the Pt lattice and quickly cool. Thus, a strong electron-temperature
gradient between the gold and platinum layer is maintained, which in turn
drives the rate of electron gas energy diffusion out of the probe interaction
region near the surface of gold into the deeper regions of the gold and into
the platinum layer. These results are interesting, because they show that
even a Pt layer as thin as 5 nm has a measurable effect on the decay ob-
served near the surface of a 150 nm thick Au layer. This suggests that a
pump-probe technique may be used for sub-surface metrology, in particu-
lar the localization and inspection of buried structures underneath optically
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Figure 4.6: The measured diffracted signal from the front-probe (red) and back-probe
(black) for a pump fluence of 0.80 mJ/cm? on a sample with 30 nm Pt under 30 nm Au.

To confirm that the energy is deposited in the Pt layer, we performed
experiments on a sample with 30 nm platinum on 30 nm gold in which we
pump from the gold side and probe from the platinum side (back probe)
as well as the gold side (front probe). In Figure 4.6, we plot the diffracted
front-probe and back-probe signal as a function of the pump-probe delay.
As it is difficult to compare the absolute diffraction efficiencies for the front
and back-probe cases, we instead applied a scaling factor to the back-probe
signal so that both the front-probe signal and the back-probe signal can be
plotted in the same graph. The back probe signal was smoothed by nearest
neighbor averaging. For the front probe, the signal rises rapidly and then
decays in 1-2 ps, indicating a rapid drop in electron temperature. This plot
is similar to Figure 4.6 (a) and the physics has been discussed earlier in
this section. In contrast, the signal from the back probe shows a gradual
increase for about 0.7 ps followed by a small decrease to a lower value and
then continues to increase very slightly.

This different behavior of the back probe signal vs. pump-probe time delay
can be explained by including the lattice dynamics of the Pt-Au layer.
The initial rise of the back-probe signal seen in Figure 4.6 is interpreted
as resulting from the diffusion of electron energy into the Pt layer and
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simultaneous heating of the Pt lattice by the electron gas. The small decay
is the result of the cooling of the electron gas, but it is superimposed on
the growing signal caused by the heating of the lattice. The slow and
weak increase of the signal after 2 ps is real. The TTM calculations (not
shown here) indicate that, at a time delay of about 1 ps, the Pt lattice
temperature has a strong gradient, being higher near the Pt/Au interface
and lower near the back of the Pt, where the probe pulse interacts with the
Pt. Equilibration of the difference occurs through electron energy diffusion,
where electrons pick up the lattice energy from the hotter regions, and
deposit this in the cooler regions. The latter gives rise to a slowly increasing
lattice temperature in the regions where the probe pulse interacts with
the Pt and thus an increasing diffraction signal. Our measurements are
consistent with observations made in the context of ultra-high frequency
sound-wave generation by indirect heating of Ti underneath Cu on a Cu-Ti
bilayer, where indirect heating of a Ti layer underneath a Cu layer was
shown to generate ultra-high frequency sound-wave packets [86].
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Figure 4.7: (a) The measured front-probe diffracted signal vs. pump-probe delay for a
pump fluence of 0.96 mJ/cm? on bilayer samples with different thicknesses of platinum
(0, 2, 5, 15, 30 nm) buried under 50 nm gold, (b) The numerically calculated electron
temperature 7. vs. time for these samples using the same pump fluence as used in the
experiment.

To more systematically study the effect of the thickness of the Pt layer on
the probe-diffraction decay curves, we fabricated samples in which we kept
the Au layer thickness fixed while varying the Pt layer thickness. In Figure
4.7 (a), we plot the measured front-probe diffraction signal as a function of
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pump-probe delay from bilayer samples having a buried Pt layer thickness
of 0, 2, 5, 15, and 30 nm underneath a 50 nm layer of Au. The pump fluence
in these experiments is 0.96 mJ/cm?2. The results clearly show that thicker
Pt layers lead to a more rapid decay of the probe diffraction efficiency versus
pump-probe time delay. Remarkably, even a Pt layer as thin as 2 nm is
capable of speeding up the measured decay significantly.

In Figure 4.7 (b), we plot the calculated electron temperature at a depth of
8 nm from the top surface of gold as a function of time for these samples. In
the simulation, the same parameters were used as in the experiment. The
calculations show that the electron temperature decays faster for samples
with a thicker layer of platinum buried underneath and are in good agree-
ment with the experimental results. However, the constant level to which
the curves decay, seen in the calculation, is somewhat higher compared to
what is observed in the experiments.

We can intuitively understand this behavior as a thicker layer of platinum
acts as a more effective electron energy heat sink. This results in a higher
rate of diffusion of electron energy out of the optical probe interaction re-
gion near the Au surface, and a subsequently more rapid drop in electron
temperature. This measurement thus shows that some measure of control
of the rate of diffusion of electron gas energy between the two metal lay-
ers is possible by varying the buried metal thickness. In fact, changing
the thickness of the buried platinum also affects the maximum Pt lattice
temperature reached, after optical excitation. This study might also help
to better understand the ablation mechanism and threshold in metallic
bilayers [78].

4.4.3 Electron dynamics in bilayers with other metals

To confirm that it is the strength of the electron-phonon coupling constant
that is responsible for the increase in the observed probe diffraction decay
rate, we also fabricated bilayers in which we varied the type of metal un-
derneath the gold layer. In Figure 4.8 (a) we plot the front-probe diffracted
signal as a function of pump-probe time-delay, for bilayers consisting of 50
nm of Au on top of 30 nm of four different metals, being: Pt, Cu, Ag and
Au, (the last case thus consisting of 80 nm of Au in total). For complete-
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Figure 4.8: (a) The measured front-probe diffracted signal vs. time for a pump fluence
0.80 mJ/cm? for bilayer samples with different materials buried under 50 nm Au. (b)
The numerically calculated electron temperature T, vs. time for the same pump fluence
as used in the experiments.

ness, we also show the results for a 50 nm single layer of gold. The pump
fluence in these measurements was 0.80 mJ/cm?.

The Figure 4.8 (a) shows that the decay of the diffraction efficiency versus
time for 50 nm of Au on Pt, also shown in Figure 4.7 (a), is the fastest,
followed by Au on Cu, which is also faster than 50 nm + 30 nm of Au only,
but slower than the signal for Au on Pt. The decay for 50 nm Au on 30
nm Ag is about as fast as that for 50 nm Au + 30 nm Au. In agreement
with the results shown in section 4.4.1, the signal for 80 nm of Au decays
faster than the signal for 50 nm of gold.

In Figure 4.8 (b), we plot the calculated electron temperature at a depth of
8 nm from the surface of Au as a function of time for these samples. The
decay of the electron temperature is fastest for the sample with a buried
layer of platinum. The decay gets slower as the buried layer is changed from
platinum to copper to silver and finally to gold. This is in good agreement
with the experimental results. The decay of the measured diffracted signal
correlates with the strength of the electron-phonon coupling in the various
metals listed in Table 4.1 , with materials having a stronger electron-phonon
coupling showing a faster decay. The electron-phonon coupling constants
of Ag and Au are more or less the same and so are the measured decay
rates.
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4.4.4 Detection of a buried grating
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Figure 4.9: (a) The schematic of the experimental setup. The single 400 nm pump pulse
illuminates the flat 100 nm Au from the glass side. The probe pulse diffracts off the
spatially periodic electron temperature that is created due to the difference in the electron
diffusion behavior caused by the 40 nm Au/Cu. Schematic of the electron temperature
after 1 ps is shown using the colour scheme. (b) The measured diffracted signal vs. time
from the glass-Au interface. (c) Numerically calculated electron temperature Te vs. time
for 100 nm Au (black), 140 nm Au (green) and 100 nm Au (red) on 40 nm Cu (d) The
difference between the calculated T, for 100 nm Au and 140 nm gives the green curve.
This is similar to the measured green curve from a 100 nm Au with 40 nm Au grating
underneath. The difference between the calculated Te for 100 nm Au and 140 nm Au/40
nm Cu gives the red curve. This is similar to the measured red curve from a 100 nm Au
with 40 nm Cu grating underneath.

To demonstrate that thermalized electron gas dynamics can be used to de-
tect buried structures, we evaporated 100 nm Au on a glass substrate and
fabricated a 40 nm thick Au grating with a 6 pm pitch and 50% duty cycle
with UV lithography on top of this layer, as schematically shown in Fig-
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ure 4.9 (a). A similar sample was also made with a 40 nm Cu grating on
top of a 100 nm Au layer. We performed a pump-probe experiment with
a single pump pulse on these samples by pumping and probing from the
substrate side. Thus, both the pump and the probe beam see a nominally
flat surface and the grating is optically hidden. Since we pump from the
glass side, where the gold is flat, we will henceforth refer to the gratings on
top as “buried” gratings. We chose to fabricate gratings on top of the flat
layer, to ensure that there is no residual topography of the grating at the
flat top surface (which, in this case, is at the glass-Au interface). The other
way around, evaporating Au onto a metal grating, leaves a residual grating
topography at the top surface which gives rise to a significant diffraction,
even after polishing. In the experiments described in the previous sections
we used two pump pulses, forming a spatially periodic interference pattern,
to excite the sample. This gives rise to a spatially periodic electron gas
temperature leading to a spatially periodic complex dielectric function. In
contrast, here, we use a single pump pulse to homogeneously illuminate the
sample. In what follows, we argue that the observation of first-order diffrac-
tion in this case is proof that a spatially periodic electron gas temperature
pattern is nonetheless also formed. Such an electron gas temperature grat-
ing, following homogeneous excitation, can be formed due to the different
rates of electron gas energy diffusion above the valleys and above the ridges
of the grating. As we have shown in the previous sections, differences in
the electron-energy diffusion rate can be caused both by differences in the
thickness of a metal and also by the type of metal buried underneath. The
former is illustrated by the gold grating behind a flat gold layer, the latter
by a copper grating behind a flat gold layer. In Figure 4.9 (b), we plot
the first-order diffracted signal for both the Au on Au grating and the Cu
on Au grating. We find that the onset of diffraction is delayed, in com-
parison to the measured time-dependent diffraction using two interfering
pump-pulses on a flat region on the same sample, by about 0.4 ps. After
this time, diffraction is observed but surprisingly, the diffracted signal in-
creases slower than for a single Au layer. For the Au-Au grating the rise
time is about 1 ps, whereas for the Cu-Au grating we observe a rise time
of about 3 ps. We emphasize that with a single pump, and thus without
pump interference grating, the observation of diffraction in itself implies a
grating in the optical constants of Au near the glass-Au interface, caused
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by the buried gratings. Indeed, when we pump the samples in a region
where no grating is present and where, for the Au-Au sample, the sample
consists of a 100 + 40 nm single layer of Au, no diffraction was observed.
The observation of diffraction also implies that lateral, in-plane diffusion
of the electron energy is not strong enough to destroy the grating contrast.
This is to be expected considering the large value of 6 um of the grating
period with respect to the typical distance of 200 nm over which electron
energy can diffuse in gold [87]. We note that in the measurements on flat
bilayer samples, shown in Figure 4.8, the diffracted signal decays faster
for Au on Cu than for Au on Au. The reason for this is that Cu has a
larger electron-phonon coupling constant which results in a faster diffusion
of electron energy out of the probe interaction region near the gold surface.
The diffracted signal dynamics for the Cu-Au grating is slower than for the
Au-Au grating. This is in sharp contrast to the faster decay we observe
for the Au on Cu flat samples in the diffraction experiments described in
section 4.4.3. To understand this, it is important to realize that here, the
grating is also the result of a spatially periodic electron gas temperature
T.(t) giving rise to a spatially periodic dielectric function. In the case of
the two-pump-pulse experiments described in sections 3.4.1 to 3.4.4, the
spatially periodic electron gas temperature is the result of excitation of
the metal with two spatially and temporally overlapping pump pulses. In
contrast, here, using a single pump pulse, immediately after optical exci-
tation before energy diffusion has a significant impact on the electron gas
temperature, there is no temperature grating. The electron gas tempera-
ture is high, but more or less homogeneous along the glass-Au interface.
After a short while, electron gas energy diffusion lowers the electron gas
temperature at the glass-Au interface, but at a faster rate above the ridges
than above the valleys of the buried grating. The resulting temperature
contrast (difference) AT,(t), leads to a grating in the dielectric constant, in
a manner similar to the case where two interfering pump pulses were used.
There, however, the lowest temperature in the dark fringes always remains
at 297 K and the maximum temperature is reached in the bright fringes
immediately after optical excitation. Here, for the buried grating, using
calculations based on the two-temperature model as shown in Figure 4.9
(c) and Figure 4.9 (d), we find that the difference temperature shown in
Figure 4.9 (d) reaches its maximum at a time when the absolute electron
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temperature in the different regions has already dropped significantly as
shown in Figure 4.9 (c). The calculated AT, reaches its maximum value at
~ 0.8 ps for Au-Au grating whereas the measured diffracted signal reaches
its maximum at 1.3 ps. Similarly, for the Cu-Au grating, the calculated
AT, reaches a maximum value at 1.8 ps whereas the measured diffracted
signal reaches a maximum at 3.6 ps. These calculations contain the essen-
tial features of the measurement, in particular the slow rise of the difference
temperature, which is more pronounced for the 40 nm Au + 100 nm Au
sample than for the 40 nm Cu + 00 nm Au sample. We note that the
decay curves for the electron temperatures, calculated for 100 nm Au, 140
nm Au, and 40 nm Cu on 100 nm Au, are quasi-parallel as shown in Figure
4.9 (¢). This means that small changes in the shape of these signals will
have a dramatic effect on the exact time where the difference temperature
reaches its maximum.

4.5 Conclusion

We have shown pump-probe diffraction measurements of the thermalized
electron gas dynamics in single metal layers and in metallic bilayers. Our
measurements on Pt/Au samples show a rapid decay in the measured
diffracted probe signal, after optical excitation with a pump pulse, indicat-
ing a rapid cooling of the electron gas at the gold surface due to the pres-
ence of the buried platinum layer. We find that this decay increases with
increasing Pt layer thickness. Even for a sample with 5 nm Pt under 150
nm Au, we observe a measurable effect on the shape of the time-dependent
diffracted signal as compared to 150 nm Au only, illustrating the sensitivity
of electron diffusion near the gold surface on the presence of a buried layer
such as Pt. The decay of the diffracted signal is also found to be dependent
on the type of buried metal layer and is correlated with the electron-phonon
coupling strength of the buried metal. In experiments with a single pump
beam, we demonstrate that thermalized electron dynamics can be used for
the detection of buried gratings underneath an optically opaque layer of
Au. We show that the shape of the time-dependent diffracted signal is
different for a Cu grating on Au compared to a Au grating on Au. The
peak in the diffracted signal occurs a few picoseconds later compared to
what is observed for experiments on non-structured metal layers and bilay-
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ers. The TTM numerical calculation of the electron temperatures shows
good agreement with our measurements. The experiments demonstrate
that thermalized electron gas dynamics can be used to detect optically hid-
den structures underneath metals like gold and hint at the possibility to
image periodic and non-periodic, micro- and nano structures buried below
opaque metal layers.
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ACOUSTIC WAVES IN FLAT
METAL AND DIELECTRIC
LAYERS

Prior to experiments on samples with buried gratings, we performed a set
of experiments to obtain a basic understanding of the acoustic wave gen-
eration, propagation, and detection in metals. In this chapter, the mea-
surements and calculations of transient-grating pump-probe experiments on
flat metal layers are discussed. We show that grating-shaped acoustic waves
can be generated in Au, Ni and W layers, and also that the presence of
the acoustic echo can be detected by diffracted light from the grating-shaped
acoustic wave.

Parts of this chapter has been published as Phys. Rev. Appl. 13, 014010 (2020) [18].
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5.1 Introduction

We performed femtosecond transient-grating pump-probe experiments on
flat metal layers deposited on a glass substrate. The aim of these ex-
periments is to see if it is possible to launch and detect acoustic echoes
in the metal layers using our transient-grating pump-probe setup. Al-
though in the past, various groups have shown the generation and de-
tection of acoustic waves in metal layers, most of these experiments were
performed using a pump-probe setup in reflection or transmission geome-
tries [29,30,38,40,42,86,88-121]. In a typical pump-probe setup, the pump
pulse launches an acoustic wave, and the change in reflectivity of the metal
due to the acoustic wave is measured using the probe pulse. However, in
our experiments, we launch a grating-shaped acoustic wave using two inter-
fering pump pulses and detect diffraction from the acoustic echoes using a
time-delayed probe pulse.

In this chapter, we show the results of the transient-grating pump-probe
experiments on flat metal layers. The first set of measurements on flat Au
layers having different thicknesses shows that our transient-grating pump-
probe setup is capable of generating and detecting acoustic waves. The
measurements on a 500 nm thick Au layer, where we pump from the air-
metal side and probe from the air-metal side and from the glass-metal side,
provide information on the various effects that determine the temporal
shape of the diffraction signal, such as electron energy diffusion and the
thermo-optic effects. We also perform measurements on flat Ni and W
layers that show that the frequency of the acoustic waves generated in
Ni and W is much higher than the one generated in the Au layer. We
demonstrate that a thin layer of Ni can be used as an acoustic transducer
to launch a high-frequency acoustic wave in Au. To understand how the
acoustic waves propagate through a sample consisting of a metal and a
dielectric, we also performed measurements on a sample that has a thin
layer of SiOy sandwiched between two Au layers.
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5.2 Experimental setup

We use the same transient-grating setup as the one described in Chapter
4. In the experiments shown here, we have a transient-grating period of
approximately 6 pm. The spatially-periodic interference pattern excites the
metal layer resulting in spatially periodic heating of the sample surface, thus
launching a grating-shaped acoustic wave. The grating-shaped acoustic
wave propagates through the metal layer, reflects from the metal-substrate
interface, and returns to the top surface. The weaker 800 nm pulse is
used as the probe and is delayed with respect to the 400 pump pulses
by a mechanical delay line, which increases the optical path length. The
probe pulse diffracts from the grating-shaped displacement of the metal
atoms or from the spatially periodic change in the refractive index of the
metal surface induced by the acoustic waves. The diffracted probe pulse
is recorded by a silicon photodiode placed at the position where we expect
the first-order diffracted beam. The diffracted probe signal recorded by
the detector when the chopper blocks the pump beam, is subtracted from
the diffracted probe signal when the pump beam is transmitted by the
chopper, and plotted as a function of the pump-probe delay. The signal
recorded by the detector in the absence of the pump pulse is from the probe
light scattered by the surface roughness of the sample. Depending on the
experiment, we probe from the air-metal side or from the glass substrate
side. In the latter case, the probe pulse passes through the glass substrate
and probes the metal near the glass-metal interface. The pump beam has
a spot size of 1.5 mm on the sample, and the pump pulse energy ranges
from 15 1J to 20 nJ depending on the experiment. The probe pulse energy
was kept constant at 1pJ.

5.3 Results and discussion

5.3.1 Acoustic waves in Au

Our first experiment was to launch and detect grating-shaped acoustic
waves in a flat metal layer (schematic in Figure 5.1 (a)). We chose Au
for the initial experiments because Au is one of the most well-studied met-
als. In Figure 5.1 (b), we plot the measured diffraction signal as a function
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Figure 5.1: (a) Schematic of the experiment. (b) Measured diffracted signal as a function
of pump-probe delay for a 100 nm, 200 nm and 500 nm Au layer on a glass substrate.
The plots are vertically offset for clarity. The black curves are the simulated diffracted
signals.

of pump-probe delay for 100 nm, 200 nm, and 500 nm thick flat Au layers on
a glass substrate. In all the measurements, the diffraction signal increases
just after the optical excitation with the pump pulses and decreases again
within the first 10 ps. This signal is due to the absorption of the optical
energy by the electron gas, which then cools on a time-scale of < 10 ps by
heating the lattice (see Chapter 4), until the electron gas temperature and
lattice temperature are the same.

For the 100 nm Au sample, we see an oscillatory signal with peaks at 33 +
3 ps, 89 £+ 3 ps, and 145 + 3 ps. The time separation between the peaks is
approximately 56 ps, which is close to the expected round trip time of an
acoustic wave inside a 100 nm thick Au layer, assuming an acoustic velocity
of 3200 m/s in Au [30]. When the thickness of the Au layer is doubled to
200 nm, the time separation between the peaks also doubles to about 111-
112 ps. Similarly, for the 500 nm thick layer, the observed round trip time
is close to 280 ps. Interestingly, for measurements on all three samples, the
first peak is at a time that corresponds to half the round trip time of the
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acoustic wave in Au.

To better understand the experimental results, we first have to explain how
acoustic waves are generated in Au layers. The hot electron gas created
due to the absorption of the pump pulses cools by rapidly heating the
lattice. The rapid heating launches the acoustic wave. We know that the
hot electron gas diffuses deeper into the Au layer due to the low electron-
phonon coupling strength in gold. As a result, the spatial extent of the
acoustic wave generated is much larger than the optical penetration depth
(approximately 16 nm for 400 nm light) [83,85]. For 100 nm and 200 nm
thick Au layers, we expect the Au layer to more or less homogeneously heat
up along the thickness of the layer. The resulting rapid expansion of the
layer launches acoustic waves that causes an expansion and contraction of
the lattice in a direction perpendicular to the surface.

The acoustic wave inside these Au layers can be seen as a standing wave
formed by the addition of two counter-propagating acoustic waves, each
having a wavelength corresponding to twice the thickness of the Au layer.
In the 500 nm Au sample, the Au layer is not homogeneously heated due
to the finite penetration depth of the electron gas energy. As a result,
the spatial extent of the acoustic wave is approximately 300 nm. In all
the measurements, the acoustic wave inside the Au layer remains grating-
shaped because the lateral diffusion of heat can be ignored on the time
scale of our experiments (< 1 ns) as the grating pitch is much larger than
the thickness of the Au layer. Hence, in all of the samples, we have a
grating-shaped acoustic wave bouncing back and forth in the Au layer.

The spatially periodic optical excitation of the Au layer gives rise to two
effects: a thermal expansion of the layer and the launch of a grating-like
acoustic wave. The thermal expansion leads to a quasi-static grating-
shaped surface displacement, while the transient-grating acoustic echo re-
sults in a strongly time-dependent grating-shaped surface displacement.
Both effects act as a phase grating as seen by the probe pulse. In the Au
samples, the thermal expansion grating is formed about 10 ps after the
optical excitation and is present for hundreds of picoseconds. In all of the
measurements on Au samples, the displacement grating due to the acoustic
echoes interferes with the thermal expansion grating present at the sur-
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face. If only the thermal expansion grating gave rise to the diffraction of
the probe pulse, then we would expect a quasi-constant diffraction signal
from 10 ps to 700 ps. However, when the grating-shaped acoustic echo
arrives at the air-Au interface, it destructively interferes with the quasi-
constant thermal expansion grating. As a result, we observe a trough in
the time-dependent diffraction signal. In short, in all of the measurements
in Figure 5.1 (b), the troughs in the diffraction signal corresponds to the
arrival of the acoustic echoes. The position of the first trough after 10 ps in
all measurements matches the acoustic round trip time inside the Au layer.

The best-fit model calculations for the measured data for all three Au layer
thicknesses are shown by the black curves in Figure 5.1. The calculation
is based on the model discussed in reference [18]. We obtain an excellent
agreement between the measured and the calculated diffraction signal. It
was observed in the calculation that the contribution from surface displace-
ment (due to thermal expansion and acoustic wave) alone can explain the
shape of the measured data very well. Note that the electron gas response
is not included in the model but it is used as an input in the calculation.
Therefore, only the data points for t>10 ps, when the electron gas has
thermalized with the lattice, are used in the calculation.

To confirm that the arrival of acoustic echoes corresponds to the troughs
in the diffraction signal, we performed experiments on the 500 nm thick
Au sample, where we also measure the diffraction signal from the substrate
side, as schematically shown in Figure 5.2 (a). Due to the finite penetration
depth of the electron gas energy, heating of the lattice is expected to be ab-
sent near the substrate side, and the diffraction signal should be dominated
only by the acoustic wave. The measured diffraction signals as a function of
time are shown in Figure 5.2 (b). The red curve shows the diffraction signal
when probed from the metal side (front probe), and the green curve shows
the diffraction signal when probed from the substrate side (rear probe).
The red curve in Figure 5.2 (b) is the same as the green curve in Figure 5.1
(b) but normalized to the peak at 145 ps. When measuring the diffraction
signal from the glass side (green curve), we observe that the signal increases
and reaches a maximum at 147 + 3 ps, which coincides with the position
of the peak in the red curve. Unlike the red curve, the green curve does
not have a peak between 0-10 ps, associated with a grating in the electron
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Figure 5.2: (a) Schematic of the experiment. (b) Transient-grating pump-probe mea-
surements on a 500 nm thick Au layer on a glass substrate. The red curve shows the
diffraction signal when probed from the air-metal side (front probe) and the green curve
shows the diffraction signal when probed from the substrate side (rear probe). The blue
and black curves are the simulated diffracted signals.

temperature, showing that the electron gas energy does not diffuse to the
rear of the sample.

When we probe from the glass side, we do not have any contribution to
the diffraction signal from the thermal expansion grating. This is because
the lattice temperature grating is very weak at the Au-glass interface. The
hot electron gas energy created at the top surface of the Au layer does not
diffuse deep enough into the 500 nm Au layer to give rise to a significant
lattice temperature increase. Due to the absence of these effects, the peaks
in the green curve correspond to the arrival of the acoustic wave at the Au-
glass interface. As the troughs in the red curve correspond to the arrival
of the acoustic wave at the air-metal side, the peak in the red curve is
observed when the acoustic wave is farthest from the air-metal side, which
is when the acoustic wave is near the Au-glass interface. Therefore, the
peaks of the red and the green curve should coincide as we observe in the
measurements.
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5. Acoustic waves in flat metal and dielectric layers

The time separation between the peaks of the green curve is close to the
acoustic round trip time inside 500 nm Au. The rise-time of the diffrac-
tion signal can be understood from the spatial extent of the acoustic wave
generated inside the Au layer. As the rise-time of the first peak in the
green curve is about 100 ps, we can estimate that the acoustic wave gen-
erated inside gold has a spatial extent of approximately 320 nm. These
measurements supports our argument that the trough in the diffraction
signal, when probed from the air-metal side, corresponds to the arrival of
the acoustic echoes at the surface. This is also confirmed by the numeri-
cal simulation shown by the blue curve and the black curve for front and
rear probing, respectively (Figure 5.2 (b)). These simulations also confirm
that the main contribution to the diffraction signal is the grating-shaped
displacement of the metal atoms. The diffraction of the 800 nm probe
pulse due to the strain-optic and thermo-optic effect in Au is negligible.
When probed from the glass side, we also expect a diffraction signal due to
the grating-shaped acoustic wave propagating in the glass substrate. The
grating-shaped acoustic wave can cause a change in the refractive index of
the glass due to the strain-optic effect. Such a grating, propagating away
from the metal-glass, can lead to oscillating diffraction signals as a function
of time delay. This is commonly referred to as Brillouin scattering and is
explained in detail in the next chapter. In this measurement shown in Fig-
ure 5.2 (green curve), we see hints of the oscillatory signal in the diffraction
caused by Brillouin scattering in the glass. The effect is not very promi-
nent because the diffraction due to the grating-shaped displacement of the
interface dominates the total measured diffraction signal.

5.3.2 Acoustic waves in Ni and W

Now that we can launch and detect acoustic waves in Au layers, we per-
formed experiments on metals which have higher electron-phonon coupling
strengths than Au. As a result, we expect that the spatial extent of the
generated acoustic wave to be smaller than that in Au. In this section,
we show the results of transient-grating pump-probe measurements on flat
nickel (Ni) and tungsten (W) layers on a glass substrate, when pumped
and probed from the air-metal side (schematically shown in Figure 5.3
(a)). In Figure 5.3 (b), we plot the measured first-order diffraction signal
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Figure 5.3: (a) Schematic of the experiment. (b) Transient-grating pump-probe mea-
surement on a 100 nm thick Ni layer. The red curve shows the measured diffracted signal
and the blue curve shows the calculated diffracted signal.

as a function of the pump-probe delay for a 100 nm thick Ni layer on a
glass substrate (red curve). We observe that the measured diffraction sig-
nal increases rapidly within 100 fs after optical excitation, and then drops
to a lower value within 2 ps and drops further in 10 ps. The diffraction
remains quasi-constant after 10 ps except for sharp periodic troughs at 29
+ 2 ps, 59 £+ 2 ps, and 89 + 2 ps. The rapid increase in diffraction signal
around 0 ps and the decay within 2 ps, is due to the generation of a hot
electron gas followed by the cooling of the electron gas by heating of the Ni
lattice. The cooling of a hot electron gas in Ni is faster than for Au because
the electron-phonon coupling strength in Ni is 12 times larger than that in
Au [21].

Similar to the measurements on Au layers, in Ni the troughs in the diffrac-
tion signal correspond to the return of the longitudinal acoustic wave to the
surface following reflection from the Ni-substrate interface. The multiple
troughs in the diffraction signal show that the longitudinal acoustic wave
bounces back and forth inside the Ni layer a few times. The position of the
first trough (at 29 ps) and the time separation between the troughs (29-30
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ps) match the calculated acoustic round trip time in a 100 nm thick Ni
layer, using an acoustic velocity of 5800 m/s [40]. The overall background
diffraction signal seen between 2-120 ps, is due to the thermal expansion
and the thermo-optic effect in Ni. The transient-grating pump pulses heat
the Ni layer in a spatially periodic pattern, which results in a grating-like
thermal expansion and a lattice temperature grating. This lattice tem-
perature grating changes the refractive index of the Ni layer due to the
thermo-optic effect. The delayed probe pulse can also diffract from this
refractive index grating. The total diffracted signal is a coherent sum of
the electric fields of the individual contributions, rather than a direct sum
of diffraction efficiencies.

In Ni, the troughs in the diffraction signal caused by the acoustic echoes
are sharper than in the case of Au. This can be explained by the stronger
electron-phonon coupling strength and higher acoustic velocity in Ni. The
hot electron gas generated within the optical penetration depth of 13 nm
in Ni [122], rapidly cools to heat the lattice before the energy can diffuse
deeper into the Ni. The generated acoustic wave is more localized in the
propagation direction than in the case of Au. Hence the acoustic wave has
a much higher frequency, and gives rise to sharper troughs in the diffrac-
tion signals. Our interpretation of the measured data is confirmed by the
numerical simulation shown by the blue curve in Figure 5.3 (b), which is
in good agreement with the measurements.

We also performed transient-grating pump-probe experiments on a 100 nm
layer of tungsten (W) on glass, as schematically shown in Figure 5.4 (a).
In Figure 5.4 (b), we plot the measured diffraction signal as a function of
time delay for this sample (red curve). Similar to the measurement on the
100 nm Ni sample, we observe a sudden increase in the diffraction signal
between 0-100 fs followed by a decrease within 2 ps. We see troughs in the
diffraction signal at 32 £2 ps and 64 +2 ps. The troughs we observe are
on top of a slowly decaying background diffraction signal. The troughs are
caused by the return of the acoustic wave to the W surface after reflecting
off the W-glass interface. The slowly decreasing background is due to the
diffraction of the probe pulse from the grating-like thermal expansion of the
layer and a lattice temperature grating (thermo-optic effect). The decrease
in the background is due to the diffusion of lattice heat away from the
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probing depth in W. The decay of the background is faster than in case of
Ni most likely because W has higher thermal conductivity than Ni which
leads to faster heat diffusion from the probing region. The fast decay of
the electron dynamics signal between 0 ps and 2 ps, and the sharpness of
the troughs at 32 + 2 ps and 64 + 2 ps, suggest that the acoustic wave in
W has a high frequency. Note that the diffraction signal is normalized such
that the maximum value is 1. The maximum diffraction signal is observed
at t=0 ps due to the electron dynamics. However, this peak is not visible in
this graph as the graph has been re-scaled such that the diffraction signals
due to the acoustic echoes are visible.
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Figure 5.4: (a) Schematic of the experiment. (b) Transient-grating pump-probe mea-
surement on a 100 nm thick tungsten (W) layer. The red curve shows the measured
diffracted signal and the blue curve shows the calculated diffracted signal.

Using the literature value for the acoustic velocity in poly-crystalline tung-
sten, v=5.19 nm/ps (=5190 m/s) [38], and measuring the time interval
between the acoustic echoes (32 ps), we calculate the thickness of the W
layer to be 84 nm, which is reasonably close to the thickness we aimed to
deposit (100 nm). The discrepancy could be due to the error in the thick-
ness measurement of the W layer during the physical vapor deposition. The
numerical simulation also predicts the shape of the diffracted signal, and
the shape of the measured diffraction signal due to the acoustic echoes in W
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is consistent with the observations made by A. Devos and C. Lerounge [38].

5.3.3 Acoustic waves in Au-SiO,-Au samples

Anticipating later measurements on more complex layer stacks, we grad-
ually increased the complexity of our samples. In this section, we show
the results from the transient-grating measurements on multi-layer sam-
ples with a layer of SiOy sandwiched between two Au layers, when pumped
and probed from the air-Au side. In these experiments, we expect the SiOy
layer to act as a barrier for the diffusion of the hot electron gas energy from
the top layer to the bottom layer. This, in turn, would confine the initial
lattice heating only to the top layer, and hence the acoustic wave will be
generated only in the top Au layer. The acoustic wave then propagates
through the SiOy to the bottom Au layer and returns to the top layer.
The acoustic wave also undergoes partial reflection and transmission at the
SiOy-Au interface and Au-SiOy interface, which results in multiple acoustic
echoes.

In Figure 5.5 , we plot the measured diffraction signal from the two different
samples. The first sample has a 60 nm Au layer on top of 7 nm SiOy, on top
of a 40 nm Au layer on a glass substrate (Figure 5.5 (a)). The second sample
has a 60 nm Au layer on top of 7 nm SiOy, on top of a 60 nm Au layer on a
glass substrate (Figure 5.5 (b)). Both samples have the same thickness for
the top Au layer. The measured diffracted signal of the first and the second
sample are shown by the red and blue curve in Figure 5.5 (¢). The red curve
and blue curve have the same shape and strength until about 37 ps, after
which they deviate. The rapid increase and the decrease of the diffraction
signal during the first 10 ps is due to the electron dynamics in the 60 nm
thick Au layer. The fact that both the curves have a very similar decay
after the optical excitation means that hot electrons created in the top 60
nm layer of Au remain confined within that layer. The thin SiOy layer acts
as a barrier for electron energy diffusion. The acoustic wave generated in
both the samples will have the same frequency and strength because they
are generated in the top Au layer, which in both samples is 60 nm thick.
The diffraction due to grating-shaped thermal expansion of the Au layer
will also be the same for both samples. The acoustic wave generated in
the homogeneously heated 60 nm thick Au layer partially reflects from the
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Figure 5.5: (a) and (b) Schematics of the transient-grating pump-probe experiments on
samples with 7 nm SiOx sandwiched between two Au layers. The top Au layer has the
same thickness in both samples. (¢) Measured diffracted signal as a function of pump-
probe delay for the two samples.

Au-SiOy interface and returns to the air-Au interface. This results in the
trough in the recorded diffraction signal at 37 £1 ps. The large acoustic
impedance mismatch between Au and SiOy, results in significant reflection
of the acoustic wave at the interface. The acoustic impedance of Au and
SiOy are 63.8 Ns/m? and 13.5 Ns/m?, respectively. The position of the first
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5. Acoustic waves in flat metal and dielectric layers

trough closely matches the calculated acoustic round trip time inside the
60 nm Au layer which is 37.5 ps. The acoustic wave partially transmitted
at the Au-SiOy interface, propagates through the SiOy to the bottom Au
layer, reflects from the Au-substrate interface and returns to the top surface.
Since the thicknesses of the bottom layers are different, the shape of the
measured diffraction signals after 37 ps is different. The difference is the
shape of diffracted signals after 37 ps confirm that the acoustic wave has
propagated beyond the SiOy, and the acoustic wave had reflected from the
Au-glass interface. The shape of the signals is complicated due to acoustic
waves bouncing back and forth in the top Au layer, bottom Au layer, and
the whole stack.

Next, we performed transient-grating pump-probe measurements on two
different samples with a thin layer of SiOy sandwiched between the Au
layer. Here, the first sample has an 80 nm Au layer on top of 7 nm SiOy,
which is on top of a 40 nm Au layer on a glass substrate (schematically
shown in Figure 5.6 (a)). The second sample has a 60 nm Au layer on top
of 7 nm SiOy, which is on top of a 60 nm Au layer on a glass substrate
(schematically shown in Figure 5.6 (b)). In this case, the total thickness of
the Au layer in both samples is the same. In Figure 5.6 (c), the red curve
shows the diffraction signal from the first sample, and the blue curve shows
the diffraction signal from the second sample.

The measured diffraction signal increases rapidly upon optical excitation
and decays towards zero within the first 10 ps. We observe that the blue
curve decays slower than the red curve. This observation is in agreement
with the measurements shown in the previous chapter, where we observe
a faster decay of the transient-grating signal for thicker Au layers. If the
SiOy did not act as an electron energy barrier, then we would have observed
a very similar decay of the signal for both samples, as both samples have
the same total thickness of Au. The fact that we see a different decay rate
when the top layer thicknesses are different, and the same decay rate when
the top layer thicknesses are the same, implies that the 7 nm thick SiOy is
an effective hot electron gas diffusion barrier.

The red and blue curves have different shapes after 10 ps. This difference
arises from the fact that the arrival time of the first echo reflected from
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Figure 5.6: (a) and (b) Schematics of the transient-grating pump-probe experiments on
samples with SiOx sandwiched between two Au layers. The total thickness of Au in both
samples is the same.(c) Measured diffracted signal as a function of pump-probe delay for
the two samples.

the SiOy layer is different. Also, the strength and spatial extent of the
generated acoustic waves are different for both the samples. This can be
explained by the difference in the thickness of the layer where the acous-
tic wave is generated. The two sets of measurements prove that we can
launch an acoustic wave in a confined volume of Au, and the acoustic wave
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5. Acoustic waves in flat metal and dielectric layers

can propagate through a multi-layer sample containing a dielectric layer.
Complete numerical simulation of the diffraction signal for these Au-SiO-
Au samples were not performed as the primary goal of these experiments
were to understand electron energy diffusion and to check whether acoustic
waves can propagate across a metal-dielectric interface.

5.4 Conclusion

We have shown that the transient-grating pump-probe setup can be used to
launch and detect acoustic waves in flat Au, Ni, and W layers. We observe a
background thermal grating, either due to thermal expansion of the layer or
thermo-optic effect, on which the generated acoustic wave becomes visible
as troughs when they arrive at the surface. Further support for this is
found in experiments, where we pump from the air-metal side but probe
from the substrate side. We also show that Ni can be used as an acoustic
transducer to launch high-frequency acoustic waves in Au. Our experiments
on samples that have a 7 nm thick layer of SiOy sandwiched between two
Au layers demonstrate that a thin layer SiOx can be an effective electron
energy diffusion barrier.
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DETECTION OF GRATINGS
BURIED UNDERNEATH
MULTI-LAYER DIELECTRICS AND
METALLIC LAYERS

In this chapter we report on the detection of gratings buried below a stack
of tens of 18 nm thick SiO9 and SizNy layers and an optically opaque metal
layer, using laser-induced, extremely-high frequency ultrasound. In our ex-
periments, the shape and amplitude of a buried metal grating is encoded on
the spatial phase of the reflected acoustic wave. This grating-shaped acous-
tic echo from the buried grating is detected by diffraction of a delayed probe
pulse. The shape and strength of the time-dependent diffraction signal can
be accurately predicted using a 2D numerical model. Surprisingly, our nu-
merical calculations show that the diffracted signal strength is not strongly
influenced by the number of dielectric layers through which the acoustic

wave has to propagate.

Parts of this chapter are contained in a manuscript accept for publication in Phys.
Rev. Appl. (2020). Preprint at arXiv:1911.08337 [123].
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6. Detection of gratings buried underneath multi-layer dielectrics and
metallic layers

6.1 Introduction

Wafer alignment in a nanolithography machine is dependent on the ability
to detect specific grating targets that have been placed at multiple sites on
a wafer. These gratings targets, also called alignment gratings, are etched
into Si wafers in scribe lanes between the various dies on the wafer. As mod-
ern chip architectures are becoming increasingly three-dimensional, these
alignment gratings can become hidden under opaque layers. For example,
in a 3D NAND memory chip, the alignment gratings etched on the Si wafer
can become buried below a large number of dielectric and/or metallic lay-
ers deposited during chip fabrication. There, typically the dielectric layers
are oxides and nitrides, and the opaque layer can be dielectric or metal-
lic. This poses a huge challenge for the detection of alignment gratings, in
particular because some of these layers are entirely opaque to light. Fortu-
nately, layers that are opaque to light are often transparent to sound and,
therefore, using laser-induced ultrasound could be a novel and appealing
way to detect gratings buried underneath these layers. The challenge, how-
ever, is not only to detect gratings underneath opaque layers with these
extremely-high-frequency sound waves. The challenge is also to do this
through complex multi-layered systems that can be found in state-of-the-
art semiconductor devices [17].

In this chapter, we show how we can detect buried gratings underneath op-
tically opaque layers, by measuring transient optical diffraction from ultra-
fast, laser-induced, extremely high-frequency acoustic copies of the grating.
In our proof-of-principle experiment we first fabricate metal gratings on top
of a single metal layer deposited on a glass substrate. When viewed from
the glass side, the gratings are essentially invisible and can be considered
“buried”. We performed femtosecond pump-probe experiments with 400
nm wavelength pump and 800 nm wavelength probe from a Ti:Sapphire
amplifier. As illustrated in Figure 6.1, an optical pump-pulse excites the
metal through the substrate and launches an acoustic wave which propa-
gates through the opaque layer, then reflects off the peaks and valleys of
the grating and thus acquires a spatially periodic phase. This wave returns
to the glass-metal interface where it deforms the interface in a spatially
periodic manner. This interface grating can be detected by diffraction of a
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Figure 6.1: Schematic explaining the technique. The femtosecond laser pulse is absorbed
by the material at the substrate-material interface (1), launches an acoustic wave that
propagates through different layers (2). The acoustic wave reflects off the buried grating
and returns to the substrate-material interface as a grating-shaped acoustic wave (3).
The time-delayed femtosecond probe pulse diffracts off this interface grating, and the

first-order diffraction signal is recorded (4).

time-delayed probe-pulse. Our measurements show that on simple systems
consisting of 10 nm amplitude buried gratings underneath thick gold (Au)
or nickel (Ni) layers, diffraction is easily detected. A comparison with cal-
culations shows that grating-like deformation at the glass-metal interface
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induced by the acoustic echo, has an amplitude of several tens of picome-
ters. Remarkably, we also observe diffraction at the glass-metal interface
on more complex systems consisting of 10 nm amplitude gratings fabricated
on top of 5 or 10 bilayers of thin silicon dioxide (SiOg) and silicon nitride
(SigNy) layers on top of a Au or Ni layer on glass. For the sample with 10
bilayers of SiO9 and SigNy layers, after being generated, the acoustic wave
has to travel through 42 layers in total before the acoustic echo reaches the
glass-metal interface again where it is detected by diffraction of the optical
probe pulse. Surprisingly, we find that the diffraction signal strength is
not strongly influenced by the number of layers in the stack. This is con-
firmed by numerical calculations showing that replacing the SiO9/SizNy
stack with a single layer having an equivalent time-averaged sound velocity
and average density, has only a small effect on the shape and amplitude of
the diffracted signal as a function of time. The calculations demonstrate
that the complex shape of the time-dependent diffracted signal is predomi-
nantly influenced by reflections of the acoustic wave at the glass-metal and
the metal-stack interfaces. Our results show that buried gratings can be de-
tected through optically opaque layers on complex, multi-layered samples,
using laser-induced, extremely high-frequency ultrasound. This technique
shows promise as a new, non-contact, all-optical grating detection- and
imaging-modality for wafer alignment applications by using ultrasound to
make an acoustic copy of the buried grating, while using conventional op-
tical diffraction to read-out the copy when it reaches the surface.

6.2 Experimental setup

A schematic of the pump-probe setup used for the experiments is shown in
Figure 7.2. A Ti:Sapphire multi-pass amplifier generates 30 fs pulses with
a repetition rate of 1 kHz and with a wavelength centered at 800 nm. The
output from the laser is split into two by a 95/5 beamsplitter. A 100 pm
BBO crystal frequency-doubles the stronger beam to generate 400 nm pump
pulses. The weaker part off the 800 nm beam is used as a probe. A half-
wave plate (HWP) rotates the polarization of the 400 nm pump pulse by
90° so that both the pump and the probe are p-polarized. Both the pump
and probe are weakly focused onto the sample such that the pump beam
diameter is about 500 pm and pump pulse energy ranges from 6 nJ to 8 nJ
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Figure 6.2: Schematic of the experimental setup. 30 fs pulses with a wavelength of 800
nm are split into pump and probe beams. The pump is frequency-doubled in a BBO
crystal, passes through a half-wave plate (HWP) and is focused onto the sample with a
lens. The 800 nm probe beam passes through a variable optical delay line and is focused
onto the sample on the same spot as the pump beam. An optical detector measures the
first-order diffracted probe beam.

depending on the sample. The probe beam diameter is 250 pm and the
probe pulse energy was kept constant at 2pJ. A silicon photo-detector
is placed at the position where the first-order diffracted probe beam from
the buried grating is expected. The signal recorded by the detector when
the chopper blocks the pump beam is subtracted from the diffracted probe
signal when the pump beam is transmitted by the chopper, and plotted as
a function of the pump-probe delay.

6.2.1 Sample fabrication

In principle, buried gratings can be made by chemically etching gratings
in Si, followed by the deposition of dielectric and/or metallic layers. The
resulting sample, however, then shows a strong surface topography which
follows the topography of the buried grating even though it is not a true
copy of it. When real semiconductor devices are manufactured, repeated
steps involving deposition of layers followed by polishing are carried out,
ultimately reducing or eliminating the residual surface topography. Making
samples with zero surface topography turned out to be impossible using our
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clean-room facilities. To test whether laser induced ultrasonics is capable
of detecting buried gratings, we therefore opted to make samples by first
depositing nominally flat dielectric/metallic layers on glass followed by the
fabrication of a grating on top of this. By now performing pump-probe
diffraction measurements from the glass side, the grating is invisible to
both pump and probe and can be viewed as a buried grating. All the sam-
ples were prepared on 175 pm thick, chemically cleaned glass substrates.
The Au and Ni layers were fabricated by physical vapor deposition, and
the thickness was determined by a quartz crystal thickness monitor. The
gratings on top of the metal/dielectric layers were fabricated by UV lithog-
raphy. All gratings discussed in this chapter have a pitch of 6 pm. The SiOq
and SigNy4 layers were deposited by sputtering, using a silicon target in the
presence of oxygen and nitrogen, respectively. To calibrate the thickness
of the SiO, and SisNy layers, we performed linear spectroscopy measure-
ments on single layers of SiOs, and SisN4 deposited on Si, under the same
conditions.

6.3 Results and discussion

6.3.1 Grating under flat metal layer

To get an estimate of the nature and strength of the diffracted signal from
the acoustic echo of the buried grating, we first perform femtosecond, time-
resolved experiments on relatively simple systems, consisting of (i) a 10 nm
amplitude 50 % duty cycle Au grating on a 522 nm flat Au layer deposited
on glass (Figure 6.3 (a)) and, (ii) a 10 nm amplitude, 50 % duty cycle
Ni grating on a 315 nm flat Ni layer deposited on glass (Figure 6.3 (b)).
Au is rarely used in the semiconductor manufacturing industry, and our
choice for Au as the grating/layer material is exclusively motivated by the
fact that Au is one of the most well-studied materials. However, it has
a relatively small electron-phonon coupling constant compared to that of
Ni, and we expect this to have a significant impact on the shape of the
resulting acoustic signals [21,84]. All pump-probe measurements discussed
in this paper were performed from the substrate side. As the gratings are
fabricated at the metal-air side and are thus optically hidden from the
pump and probe pulses (see Figure 6.3 (a) and (b)), the gratings can be
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Figure 6.3: (Caption on the following page)
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Figure 6.3: Schematics of the beam/sample geometry for: (a) the 10 nm amplitude Au
grating on a 522 nm Au layer on glass and (b) 10 nm amplitude Ni grating on a 315 nm
Ni on glass. Both gratings have a 50 % duty-cycle. The pump pulse has a wavelength
of 400 nm and the probe pulse has a wavelength of 800 nm. (c¢) Upper panel: The
experimentally measured (red) and numerically simulated (black) diffracted probe signal
vs. pump-probe delay for the Au on Au grating sample. Bottom panel: Calculated
probe diffraction signal vs. pump-probe delay taking only the displacement of the glass-
Au interface into account (blue line), or taking only the propagating strain pulse in the
glass substrate into account (green line). (d) Upper panel: The experimentally measured
(red) and numerically simulated (black) diffracted probe signal vs. pump-probe delay
for the Ni on Ni grating sample. Bottom panel: Calculated probe diffraction signal vs.
pump-probe delay taking only the displacement of the glass-Ni interface into account
(blue line), and taking only the propagating strain pulse in the glass substrate into
account (green line).

considered “buried”.

In Figure 6.3 (c), we plot the measured first-order diffracted signal (red
curve) as a function of the pump-probe delay for the sample consisting of
a 10 nm amplitude Au grating on a 522 nm flat Au layer on glass. The
graph shows that for the first 15042 ps after optical excitation, there is no
diffracted signal. After this, a diffraction signal emerges that slowly rises
to a maximum at a delay of around 28042 ps. A second maximum can be
seen around delay values of about 560 ps. Superimposed on these is a more
rapidly oscillating signal with a period of 4742 ps. Note that the signature
of this more rapid oscillation is already present on the rising edge of the
first main diffraction peak but also on the falling edge of the second main
diffraction peak.

We want to point out that the very observation of diffraction after 150 ps
implies the presence of a grating at the glass-Au interface. This grating
is caused by the returning acoustic wave whose wavefront has the topog-
raphy of the buried grating imprinted on it through a spatially periodic
delay in the acoustic arrival time, or phase. In principle, the nature of this
grating is a displacement of the atoms at the glass-Au interface. For other
materials, spatially periodic changes in the optical constants of the mate-
rials, caused by changes in material density induced by the sound wave,
can also contribute. As we will show later, for Au, our calculations indi-
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cate that displacement of the atoms at the glass-Au interface leading to a
grating with an amplitude of up to 110 pm at the glass-Au interface is the
dominant cause of diffraction. Regardless, our measurements show that we
can observe the presence of an optically hidden, 10 nm amplitude, grating
through diffraction from an acoustic “copy” of the grating.

To properly understand these measurements we first focus on the acoustic
wave generation mechanism in Au. The 400 nm pump pulse is absorbed
within the optical penetration depth of about 16 nm in Au, creating a hot
electron gas [21,46,85]. The electron-gas energy rapidly diffuses deeper
into the thick Au layer to a maximum depth of several hundred nanome-
ters. Such a large diffusion depth is possible because Au has a relatively
small electron-phonon coupling strength [64,84]. On a time scale of a few
picoseconds, the electron gas cools by heating the lattice. The highest lat-
tice temperatures are found near the glass-Au interface, where the light is
absorbed. The rapid heating of the lattice leads to a rapid expansion of
the lattice which launches a longitudinal acoustic pulse with a spatial ex-
tent corresponding to the electron energy diffusion depth. The slow, early
rise of the diffraction signal versus time is due to the arrival of part of
the acoustic wave that has been generated deep inside the Au layer and
thus is the earliest to reflect off the buried grating. The diffraction signal
continues to slowly increase up to 28042 ps at which time the part of the
acoustic wave that was generated near the glass-Au interface returns to
the interface again after reflecting off the buried grating. A second, broad
diffraction signal is seen around 550-580 ps which is the arrival of the same
acoustic wave after the second round trip.

The rapid, lower amplitude oscillation superimposed on the signal is sur-
prising, considering that its period doesn’t match the round trip propaga-
tion time in 522 nm Au. We attribute this oscillation to Brillouin scat-
tering from the part of the acoustic wave that has entered the glass and
continues to propagate [124-128]. The wavefront of this acoustic wave is
still spatially periodic, modifies the refractive index of the glass, and gives
rise to probe pulse diffraction (see Figure 6.4). Normally, the presence of
such a quasi-static grating in glass would give rise to a constant (in time)
diffracted signal. Here, however, the same probe pulse that diffracts off
this grating also reflects from the glass-Au interface and then diffracts off
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Figure 6.4: Schematic showing the interference of the two diffracted probe pulses leading

to Brillouin scattering in the glass.

the grating in the same direction again [126]. The extra optical phase
acquired by the propagation of the optical pulse before it diffracts a sec-
ond time leads to interference between the electric fields of the diffracted
beams. Whether the interference is constructive or destructive depends on
the distance that the optical pulse has propagated before diffracting again.
This in turn depends on the distance that the acoustic wave in the glass
has travelled from the glass-Au interface and is thus a periodic function of
time. It can be shown [124-128] that the period of this oscillation is given
by T'= A/(2nv cos(#)). Here A is the probe wavelength, n is the refractive
index of glass, v is the sound velocity in glass, and € is the angle of inci-
dence. In our experiments we have A= 800 nm, n=1.5, v= 5,700 m/s and
cos(f) = 1, giving an oscillation period of 46.7 ps which matches the period
observed in the measurements. The Brillouin scattering in glass dominates
the time-dependent diffraction signal we observe between 300 ps and 450
ps. The diffraction peak at 28342 ps is from the first round trip of the
acoustic wave, and the peak at 580+2 is from the second round trip of the
acoustic wave in 522 nm Au. As the acoustic wave travels back and forth
in the Au layer, every time it reaches the glass-Au interface, part of the
wave will be transmitted into the glass. The diffraction signal we observe
after 450 ps therefore is a coherent sum of diffracted signals from multiple
contributions, namely (i) light diffracting from the grating-shaped acoustic
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echo in Au when it is close to the glass-Au interface after the second round
trip, (ii) light diffracting due to Brillouin scattering in glass from the acous-
tic wave grating that entered the glass after the first round trip and, (iii)
light diffracting due to Brillouin scattering in glass from the acoustic wave
that entered the glass after the second round trip. Interference between the
light beams diffracted off these gratings makes it difficult to predict what
the temporal shape of the diffracted signal will look like. As we will show
below, we therefore resorted to 2D numerical calculations of the generation,
propagation, diffraction, and optical detection of the acoustic waves, which
take into account all the aforementioned contributions.

Finally, we note that shortly after optical excitation with a pump beam,
the abrupt surface expansion of the metal layer also generates an acoustic
wave which propagates into the glass. However, this acoustic wave does
not result in the diffraction of the probe pulse, as its wavefront has not
reflected off the grating and is, thus, “flat”.

Now that we understand the factors that contribute to the diffraction sig-
nal, we performed numerical simulations to show how these factors affect
the shape and time evolution of the diffraction signal. The simulations are
based on a numerical model we developed which solves a set of equations by
the 2D finite-difference time-domain method. Those equations describe the
generation, propagation and optical detection of the acoustic waves. The
model includes diffraction caused by the displacement of the surface at the
glass-Au interface, diffraction by possible changes in the complex refractive
index in the metal, and diffraction of light by the refractive index grating
formed by the acoustic waves in the glass. The model is briefly explained
in the earlier section and details of the model can be found elsewhere [18].
In Figure 6.3 (¢) (upper panel), we plot the numerically simulated diffrac-
tion signal as a function of the pump-probe delay for the 10 nm amplitude
grating on 522 nm Au on glass (black curve). The simulation is in good
agreement with the experimentally measured diffraction signal, as it pre-
dicts both the position and the relative intensities of the diffraction peaks.
The bottom panel in the same figure shows the contributions to the calcu-
lated diffraction signal due to the (i) displacement of the atoms near the
glass-metal interface caused by the acoustic wave propagating in the Au
layer (blue curve), (ii) changes in the optical constants of the glass due to

81



6. Detection of gratings buried underneath multi-layer dielectrics and
metallic layers

the strain-optic effect, or Brillouin scattering, in the glass substrate (green
curve). Note that the full calculations (black curve) cannot simply be ob-
tained by adding the curves calculated for the strain contribution (green
curve), to that for the curve calculated for surface atom displacement only
(blue curve). The reason for this is that the phases of the diffracted light
scattered by the two types of gratings have to be taken into account as well.
This can give rise to destructive interference and thus a net diffracted signal
that is smaller than the simple sum of the intensities of the diffracted beams
obtained for each grating separately. The model calculates the diffracted
optical field, thus those coherent additions are fully taken into account.

To study the effect that the electron-phonon coupling strength has on the
shape of the acoustic signal reflected off the buried grating, we also per-
formed measurement on a 10 nm amplitude Ni grating fabricated on a flat
315 nm thick Ni layer on glass (Figure 6.3 (b)). The electron-phonon cou-
pling constant in Ni is about 12 times larger than that of Au (see Table
6.1). In Figure 6.3 (d) we plot the measured first-order diffracted signal
as a function of the pump-probe delay for this sample (red curve). The
diffraction signal stays zero for the first 100 ps after optical excitation, af-
ter which it rises sharply within 5 ps and quickly drops to zero, in contrast
to the results shown for Au where the signal increases more slowly. In Ni,
the hot electron gas formed after optical excitation cools much more rapidly
and heats the lattice before the hot electron gas energy can diffuse much
deeper into the layer. This rapid heating within a limited depth of &~ 75 nm
results in the generation of a much higher frequency longitudinal acoustic
wave. This acoustic wave is much more localized in the propagation direc-
tion than in the case of Au and thus gives rise to more narrow peaks in the
diffraction signals. The diffraction peaks we observe at 102+2 ps, 205+2
ps, 310+£2 ps, and 415+2 ps are due to diffraction of the probe pulse after
the 15, the 2", the 34 and the 4" round trip of the acoustic echo that
originated at the glass-Ni interface, respectively.

One noticeable feature in these measurements is the very sharp decrease of
the diffraction signal at 102 ps, immediately after the first main diffraction
peak. The sharp dip can be understood from the shape of the wavefront
of the acoustic wave after it reflects off the buried grating. The part of
the wave that reflects off the valleys of the grating takes ~ 3.5 ps longer
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to return to the glass-Ni interface than the part that reflects off the peaks
of the grating. In fact, we can view the two parts as two separate time-
delayed gratings, shifted by half-a-grating-period, equivalent to a 7 phase
shift, in the direction parallel to the grating vector. When both gratings
are close to the interface, within the region that corresponds to the opti-
cal penetration depth of the probe pulse, the probe can diffract off both
gratings simultaneously. However, a 7 phase difference between the two
gratings implies a m phase difference between the electric fields diffracted
off the two gratings. Therefore, soon after the arrival of the first acoustic
grating, the second acoustic grating arrives, and the field diffracted off this
grating destructively interferes with that diffracted off the first. This leads
to a very sharp dip in the diffracted intensity immediately after the first
diffraction peak.

Between 110 ps and 190 ps, we observe diffraction peaks caused by Brillouin
scattering in the glass substrate. In contrast to the measurement on the Au
sample described above, Brillouin scattering oscillation is not observed on
the rising edge of the diffracted signal from the first acoustic echo in the Ni
layer. This is because the rise time of the acoustic wave amplitude is simply
too short. By the time the acoustic wave arrives near the glass-Ni interface
and is partially transmitted by it, the acoustic wave in the glass has not
propagated far enough to observe the oscillation. This is different for the
Au case where the acoustic wave is much longer. After about 115 ps, the
acoustic echo is no longer present at the glass-Ni interface, and the small
diffraction peaks at 130 ps and 176 ps are only due to Brillouin scattering
in the glass. The separation between these peaks is 46+1 ps which is the
Brillouin oscillation period in glass for the probe wavelength. Similarly,
after the second round trip of the acoustic wave in Ni at 205 ps, we observe
small diffraction peaks separated by 46 ps at 23042 ps and 276+2 ps which
are also due to the Brillouin scattering. The short duration of the acoustic
wave in Ni enables us to more easily separate the Brillouin scattering effect
in the glass from that of the acoustic wave in the metal. We observe that
the width (FWHM) of the diffraction peaks due to the acoustic wave in
Ni at 102 ps, 205 ps, 310 ps, and 415 ps, is 5+1 ps, 7+1 ps, 9+1 ps, and
13+1 ps respectively. This gradual increase in the FWHM of the diffraction
signal after each round trip is suggestive of dispersion of the acoustic wave.
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However, the presence of the oscillations caused by Brillouin scattering
makes it difficult to ascertain whether this is the only factor contributing
to the increase in the FWHM. No measurable diffraction by the acoustic
wave propagating in Ni is observed after 450 ps. The main reason for this
is that the acoustic wave undergoes damping as it propagates inside the
Ni layer and because of partial transmission of the acoustic wave into the
glass at the glass-Ni interface upon every round trip.

In Figure 6.3 (d) (upper panel), we plot the numerically calculated diffrac-
tion signal (black curve) along with the measured diffraction signal for the
Ni sample. In Figure 6.3 (d) (lower panel), we plot the diffraction signals
due to (i) the displacement of the atoms near the glass-Ni interface (blue
curve) and (ii) Brillouin scattering in the glass substrate (green curve).
Here too, the calculated diffraction signal that takes both surface displace-
ment and Brillouin scattering into account (black curve), is very similar to
the measured one. These calculations allow us to unambiguously attribute
the largest diffraction peaks at 102 ps, 205 ps, 310 ps and 415 ps to scat-
tering off the spatially periodic displacement of the atoms at the glass-Ni
interface after each round trip of the acoustic wave inside the Ni layer. The
lower amplitude diffraction peaks observed in between are clearly caused
by Brillouin scattering in the glass. Note that the calculations also show
hints of broadening of the diffracted peaks when only the interface displace-
ment is taken into account. This again is suggestive of peak broadening by
acoustic wave dispersion.

6.3.2 Complex multilayer samples

Now that we understand the experiments performed on buried gratings
deposited on single Au and Ni layers, we next performed measurements on
more realistic and, thus, more complex samples. In real-life semiconductor
device manufacturing, alignment gratings are often etched in narrow scribe
lanes between individual chips on a wafer. No devices are fabricated in
these lanes, but the gratings get covered by the deposited opaque materials
nonetheless. For example, manufacturing 3D NAND memory chips requires
detection of alignment grating through thick opaque metal/dielectric layer
and many alternating layers of silicon oxide and silicon nitride [17]. The
samples we fabricated consist of layers of materials that partially mimic the

84



0.3.

Results and discussion

(a

800 nm Probe %

(b)

800 nm Probe

1t order

1t order
diffraction diffraction
400 nm Pump JJ\N'K' 400 nm Pump JJ&F/
Glass
145 nm Au 147 nm Ni
\
§ . x{18 nm SiOz/} L/
‘ ————— 18 nmSi;N, 10x {18 nm Si0,/
—— 18 nmSi;N,
10 nm Au 6 um
10 nm Au 6 um
(c) (d)
1.0+ Measurement Measurement
—— Simulation 1.0 —— Simulation
=05
el —~
g 3 0.5
® AN
£ ©
5 1
goo 500
= £
2250 Displacement = Displacement
,Ug; Strain S 1.5¢ —— Strain
c 2.0 1)
£ S 10}
§ 1.5+ -§ .
b5 s
A 1.0+ =
e 505
0.5+
0.0k : : : . . : 0.0F; : . . . ; .
0 100 200 300 400 500 600 0 100 200 300 400 500 600

Delay (ps)

Delay (ps)

Figure 6.5: (Caption on the following page)

85

}



6. Detection of gratings buried underneath multi-layer dielectrics and
metallic layers

Figure 6.5: Schematics of the beam/sample geometry for: (a) the 10 nm amplitude Au
grating on 5 pairs of alternating layers of 18 nm SiO2 and 18 nm SizNy fabricated on a
145 nm thick Au layer on glass (“Au-multilayer”), (b) the 10 nm amplitude Au grating
on 10 pairs of alternating layers of 18 nm SiO» and 18 nm SizsNy4 , fabricated on top of a
147 nm thick Ni layer on glass (“Ni-multilayer”). (c) Upper panel: The experimentally
measured (red) and numerically simulated (black) diffracted probe signal vs. pump-
probe delay for the “Au-multilayer” sample. Bottom panel: Calculated probe diffraction
signal vs. pump-probe delay taking only the displacement of the glass-Au interface into
account (blue line), and taking only the propagating strain pulse in the glass substrate
into account (green line). (d) Upper panel: The experimentally measured (red) and
numerically simulated (black) diffracted probe signal vs. pump-probe delay for the “Ni-
multilayer” sample. Bottom panel: Calculated probe diffraction signal vs. pump-probe
delay taking only the displacement of the glass-Ni interface into account (blue line), and
taking only the propagating strain pulse in the glass substrate into account (green line).

materials/structure used in the fabrication of 3D NAND memory. However,
for comparison with the results shown for single layers, we used Au and Ni
as the grating material and as the layer in which the sound waves are
generated.

For the first sample, which will henceforth be referred to as the “Au-
multilayer” sample, we evaporated 145 nm of Au on glass, on top of which
we deposited five alternating pairs of 18 nm thick SiOo and 18 nm thick
SisN4. On top of this stack we fabricated a 10 nm amplitude Au grating, as
shown in Figure 6.5 (a). For the second sample, which will henceforth be
referred to as the “Ni-multilayer” sample, we first deposited a 147 nm thick
layer of Ni followed by the deposition of ten pairs of 18 nm thick SiOy/18
nm thick SigNy4 layers. On top of this, a 10 nm amplitude Au grating was
fabricated. In this case, the SiOy/SisNy stack consists of 20 layers in total
and is thus twice as thick as the stack in the first sample. This sample is
schematically shown in 2(b). The thickness of the SiOy and SigNy layers
was calibrated by linear spectroscopy measurements.

In Figure 6.5 (c) we show the measured diffraction signal as a function
of the pump-probe delay (red curve), for the “Au-multilayer” sample. The
diffraction signal remains zero for about 100 ps, after which the first diffrac-
tion peak is observed, followed by a quasi-periodic oscillating signal. We
emphasize that the time-dependent diffraction signal we observe in our
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measurements is proof that we detect the presence of a “buried” grating,
by measuring optical diffraction off an acoustic copy of the grating near
the glass-metal interface. This means that, in spite of the many interfaces
encountered by the propagating acoustic wave, a well-defined acoustic copy
of the buried grating can still be detected near the glass-Au interface. Re-
markably, the energy of the acoustic wave has not completely dissipated
as it propagates through these layers. Similar to the measurements on the
grating fabricated on a single layer of Au, the individual peaks are fairly
broad. Again, this is caused by the relative homogeneous heating of the Au
layer by rapid diffusion of the electron gas energy into the metal layer. As
in the previous measurements, the signal we measure is the coherent sum
of the optical fields diffracted off the grating-shaped acoustic wave at the
Au-glass interface and off the grating-shaped acoustic wave in the glass.

To better understand the measurement, we performed a numerical simula-
tion of the diffracted signal versus time delay, which is shown in Figure 6.5
(c), upper panel (black curve). We see a remarkable agreement between
the measured and the simulated curves for this complex multilayer sam-
ple, indicating that the model contains all the physics necessary to predict
the salient features of our measurements. In the bottom panel we plot the
calculated diffracted field taking only the displacement of the glass-Au in-
terface by the acoustic wave into account (blue curve) and the diffracted
field calculated taking only the changes in the optical constants of the glass
due to the strain-optic effect, or Brillouin scattering, into account (green
curve). For the “Au-multilayer” sample, the first peak for the displacement
contribution (blue curve) is at 146 ps, which corresponds to the acoustic
round trip time for the whole stack of dielectric layers.

In Figure 6.5 (d) we plot the measured diffraction signal as a function of
the pump-probe delay (red curve), for the “Ni-multilayer” sample. The
diffraction signal remains zero for about 155 ps, then begins to increase
until a first maximum is observed at 169+2 ps. This diffraction signal
is due to the acoustic wave returning to the glass-Ni interface after one
round trip through the whole stack of layers. This arrival time matches
the expected propagation time through all the layers (see Table 6.2). The
diffraction signal then drops to zero and quasi-periodic oscillations are ob-
served. Note that here too the diffraction peaks are “sharper” than for the
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“Au-multilayer” sample, in a manner similar to what is observed for the
single layer samples. Again, this can be explained by the larger electron-
phonon coupling constant of Ni, which leads to shorter acoustic waves. The
signal we observe after 169 ps has contributions from the interference of op-
tical fields diffracted off acoustic waves near the glass-Ni interface, and off
acoustic wave transmitted into the glass substrate. To better understand
the measurement, we performed a numerical simulation of the diffracted
signal, which is shown in Figure 6.5 (d), (black curve). The position of the
peaks in the simulated curve agrees well with the position of the peaks in
the measurement. The amplitudes are seen to match less well. The blue
curve in the bottom panel in the figure shows the calculated diffracted field
taking only the displacement of the glass-Ni interface into account, and the
green curve shows the diffracted field calculated taking only the Brillouin
scattering in glass into account. The first peak seen in the calculation of
the diffracted signal caused by only the displacement, at 169 ps, is due to
the return of the first acoustic wave reflected off the buried grating after
propagating through all the layers. This grating-shaped acoustic wave, now
at the glass-Ni interface, undergoes another reflection inside the 147 nm Ni
layer before it returns to the glass-Ni interface again where it gives rise to
the second peak at 215 ps. The periodic oscillations due to Brillouin scat-
tering in the glass substrate can be seen more clearly in the “Ni-multilayer”
sample as compared to the “Au-multilayer” sample, because of the shorter
length of the acoustic wave. Our measurement on the “Ni-multilayer” sam-
ple demonstrates that we can detect the acoustic wave even after it has
propagated back and forth through 20 dielectric, so through 40 layers in
total.

6.3.3 Effective acoustic properties of the bilayer dielectric
stack

To understand how the SiOg and SizN, bilayers affect the strength and
shape of the diffraction signal, we performed numerical simulations where
we replaced the dielectric bilayers with a single equivalent acoustic medium
[129]. We replaced the dielectric layers with a single medium that has the
same thickness as the SiO2/SigNy stack and has a density which is the
average density of SiO9 and SigN4. The acoustic velocity of the equivalent
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Figure 6.6: (a) Calculated diffraction signal vs. pump-probe delay for the “ Au-multilayer”
sample. The black curve is a calculation that takes all pairs of alternating layers of 18
nm SiOs and 18 nm SizNy4 into account. The red curve is a calculation in which the
all pairs of alternating layers have been replaced with a single layer having the same
total thickness but with average acoustic properties. (b) Similar to (a) but now for the
“Ni-multilayer” sample.

medium is calculated such that the time for the acoustic wave to propagate
through the single equivalent medium is the same as the time required
to propagate through all the dielectric layers. Hence the velocity of the
equivalent time-average medium (V) is given by

! ! (dl + @), (6.1)

Vie di+dz2\v1 | va

where v; and vy are the acoustic velocities in Si0g and SigNy, respectively
and d; and do are the thickness of SiO9 and SizNy, respectively. In Figure
6.6 (a) we show the calculated time-dependent diffraction signal for the
“Au-multilayer” sample (black curve), together with the diffraction signal
calculated when the 10 dielectric layers are replaced with the single equiv-
alent time-average medium of the same thickness (red curve). Similarly,
in Figure 6.6 (b) we show the calculated time-dependent diffraction signal
for the “Ni-multilayer” sample (black curve) and the calculated diffraction
signal when the 20 dielectric layers are replaced with the single equivalent
medium of the same thickness (red curve). For both samples, although
there are some differences between the calculated curves, the signal shapes
are remarkably similar, as are the amplitudes of the signals. Minor differ-
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ences are mostly seen at long time delays. The position of the first acoustic
diffraction peak is not expected to change when the bilayer is replaced with
an equivalent acoustic medium because the time it takes for one round trip
inside the whole layer remains the same. However, surprisingly, the partial
reflections and transmission at the bilayer interfaces don’t change the shape
of the time-dependent diffraction signal significantly. This is partially ex-
plained by the length of the acoustic wave, which is much greater than the
thickness of the individual dielectric layers. The acoustic wave only “sees”
an equivalent medium rather than the individual layers. However, the mod-
est acoustic impedance mismatch between the SiO2 and SisNy also plays a
role here (see Table 6.2), and both effects must be taken into account to
understand these results. We note that similar effects have been predicted
for the propagation of low-frequency sound waves in seismology [129]. This
suggests that laser-induced ultrasonics can be used to detect buried grat-
ings when the number of dielectric layers is further increased to values often
encountered in the semiconductor manufacturing industry.

6.3.4 Optical excitation of Au and Ni layers

To gain some insight into the longitudinal spatial extent of the acoustic
wave generated after optical excitation, we have used the TTM to calculate
the lattice temperature as a function of depth inside the metal layer, 15 ps
after optical excitation with the pump pulse. At this time the TTM shows
that the hot electron gas has significantly cooled and is in local thermal
equilibrium with the lattice. In Figure 6.7 (a), we show the resulting lattice
temperature as a function of depth for the 522 nm Au sample. The figure
shows the large penetration depth of energy into the metal, which can be
explained by the relatively weak electron-phonon coupling strength of Au.
It is the rapid heating of the lattice that launches the acoustic wave, which,
in this case, has a relatively long wavelength. Note that a significant lattice
temperature increase is observed even at a depth of 522 nm.

In Figure 6.7 (b), we show the calculated lattice temperature as a function
of depth inside the 315 nm thick Ni layer. In contrast to that of Au, the lat-
tice temperature is limited to a smaller depth of about 75 nm, resulting in
a higher local temperature and an acoustic wave with a shorter wavelength.
The short wavelength of the acoustic wave manifests itself in our measure-
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Figure 6.7: Lattice temperature inside the metal as a function of depth in the metal 15
ps after optical excitation with a 400 nm pump pulse for, (a) a 522 nm thick Au layer,
(b) a 315 nm thick Ni layer, (¢) a 145 nm Au layer, and (d) a 147 nm Ni layer.

ments as sharp rising and falling signals in the time-dependent diffraction
signal. In Figure 6.7 (c), we show the calculated lattice temperature as
a function of depth inside the 145 nm thick Au layer present in between
the glass and 5 pairs of SiO5/SisNy. In this case, the Au layer is thin
enough that after 15 ps, the lattice is heated almost homogeneously. There
is practically no spatial gradient in the lattice temperature. In Figure 6.7
(d), we plot the calculated lattice temperature as a function of depth for
the 147 nm thick Ni layer, on which the 10 pairs of SiO2 and SigNy4 layers
have been fabricated. In contrast to the calculations for 145 nm Au, here
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the lattice temperature distribution still shows a significant temperature

gradient. The acoustic wave launched by the heated lattice in this case is,

therefore, shorter than that in the Au layer.

6.3.5 Displacement amplitude at the glass-metal interface
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Figure 6.8: (a) Lattice displacement calculated at the glass-Au interface for the 522 nm

Au sample with the 10 nm buried grating at time delays of 288 ps and 302 ps after

optical excitation. (b) Lattice displacement calculated at the glass-Ni interface for the

315 nm Ni sample with 10 nm buried grating at time delays of 102 ps and 109 ps after

optical excitation. (c) Lattice displacement calculated at the glass-Au interface for the

“Au-multilayer” sample at time delays of 146 ps and 197 ps after optical excitation. (d)

Lattice displacement calculated at the glass-Ni interface for the “Ni-multilayer” sample

at time delays of 168 ps and 215 ps after optical excitation.

To get an estimate of the typical surface displacement amplitudes near the
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glass-metal interface, we plot in Figure 6.8 the lattice displacement as a
function of the position along the direction perpendicular to the grating
lines for two different times after optical excitation, for the four different
samples discussed in this paper. Here, four unit cells used in the simulations
are shown for clarity, where one unit cell has a width of 6 pm. In the con-
vention used here, the unperturbed glass-metal interface has zero amplitude
displacement, and a negative displacement implies a movement of the in-
terface in the direction of the glass substrate. In Figure 6.8 (a), we plot the
displacement of the glass-Au interface for the 522 nm Au sample with the
10 nm buried grating, for pump-probe delays of 288 ps (red curve) and 302
ps (blue curve). At 288 ps, the acoustic wave has completed one round trip
inside the 522 nm Au, and the maximum diffraction efficiency due to the
displacement of the Au lattice is calculated. The grating-shaped displace-
ment at the glass-Au interface has the same phase as the buried grating
and has a peak-to-valley amplitude of 30 pm. The lattice displacement
shows an offset of over 100 pm, which is partially caused by the acoustic
wave and partially by the expansion of the lattice due to heating. However,
only the grating-shaped displacement profile contributes to the diffraction
efficiency. At 302 ps, we observe that the phase of the grating-shaped lat-
tice displacement has changed by 7 and the peak-to-valley amplitude has
decreased to 7 pm. The 7 phase change can be explained by the presence of
two acoustic-wave gratings: one reflected off the valleys of the buried grat-
ing, the other off the peaks of the buried grating. The interference between
the acoustic wave gratings, which have slightly different arrival times, leads
to the occasional inversion of the interface displacement grating, which is
equivalent to a spatial m phase change.

A similar effect can be seen in the lattice displacement plot for the 315
nm Ni sample shown in Figure 6.8 (b). The grating-shaped displacement
at 102 ps (red curve) has the same phase as the buried grating and the
7 phase shift of the displacement grating occur at 109 ps (blue curve).
Another interesting observation from these calculations is the difference in
the shape of the lattice displacement grating for the Au and Ni samples
shown by the red curves in Figure 6.8 (a) and Figure 6.8 (b), respectively.
For the Ni sample, the grating-shaped displacement profile is ‘sharper’ than
for the Au sample. This difference is due to acoustic diffraction from the
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buried grating. Since the acoustic waves generated inside the Au layer have
a much larger wavelength, acoustic wave diffraction is more prominent than
inside the Ni layer. This leads to a more smeared out, smoother grating at
the interface.

In Figure 6.8 (c), we show the displacement at the glass-Au interface for
the “Au-multilayer” sample at pump-probe delays of 146 ps (red curve) and
197 ps (blue curve). The grating-shaped displacement at 146 ps has the
same phase as the buried grating and has a peak-to-valley amplitude of 108
pm. The displacement amplitude is larger than in the case of the 522 nm
Au sample because the lattice heating in the case of 145 nm Au is confined
to a smaller volume which in turn gives rise to a stronger acoustic wave.
This is also evident from the heating profile curves in Figure 6.7 (a) and
Figure 6.7 (¢). The grating-shaped displacement at 197 ps has a slightly
higher peak-to-valley amplitude of 109 pm and, hence, a higher diffraction
efficiency.

In Figure 6.8 (d) we show the displacement at the glass-Ni interface for the
“Ni-multilayer” at a pump-probe delay of 168 ps, when the acoustic wave
has completed one round trip (red curve). The grating-shaped displacement
profile has a peak-to-valley amplitude of 29 pm and has the same phase
as that of the buried grating. The grating-shaped acoustic wave, now at
the glass-Ni interface, undergoes another reflection inside the 147 nm Ni
layer. The acoustic wave returns to the glass-Ni interface and results in
optical diffraction 215 ps after optical excitation. Hence, the grating-shaped
displacement at 215 ps (blue curve in Figure 6.8 (d) ), has the same phase
as the one at 168 ps but a reduced peak-to-valley amplitude of 15 pm. This
displacement grating has a lower amplitude because the acoustic wave is
also transmitted into the stack of dielectric layers upon reflection at the
Ni-SiO9/SigNy interface, and also due to damping and dispersion of the
acoustic wave during the propagation through the 147 nm Ni layer.

6.3.6 Linear reflectance measurements on multi-layer sam-
ple

To verify that the thicknesses of SiOs and SigNy layers in complex samples
are as we expect, we performed white light reflectance measurements on
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Figure 6.9: (a) The measured and calculated reflectance as a function of wavelength for
the “Au-multilayer” sample when measured from the dielectric side. (b) The measured
and calculated reflectance as a function of the wavelength for the “Ni-multilayer” sample
when measured from the dielectric side.

these samples from the dielectric side. We used a commercial visible/IR
“white” light reflectance measurement device (Filmetric, F-20) to measure
the reflectance spectrum. The fiber-coupled white light is incident at nor-
mal incidence on a flat part of the sample (without the grating) and the
reflected spectrum is recorded by the same fiber and plotted as a function
of the wavelength. The measured spectrum is then fit with the calculated
refection spectrum where the thickness of the SiO layer and SigNy layer are
varied until a fit best was obtained. The reflected spectrum is calculated
using a model that solves the Fresnel’s equation at each interface for every
wavelength. The model uses the literature value of the dielectric constants
of the Au, Ni, SiOy and SisNy4 [130,131].

In Figure 6.9 (a) we plot the measured and the calculated reflectance as a
function of the wavelength for the “Au-multilayer” sample. For this sample,
the best fit was obtained when the thickness of SiOy layer was 18 nm, and
the thickness of SigN4 was 18 nm. Similar measurements were performed
on the “Ni-multilayer” sample and is shown in Figure 6.9 (b). Here, the
best fit was obtained when the thickness of SiOs layer was 18.5 nm, and the
thickness of SigN4 was 18.5 nm. The model used in the calculations always
assumes flat interfaces and no surface roughness. However, in reality, we
expect interfaces to be not perfectly flat and the surface to have a roughness
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with an root mean square value of 1 nm. This could explain the slight
deviation of the calculation from the measurements.

6.3.7 Visualization of strain propagating in “ Au-multilayer”

sample

The propagation of the strain wave inside the “Au-multilayer” sample cal-
culated using the numerical simulations is plotted in Figure 6.10 (a)-(h).
The y-axis is the position along the direction perpendicular to the grating
lines. The color scheme shows the strain, and the time is displayed on top
of the figure. Here, four unit cells used in the simulations are shown for
clarity, where one unit cell has a width of 6 pym. The thickness of the glass
substrate used in the measurements is 175 pm, but in the simulations we
use 6 pm. This was done because a 6 pm thick layer is sufficient for mod-
eling as the acoustic wave does not propagate more than 5pm during the
time duration of the measurements. However, for clarity only 0.85 pm of
the glass is shown in the figures.

All the physical effects discussed in this chapter can be seen in these figures.
At time delay zero, the strain inside the sample is zero (Figure 6.10 (a)).
The uniform heating of the 145 nm thick Au layer launches an acoustic
wave, which exerts strain at both ends of the 145 nm Au layer (Figure
6.10 (b)). The strain wave propagates through the Au layer and dielectric
layers, reflects off the buried grating and acquires a grating-shape (Figure
6.10 (c)). Note that the strength of the strain wave appears different in Au,
glass, SiO9, and SigN4 because strain depends on the mechanical properties
of the material. The grating-shaped strain reaches the glass-Au interface
and partially transmits into the glass substrate (Figure 6.10 (d)). We can
also see the grating-shaped strain near the glass-Au interface which leads
to the grating-shaped displacement of the interface at 146 ps and 197 ps
(Figure 6.10 (d) and (e)). Here we can see that the strain gratings at 146 ps
and 197 ps are inverted. Later in time, partial reflection and transmission
of the strain wave at the glass-Au interface and Au-dielectric stack interface
can be seen (Figure 6.10 (f) and (g)). At longer time delays the strength of
the strain wave reduces due to damping, dispersion and losses upon partial
reflection and transmission at the interfaces (Figure 6.10 (g) and (h)).
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Figure 6.10: (a)-(h) Numerical calculations showing the propagation of strain inside the
“Au-multilayer” sample.

6.3.8 Material properties

In Table 6.1 and 6.2 we list the material properties used in the numerical
simulations.
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Au Ni
Optical penetration depth at 400 nm (nm) 16 12
Optical penetration depth at 800 nm (nm) 13 13

Electron-phonon coupling constant (106Wm=3K~1!) 3.2 36

Table 6.1: Properties of the Au and Ni used in our TTM calculations [21,64,84,85,122].

Sound velocity Acoustic Impedance

(m/s) (105Ns/m?)
Au 3,200 63.8
Ni 5,800 51.5
Glass substrate 5,700 12.54
SiOq 5,100 13.5
SizNy 5,600 17.9

Table 6.2: Acoustic properties of different materials used in our calculations [30,40].

6.4 Conclusion

We have shown that laser-induced ultrasonics can be used to detect the
presence of gratings buried under optically opaque metal and dielectric
layers. We observe optical diffraction from the acoustic wave reflected from
a grating buried under thick Au and Ni layers. The diffraction is due to
the grating-shaped displacement of atoms at the glass-metal interface and
Brillouin scattering in the glass substrate. We attribute the difference in
the shape of the time-dependent diffraction signal for Au and Ni to the
difference in electron-phonon coupling strength of these two metals. Our
measurements on complex multilayer samples show that the grating-shaped
acoustic wave can be detected even after it has propagated through mul-
tiple SiO2 and SigNy layers. The numerical calculations are in agreement
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with the measurements and also show that the acoustic wave “sees” the
Si02/SigNy stack as an equivalent time-averaged acoustic medium. The
results of our experiments and simulations strongly suggest that this tech-
nique can be used for sub-surface metrology applications, especially in the
semiconductor device manufacturing industry.
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DETECTION OF LOW
AMPLITUDE BURIED GRATINGS
AND THE ROLE OF SURFACE
ROUGHNESS

We report on the use of laser-induced ultrasonics for the detection of grat-
ings with amplitudes as small as 0.5 nm, buried underneath an optically
opaque nickel layer. In our experiments, we use gratings fabricated on top
of the nickel layer on glass, and we optically pump and probe the sample
from the glass side. The diffraction of the probe pulse from the acoustic
echo from the buried grating is measured as a function of time. We use a
numerical model to show how the various physical phenomena such as in-
terface displacement, strain-optic effects, thermo-optic effects, and surface
roughness influence the shape and strength of the time-dependent diffrac-
tion signal. More importantly, we use a Rayleigh-Rice scattering theory
to quantify the amount of light scattering, which is then used as in input
parameter in our numerical model to predict the time-dependent diffracted
signal.

Parts of this chapter are contained in a manuscript currently under review.
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7.1 Introduction

In the previous chapter, we demonstrated that it is possible to detect grat-
ings buried underneath optically opaque metal and ten to twenty dielectric
layers using laser-induced, extremely-high frequency acoustic waves. In
those experiments, the presence of a buried grating is detected by optical
diffraction off an acoustic copy of the buried grating. However, little is
known about the limitations of this technique, in particular, the sensitivity
of the technique to detect very small amplitude buried gratings.

In this chapter, we show that photoacoustics in an ultrafast pump-probe
scheme can be used to detect the presence of very shallow gratings, down
to 0.5 nm in amplitude, buried under optically opaque nickel (Ni) layers
(Figure 7.1). In our experiments, a femtosecond pump-pulse launches an
acoustic wave in a 130 nm thick Ni layer. The acoustic wave propagates
through the Ni layer and reflects off a low amplitude buried Ni grating.
Upon reflection, the wavefront of the acoustic wave acquires a spatially pe-
riodic phase, which can be viewed as an acoustic copy of the buried grating.
The grating-shaped acoustic wave returns to the glass-metal interface, de-
forming the interface in a spatially periodic manner. The detector placed
at a location where one would expect the first-order diffraction records a
signal due to the diffraction of a delayed femtosecond probe-pulse from the
grating-shaped acoustic wave. The fact that we observe a diffracting sig-
nal in itself is proof that the shape of the buried grating is encoded as a
spatially periodic time delay on the acoustic wavefront. We use a complex
2D numerical model that includes the acoustic wave generation, propaga-
tion, and detection to predict the signal shapes in our measurements [18].
The numerically calculated diffraction signals are in excellent agreement
with our measurements on all of the samples. We show that the strength
and shape of the time-dependent diffraction signals are dependent on the
amplitude of the buried grating. We also describe and quantify the differ-
ent physical effects that cause the time-dependent diffraction signals and
explain how each one affects the shape of the diffracted signal. From the
measurements on the sample with smaller-amplitude buried gratings, we
find that interface roughness plays a very significant role. Light scattered
due to the interface roughness interferes with the light diffracted from the
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Figure 7.1: Schematic explaining the technique. A 400 nm wavelength femtosecond laser
pulse is absorbed by the material at the substrate-material interface (1), which launches
an acoustic wave that propagates through different layers (2). The acoustic wave reflects
off the buried grating and returns to the substrate-material interface as a grating-shaped
acoustic wave (3). The time-delayed femtosecond probe pulse diffracts off this interface
grating, and the first-order diffraction signal is recorded (4).

acoustic wave-induced gratings and leads to constructive/destructive inter-
ference which changes the shape and amplitude of the measured diffracted
signal.

7.2 Experimental setup

A schematic of the pump-probe setup used for the experiments is shown in
Figure 7.2. A Ti:Sapphire multi-pass amplifier generates 30 fs pulses with a
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Figure 7.2: Schematic of the experimental setup. The frequency-doubled 400 nm pump
pulse is focused onto the sample and the 800 nm probe pulse that diffracts off the “copy”
of the buried grating is recorded by the detectors while the delay line is used to change
the pump-probe delay

repetition rate of 1 kHz and with a wavelength centered at 800 nm. A 95/5
beam splitter splits the output in two. The stronger beam is frequency-
doubled to generate 400 nm pump pulses, and the weaker 800 nm beam is
used as a probe pulse. The pump pulse passes through a 500 Hz chopper,
which blocks every alternate pump pulse. Both pump and probe are weakly
focused onto the sample. The pump beam has a spot size of 500 pm, while
the probe beam has a spot size of 250 pm on the sample.

Our samples consist of Ni gratings fabricated on top of a 130 nm thick
flat Ni layer on a glass substrate. The samples are illuminated from the
substrate side. This means that the pump and the probe illuminate the flat
side of the Ni layer and thus, cannot “see” the grating as the penetration
depth of both pump and probe are much smaller than the thickness of the
grating. A delayed probe pulse diffracts from the acoustic wave-induced
grating and is recorded by a Si-photodiode placed at an angle where the
first-order diffracted pulse is expected. The delay between the pump and
the probe is varied using a mechanical delay line. The measured signal
is the diffracted probe signal recorded by the detector when the chopper
blocks the pump beam subtracted from the diffracted probe signal when
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the pump beam is transmitted by the chopper. This is done to select only
the pump-induced changes to the diffracted signal.

All of the samples were fabricated with a pitch of 6 pym on a 130 nm thick
flat Ni layer on a glass substrate. The Ni layer was deposited using elec-
tron beam evaporation, and the thickness was monitored using a calibrated
quartz crystal monitor. On top of the flat Ni layer, Ni gratings were fabri-
cated by UV lithography.

7.3 Results and discussion

7.3.1 Pump-probe experiments and simulation

We performed pump-probe experiments on four different samples with dif-
ferent Ni grating amplitudes of 12, 6, 2, and 0.5 nm. In Figure 7.3 (bottom
four panels), we plot the measured diffracted signal of these samples as a
function of pump-probe delay (red curves). In the top panel, we show the
measurement on a 130 nm thick layer of Ni with out buried grating. All
of the curves, except for the top one, are normalized to their maximum
value and are vertically displaced for clarity. For the bottom four plots,
we observe that the measured diffracted signal remains zero for approxi-
mately 35-40 ps, rising to a maximum at 46£1 ps. This peak is also the
maximum of the time-dependent diffraction signal. After 65 ps, we ob-
serve a diffraction signal that is quasi-periodic and persists for more than
700 ps, where the shape and strength vary depending on the amplitude of
the buried grating. In the measurements on the 2 and 0.5 nm amplitude
buried grating samples, we observe a signal that periodically goes below the
value observed at negative time delays. The signals from the measurements
on 12 and 6 nm amplitude buried grating samples show a quasi-periodic
oscillation that is superimposed on a gradually increasing signal.

The fact that we observe a diffracted signal implies that we are able to
detect the presence of buried gratings by diffracting the probe pulse from
an acoustic “copy” of the buried grating at the glass-Ni interface. Our
measurements show that we can detect extremely shallow buried gratings
with an amplitude as low as 0.5 nm underneath an optically opaque Ni
layer using laser-induced ultrasonics. In all of the measurements on buried
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Figure 7.3: The red curves are the experimentally measured diffracted probe signals
plotted as a function of pump-probe delay for five gratings fabricated on 130 nm thick
Ni layer. Different panels show the measured signal from gratings with an amplitude of
12 nm, 6 nm, 2 nm, 0.5 nm, and 0 nm. The pitch of all gratings is 6 pm. The blue curves
are the numerically calculated diffraction signals as a function of pump-probe delay for
each sample.

gratings, we would expect the first reflection from the buried grating to
arrive at the glass-Ni interface at 46+1 ps. For a 130 nm thick Ni layer, the
round trip time of the acoustic wave can be calculated as T' = 2[/v, where
[ is the layer thickness and v is the speed of sound in the metal. Assuming
a longitudinal velocity of 5.8 km/s [40], the round trip time is expected to
be 45 ps, which is close to the position of the first diffracted signal peak we
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observe in our measurements.

To better understand the measured time-dependent diffracted signals, we
performed numerical simulations using an advanced 2D model developed by
Hao Zhang et al. [18]. The model consists of a set of equations that describes
the generation, propagation, and optical detection of high-frequency acous-
tic waves. The numerically calculated diffraction signal is shown by the blue
curves in the same graph (Figure 7.3) for all five samples. The optical and
material parameters were mostly taken from the literature and unknown
parameters, such as the strain-optic coefficient and the thermo-optic coef-
ficient, are manually adjusted until the best fit between the measurements
and the calculations was obtained. Once the optical and material parame-
ters were fixed, calculations were performed for the samples with different
buried grating amplitude. We find that our simulations are in excellent

agreement with the measurements.

To identify the various physical mechanisms contributing to the measured
diffracted signals, we show in Figure 7.4 the various factors contributing to
the calculated diffraction signal for (i) the 2 nm amplitude buried grating
on 130 nm thick Ni (Figure 7.4 (a)) and, (ii) the 12 nm amplitude buried
grating on 130 nm thick Ni (Figure 7.4 (b)). Although we can show the
contributing factors for all of the buried grating samples, we have selected
the 2, and 12 nm amplitude buried grating samples to highlight the differ-
ence in the relative contribution of different factors for these two samples.
In Figure 7.4 (a) and (b), we plot the calculated diffraction signal from
this sample from only the (i) displacement of the glass-Ni interface by the
grating-shaped acoustic echo in Ni (green panels), (ii) changes in the opti-
cal constants of the glass due to the strain-optic effect (blue panels), (iii)
changes in the optical constants of Ni due to the strain-optic effect (magenta
panels), (iv) changes in the optical constants of the Ni due to the thermo-
optic effect (yellow panels), (v) scattering from random surface roughness
at the Ni-glass interface (orange panels). All of these plots are divided
by the maximum value calculated for the black curve in the green panel
of Figure 7.4 (a). For the ease of comparison, in the top panel, we show
the measured diffracted signals (red curves) and the calculated diffracted
signal, including all contributions (blue curves) for the same sample. The
top panel in Figure 7.4 (a) and (b) are same as the 3" and 1% panel from
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Figure 7.4: (a) The bottom 5 panels show the numerically calculated diffraction signal
if only one factor contributing to the diffraction signal is taken into account for the
sample with a 2 nm amplitude grating fabricated on 130 nm Ni. The top panel shows
the measured and numerical calculated diffraction signal for the same sample when all
factors are taken into account. (b) Same as (a) but for the sample with a 12 nm amplitude
grating fabricated on 130 nm Ni.

the bottom in Figure 7.3, respectively. We now discuss the different factors
that influence the strength and shape of the time dependent diffraction
signal.

7.3.2 Displacement of glass-Ni interface

The acoustic wave generated in Ni at the glass-Ni interface propagates
through the thick Ni layer, reflects off the buried grating, and returns to
the glass-Ni interface as a grating-shaped echo. The acoustic echo displaces
the atoms at the glass-Ni interface leading to an extremely shallow physical
grating with an amplitude of few picometers only, having the same pitch
as the buried grating. The peak-to-valley amplitudes of the displacement
grating at the time delay where we observe the maximum diffraction effi-
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ciency, are 8 and 34 pm for the sample with 2 and 12 nm buried grating
amplitudes, respectively. The acoustic wave undergoes multiple round trips
inside the Ni layer, and a grating is formed each time the acoustic wave
reaches the glass-Ni interface. The probe pulse diffracts from this grating
and results in peaks in the diffraction signal that are separated by 46 ps,
which is the acoustic round trip time inside the 130 nm Ni layer using the
sound velocity in Ni of 5.8 km/s [40]. This can be seen in the bottom panel
of Figure 7.4 (a) and (b), where we observe peaks in the diffracted sig-
nal from multiple acoustic echoes, all separated by about 46 ps. Also, the
diffracted signal gets weaker upon every round trip, as the acoustic wave in
Ni loses its energy due to the partial reflection at the glass-Ni interface by
an amount determined by the acoustic impedance mismatch between the
glass and Ni.

7.3.3 Strain-optic effect in glass substrate

When the grating-shaped acoustic echo is at the glass-Ni interface, part of
the acoustic wave is transmitted into the glass substrate, where it contin-
ues to propagate away from the interface. The acoustic grating modifies
the refractive index in glass due to the strain-optic effect and results in a
grating in the optical constants of the glass. Usually, such a quasi-static
grating in the glass would give rise to a constant (in time) diffracted signal.
However, the same probe pulse that is diffracted from the acoustic grating
also reflects from the glass-Ni interface before diffracting again from the
acoustic grating in the same direction. This leads to interference between
the electric fields of the diffracted pulses. Whether the interference is con-
structive or destructive depends on the phase accumulated by the optical
pulse before it diffracts a second time. As the acoustic grating travels away
from the glass-Ni interface, this optical phase difference changes periodi-
cally as a function of time. This causes alternate constructive or destructive
interference leading to an oscillation of the diffracted signal as shown by
the blue panel of Figure 7.4 (a) and (b). Due to multiple round trip of
the acoustic wave in Ni, more than one grating-shaped acoustic waves are
propagating in the glass substrate after about 100 ps. The probe light can
diffract from all these grating-shaped acoustic echoes in the glass. Grad-
ually, the diffraction signal gets weaker due to dispersion and damping of
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the acoustic wave in the glass.

7.3.4 Strain-optic effect in Ni

When the grating-shaped acoustic echo arrives at the glass-Ni interface,
it also modifies the complex refractive index of Ni near the glass-Ni inter-
face due to the strain-optic effect. This results in a grating in the optical
constants. The probe pulse diffracts from this grating, giving rise to a
diffracted signal peak each time the grating-shaped acoustic echo arrives at
the glass-Ni interface, as shown in the magenta panel of Figure 7.4 (a) and
(b). Since this grating is the result of an acoustic wave bouncing back and
forth inside the Ni layer, the peaks of the diffracted signal are separated
by 45 ps, which is the acoustic round trip time inside the 130 nm thick
Ni layer. The transient, periodic (in time) grating at the glass-Ni interface
due to strain-optic effect and due to the displacement of the atoms at the
glass-Ni interface (shown in the green panel in Figure 7.4 (a) and (b)), al-
ways occur simultaneously. However, as the strain-optic coefficient of Ni
is small, diffraction due to the strain-optic effect is weak in comparison to
the diffraction due to the interface displacement.

7.3.5 Thermal grating in Ni

The optical pump pulse is absorbed by the Ni layer within the optical
penetration depth (13 nm for 400 nm wavelength light), creating a hot
electron gas [122]. The hot electron gas cools by heating up the Ni lattice.
As Ni has a very high electron-phonon coupling strength, the hot electron
gas cools to lattice before the energy can diffuse much deeper into the Ni
layer [20-23]. As a result, the top layer of Ni heats up with an exponentially
decaying temperature gradient in a direction perpendicular to the surface
of the Ni layer. Later in time, the heat diffuses even deeper into the metal
layer and reaches the buried grating. Due to the difference in diffusion
volume above the valleys and the peaks of the buried grating, a spatially
periodic temperature pattern is formed, which is also present near the glass-
Ni interface. The change in the temperature modifies the complex refractive
index of Ni due to the thermo-optic effect and results in a grating in the
optical constants of Ni. The calculated diffraction signals resulting from
this thermal grating are shown in Figure 7.4 (a) and (b) (yellow panels).
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In both plots, the signal remains zero for approximately 125 ps, and later
gradually increases to a quasi-constant value. This is because lattice heat
slowly diffuses deeper into the Ni layer, and it takes a finite amount of time
before temperature contrast is achieved between areas above the valleys and
peaks of the grating. The diffracted signal reaches a constant value when
the temperature gradient along the vertical direction vanishes, and a quasi-
constant temperature is attained above the valleys and above the peaks of
the grating, each at different temperature value. The lateral diffusion of
heat does not wash away the thermal grating on the time scale of our
experiments (<1 ns) because the thickness of the layer (130 nm) is much
smaller than the pitch of the grating (6000 nm). The effects due to lateral
lattice heat diffusion are nonetheless taken into account in our numerical
model.

7.3.6 Surface roughness

The most surprising factor that affects the shape and strength of the
diffracted signal is the surface roughness of the glass-Ni interface. The
random surface roughness of the glass-Ni interface results in the scattering
of probe light in all directions. The Si-photodiode placed at the location
where we expect the first-order diffracted light from the acoustic gratings,
also detects the light scattering in that particular direction. The intensity
of the scattered light is more or less constant. The random surface scat-
tering needs to be taken into consideration when the intensity of the probe
pulse diffracted from the acoustic gratings is comparable to or weaker than
the intensity of the randomly scattered light. The intensity of the back-
ground scattered light is experimentally measured when the chopper blocks
alternating pump pulses and is numerically subtracted from the measured
diffracted signal. However, the electric field of the scattered light interferes
with the electric field of the diffracted light, and the measured diffracted
intensity is the coherent sum of these electric fields. Hence a numerical
subtraction of measured signals does not correctly remove the contribution
of the scattered light. In our numerical simulations, we add an electric
field with a constant amplitude which coherently adds up to the diffracted
electric field. In Figure 7.4 (a) and (b) (orange panel) we show the calcu-
lated contribution to the diffraction signals for the 2 and 12 nm amplitude
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buried grating samples, assuming that only the constant electric field we
have added is present. The “scattered signals” are constant in time. Al-
though the strength of the constant diffracted field is the same for both
samples, their strength with respect to the diffraction signals due to other
effects varies. Therefore, in Figure 7.4 (a), the constant line has a value
comparable to that due to other effects and hence has a significant con-
tribution to the total diffracted signal. In Figure 7.4 (b), we see that the
“scattered signal” has a value very close to zero and therefore has an almost
negligible contribution to the diffraction signals caused by the other effects.
The amplitude of the added electric field is estimated with the help of an
analytical scattering model and the details are discussed below.

Surface scattering model: Rayleigh-Rice theory
(a) (b)

1.0 nm
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Figure 7.5: (a) AFM measurement showing the height profile of the glass surface. (b)
PSD vs. spatial frequency calculated from the AFM measurement. The vertical red line
marks the spatial frequency of the buried grating.

We use the Rayleigh-Rice scattering theory, to estimate the intensity of the
scattered light recorded by the detector [132-135]. The Rayleigh-Rice ap-
proach can be used in cases where the Root Mean Square (RMS) roughness
of the surface, o, is much less than the incident optical wavelength A, that
is 0/A < 0.01 [132,135]. To obtain the amount of light scattered towards
the detector using Rayleigh-Rice theory, we need to obtain the topography
of the surface from which the light scatters. Measuring the roughness pro-
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file of the glass-Ni interface directly is not possible with an AFM, hence
we measured the roughness profile of the glass substrate and assume that
the roughness profile of the glass-Ni interface will follow the glass surface
topography. This is a reasonable assumption given that Ni was evaporated
at a very slow rate and that Ni atoms have a good affinity for the glass
which ensures that the deposited Ni layer will follow the topography of the
glass substrate. We measure the topography of the glass substrate for an
area of about 17 pm? using an AFM. The measured topography is shown
in Figure 7.5 (a). The RMS roughness of the measured surface was cal-
culated to be 307+5 pm. Using the Rayleigh-Rice scattering theory we
can obtain the Angle Resolved Scattering (ARS) by calculating the Power
Spectral Density (PSD) function from the measured AFM data. The ARS
is defined as the ratio between the power of the scattered light, Ps(cs), and
the power of the incident light, P;, normalized to a finite solid angle, A2
and ay is the scattering angle with respect to the normal to the scattering
surface. Mathematically ARS can be expressed as [132,135,136],

ARS () = iéap) , (7.1)

The PSD is a measure of surface roughness which provides information
about the different spatial frequency components present in the surface
roughness. Mathematically a 2D PSD is the modulus squared of the surface
profile’s 2D Fourier transform and can be written as,

PSD(for fa) = lim —

b 2mi(faz+fyy) i
- —2mi(fzx y
L T2 /0 /0 #(z,y)e Wdrdy| . (7.2)

Here L is the length of the scanned area, z(x,y) is the surface topography
which has a zero mean, and f, and f, are the two spatial frequencies
components of the surface roughness where x and y are the two in-plane
spatial coordinates. In Rayleigh-Rice scattering theory, there is a simple
relation between the ARS and the PSD [135,136],

1672

ARS(as) = QT cos (a;) cos? () PSD(f). (7.3)
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Here «; is the incident angle with respect to the normal to the scattering
surface, () is the polarization-dependent optical reflectance of the scattering
surface, and f is the spatial frequency.

In Figure 7.5 (b) we plot the calculated PSD as a function of the spatial
frequency for the surface topography shown in Figure 7.5 (a). In our ex-
periments, «; = 10°, as; = 18° and @ = 0.68 [122] for A = 800 nm. The
value for A} is determined by the size of the aperture just in front of the
photodiode and it was measured to be approximately 5.5 x 107¢ sr. The
detector is placed at an angle such that it measures light scattered from a
spatial frequency of 0.67 pm ™!, which is the spatial frequency of the buried
grating. From Figure 7.5 (b), the PSD we obtain for the 0.67 pm ™! spatial
frequency is 1095 = 3.16 x 105 nm*. Substituting all these values in Eq.
7.3, we calculate the ARS to be 6.48 x 107*. Using Eq. 7.1 the light scat-
tering efficiency of rough interface along the direction of the photodetector
(P;/P;) is calculated to be 3.56 x 107°.

Based on the above calculation, we have added a constant electric field
along the direction of the first-order diffraction signal in the numerical
simulations. The intensity of the scattered light was varied around the
expected value of 3.56 x 10~ times the intensity of the incident probe light.
The best match with the measurements was observed when the intensity
was 1.56 x 107 times the intensity of the incident probe light. The small
deviation from the calculated value could be due to errors in the calculation
of the PSD. It is known that PSD calculations can have errors due to
limitations in accurately measuring large surface areas using an AFM. The
finite size of the AFM tip and instrumental artifacts will also add to the
error [137]. The phase of the added electric field is adjusted in order to
obtain a good fit with the measured data for each sample. We like to point
out that, despite having an RMS roughness below 0.5 nm, the contribution
of the light scattered from interface roughness cannot be ignored when the
diffraction signals are weak. To best of our knowledge, this is the first
demonstration of the role of surface roughness in femto/picosecond laser-
induced ultrasonics measurements.
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7.3.7 All contributions combined:

Although we can numerically calculate the intensity of the diffracted probe
pulse for each factor contributing to the diffracted signal, in actual measure-
ments, we can only record the total diffracted intensity. The electric field
of the diffracted light in a particular direction is the coherent sum of the
diffracted electric fields in that direction. Therefore, the phase differences
between all the diffracted electric fields are important. Of the five differ-
ent effects discussed above, all except the surface roughness are induced by
the pump pulse and therefore, will be dependent on the pump-probe delay.
These four different effects result in gratings from which the probe pulse
diffracts, and the diffracted light can be represented by a single electric
field. This electric field can be written as,

Eo(r,t) = E,e@t=kr+01), (7.4)

where E,, and 0, are the pump-probe-delay-dependent amplitude and phase
of the electric field, respectively. Note that the time dependence of the enve-
lope of the optical ultra-short pulse is left out from the equation. However,
the electric field of the light scattered due to the interface roughness from
different samples has a constant amplitude and a constant but random
phase. We can consider a rough interface to be the superposition of a large
number of sinusoidal phase gratings with different orientations, periods,
amplitudes, and phases. Since our detector is placed at a location where
we expect the diffracted light from a 6 pm period grating, only roughness
gratings with the same spatial frequency scatters light towards the detec-
tor. For all samples used in our experiments, we expect the roughness
profile at the glass-Ni interface to be similar. Therefore we also expect
the amplitude of the scattered electric field to be constant for all samples.
However, the phase of the scattered electric field is random and can vary
from one sample to another and also from one illumination spot to another
on the same sample. Therefore, we can approximate the electric field of
the light scattered due to the interface roughness along the direction of the
first-order diffracted light as,

Ey(r,t) = Eje@t=kr+62), (7.5)
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Here, Es; and 6o are the constant amplitude and the phase of the electric
field, respectively. The measured diffraction signal, which is the total in-
tensity of the light incident on the detector, I, is proportional to the square
of the total electric field. We can write,

I XX |Etot|2 (76)
where,
|Eioi|> = | Es + Eo|? = |Es|> + | Ea|? + 2|E,||Es| cos(6; — 65). (7.7)

In our measurements, we numerically subtract the probe signal measured
by the detector when the chopper blocks the pump pulse, thus removing
the terms not induced by the pump pulse. Hence, we observe only terms
that contain F, in Eq. 7.7. The diffraction signal we plot, 7, can thus be
expressed as,

0 o |Eal® + 2| E,||Es| cos(8; — 69). (7.8)

Now that we understand the different factors and how they contribute to
the diffraction signal, we will explain why the shape of the diffracted signal
is different for different samples. As the amplitude of the buried grating
increases, the diffraction of the probe light due to pump-induced effects
(displacement of the glass-Ni interface, strain-optic effect in Ni, thermo-
optic effect in Ni and strain-optic effect in glass) gets stronger. However,
the scattering of light due to the interface roughness is independent of
the buried grating amplitude. In the cases of samples with 6 and 12 nm
amplitude buried gratings, the diffraction from the gratings induced by the
pump pulse (acoustic gratings and thermal grating) is strong (see Figure 7.4
(b)). As a result, |E,| is much larger than |Es| in the relation shown in Eq.
7.8. Therefore, in these measurements, the intensity of the light diffracted
due to the gratings induced by the pump pulse, i.e., |F,|?, dominates the
measured total signal. In the measured diffraction signal for 6 and 12 nm
buried grating samples, the peak in diffraction signal at 46+1 ps is mostly
due to the displacement of the interface. The oscillation that follows until
about 200 ps is mainly due to the combined effect of the strain-optic effect
and the displacement of the interface. After 200 ps, the strain-optic effect in
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the glass and the thermo-optic effect dominates. The slow, gradual increase
in the offset of the diffracted signal is explained by the formation of the
thermal grating due to the thermo-optic effect.

For the samples with 0.5, and 2 nm amplitude buried gratings, |E,| is
comparable to |Es| because the intensity of probe light diffracted from
the gratings induced by the pump pulse is comparable to the intensity
of the scattered probe light (see Figure 7.4 (a)). Hence, we observe the
term |E,|? + 2|E,||Es| cos(f1 — 02) from the relation shown in Eq. 7.8. As
the grating-shaped acoustic wave propagates through the glass, the time-
dependent phase of the diffracted light periodically changes between 0 and
7. As a result, the value of cos(f; — 02) oscillates periodically above and
below zero and can result in a value of |E,|? + 2|E,||Es| cos(6; — 02) <O0.
This causes the “negative” diffraction signal observed in the measurements
of 2 nm, and 0.5 nm amplitude buried gratings. For these measurements,
the role of pump-induced effects (displacement, strain-optic effects, and
thermo-optic effect) is similar to that of 12 and 6 nm buried grating sam-
ples. The only difference is the relatively low contribution of pump-induced
effects compared to light scattered from the interface roughness, which
makes the measured diffraction signal go negative. As a result, the overall
shape of the diffracted signal looks different.

7.4 Conclusion

We have shown that it is possible to detect gratings with peak-to-valley
amplitudes as small as 0.5 nm, underneath a 130 nm thick Ni layer, us-
ing laser-induced ultrasound. The diffraction of the probe pulse is due to
displacement of the interface, the strain-optic effect, and the thermo-optic
effect. Our model accurately predicts the shape of the time-dependent
diffracted signal, and we explain how the shape of the measured signal is
affected by the different physical effects. The light scattered from the in-
terface due to roughness ( <307 pm RMS) plays a very important role in
understanding the measurements as the scattered optical electric field adds
coherently to the optical fields diffracted by the acoustic waves. Scattered
light should be taken into account when the strength of the diffracted probe
light is comparable to that of the scattered light.
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SUMMARY

Detection of hidden gratings using light
and sound

The ambition to stay in trajectory with Moore’s Law has pushed the semi-
conductor industry to introduce a radical new design of memory chips called
“3D-NAND” memory. During the fabrication of “3D-NAND” memory, it
is often necessary to optically detect the presence of micro/nano struc-
tures buried underneath many dielectric and metallic layers. An example
of suc a buried structure is a so-called alignment grating, which is a grating
etched in Si. When light is diffracted off such a grating, a small change
in position of the wafer changes the phase difference between the —15¢ and
+15 order diffracted light beams, which can be used to determine the po-
sition of the wafer with sub-nanometer accuracy. However, when optically
opaque dielectric and metallic layers are deposited on top of these gratings,
it becomes impossible to detect them using visible/IR light. Fortunately,
materials that are opaque to visible/IR light are often transparent to sound.

In this thesis, the use of laser-induced ultrasound waves is proposed to de-
tect hidden alignment gratings. We fabricated metal gratings on top of
flat layers of metal/dielectric layers on a glass substrate and performed
pump-probe experiments from the substrate side. Hence, both the 400 nm
pump pulse and the 800 nm probe pulse see a nominally flat surface, and
the grating is effectively optically hidden. The femtosecond pump pulse
generates an acoustic wave in the metal layer that propagates through
the metal/dielectric layers and reflects off the buried grating. The acoustic
wavefront returning to the metal-glass interface now has a shape resembling
that of the buried grating. This gives rise to a ‘grating-shaped’ deforma-
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tion of the metal-glass interface. A delayed probe pulse diffracts from this
imprinted grating, and the diffracted signal is observed. The observation
of a diffraction signal indicates that we can detect the presence of a buried
grating using the pump-probe technique.

The results of this thesis can be divided into three parts. The first part,
consisting of Chapters 4 and 5, focuses on the generation of acoustic waves.
The first step in the generation of extremely-high frequency acoustic waves
is the absorption of light by the free-electron gas. The subsequent ther-
malization, cooling of the electron gas together with the electron energy
diffusion, are essential ingredients to determine where the absorbed laser
energy is transformed into lattice heat. In Chapter 4, measurements and
calculations of electron dynamics in single metallic layers and in metallic
bilayer upon excitation with a femtosecond laser pulse are shown. It was
observed that the electron dynamics is strongly influenced by the thick-
ness of the metal and by the strength of the electron-phonon coupling.
These effects were then used to determine the presence and nature of a
metal grating buried below an optically opaque gold layer. In Chapter 5,
the measurements and calculations of transient-grating pump-probe exper-
iments on flat metal layers are discussed. It was shown that it is possible
to launch a grating-shaped acoustic wave in flat metal layers by means of
transient-grating pump pulses, and that a probe pulse can diffract from the
grating-shaped acoustic wave.

The second part of this thesis primarily focuses on the propagation of acous-
tic waves through metals and dielectrics, and the ability of laser-induced
ultrasound to detect gratings buried below multilayers. It was shown in
Chapter 6 that the high-frequency acoustic wave can propagate through a
stack of tens of 18 nm thick SiOg and SigNy layers, reflect off the buried
grating, and give rise to probe pulse diffraction from the grating-shaped
acoustic echo. The shape and strength of the time-dependent diffraction
signal can be accurately predicted using an elaborate numerical model.
The diffracted signal strength is not strongly influenced by the number of
dielectric layers through which the acoustic wave has to propagate, and
the acoustic wave “sees” the SiOs9 and SigN4 stack as an equivalent time-
averaged acoustic medium.
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The third and final part focuses on the detection of acoustic waves, and the
limits of the photoacoustic technique are explored. In Chapter 7, pump-
probe measurements on samples with buried gratings with amplitudes as
small as 1 nm are shown. It was observed that probe light scattering
from interface roughness constructively or destructively interferes with the
light diffracted from the grating-shaped acoustic echoes. This drastically
affects the shape and strength of the time-dependent diffracted signal. The
intensity of the scattered light was quantified using Rayleigh-Rice scattering
theory and later used to simulate the shape of the diffracted signals.

I have shown that pump-probe laser-induced ultrasound shows promise as
a new, non-contact, all-optical grating detection- and imaging-modality for
wafer alignment applications by using ultrasound to make an acoustic copy
of the buried grating, while using conventional optical diffraction to read-
out the copy when it reaches the surface.

137



Summary

138



SAMENVATTING

Verborgen uitlijntralies meten met licht en
geluid

The ambitie om Moore’s Law voort te zetten heeft in de halfgeleiderindu-
strie geleid tot het introduceren van een radicaal nieuw type flashgeheugen,
genaamd ‘3D-NAND’. Tijdens de fabricage van een “3D-NAND” geheugen-
chip is het vaak nodig om op optische wijze micro/nano structuren te de-
tecteren. Deze structuren zijn vaak bedekt met meerdere lagen van een
diélektricum of een metaallaag. Een voorbeeld van zo'n bedekte structuur
is een zogeheten uitlijntralie geétst in een Si wafer. Als een lichtbundel dit
tralie belicht zal een kleine verandering in de positie van de wafer een veran-
dering van het optische faseverschil tussen de -1¢ en +1€ orde diffractiebun-
dels tot gevolg hebben. Deze verandering van het faseverschil kan gebruikt
worden om de positie van de wafer te bepalen met sub-nanometer precisie.
Echter, wanneer ondoorzichtige lagen van een metaal of een diélektricum
op dit uitlijntralie worden gedeponeerd, wordt het onmogelijk om deze te
detecteren met zichtbaar/IR licht. Gelukkig zijn materialen die onzicht-
baar zijn voor zichtbaar/IR licht vaak transparant voor geluidsgolven. In
dit proefschrift wordt het gebruik van laser-geinduceerde ultrasone geluids-
golven voorgesteld als methode voor het detecteren van verborgen uitlijn-
tralies. Om dit te testen hebben we metalen tralies gefabriceerd bovenop
vlakke lagen van een metaal en diélektrica op een substraat van glas. Ver-
volgens hebben we ‘pomp-probe’ experimenten uitgevoerd vanaf de sub-
straatkant. In deze configuratie ‘zien’ zowel de 400 nm pomppuls als de
800 nm probepuls een vlak oppervlak en is het tralie optisch verborgen. De
femtoseconde pomppuls lanceert een geluidsgolf in de metaallaag die zich
voortplant door het metaal en de diélektrische lagen. Aangekomen bij het
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verborgen tralie zal de geluidsgolf reflecteren en terugkeren naar het glazen
substraat. Het golffront van de gereflecteerde geluidsgolf heeft na reflectie
een vorm vergelijkbaar met dat van het tralie. Wanneer deze geluidsgolf
het grensvlak tussen de metaallaag en het glazen substraat bereikt, zal het
deze daardoor verstoren met een zelfde ruimtelijke periode. Deze modifi-
catie van het grensvlak functioneert vervolgens zelf als een tralie voor een
vertraagde probepuls die dit tralie belicht. De diffractie van de probepuls
aan dit tralie kan vervolgens worden gedetecteerd en markeert de aanwe-
zigheid van het oorspronkelijke verborgen tralie. De resultaten beschreven
in dit proefschrift kunnen worden onderverdeeld in drie delen. Deel één
omvat Hoofdstuk 4 en 5, en focust op het genereren van geluidsgolven. De
eerste stap in de generatie van geluidsgolven met extreem hoge frequenties
is de absorptie van lichtpulsen door het vrije-elektronengas. Een beschrij-
ving van de daarop volgende thermalisatie, d.w.z. het afkoelen van het
elektronengas en de elektronenergiediffusie, is essentieel om te achterhalen
waar de geabsorbeerde laser energy overgaat in opwarming van het ato-
omrooster. In Hoofdstuk 4 word de elektrondynamica, die plaatsvindt na
excitatie door een femtoseconde laserpuls, voor zowel een enkele als een
dubbele metaallaag, beschreven door middel van metingen en berekenin-
gen. We constateren dat de elektrondynamica sterk afhangt van de dikte
van de metaallaag en van de koppeling tussen de elektronen en de fono-
nen. Aansluitend wordt deze kennis gebruikt om de aanwezigheid en het
karakter van een metalen tralie, bedekt onder een ondoorzichtbare laag
goud, te bepalen. In Hoofdstuk 5 worden metingen en berekeningen aan
transiente-tralies in pomp-probe experimenten, behandeld. In deze expe-
rimenten wordt een geluidsgolf met de vorm van een tralie gelanceerd in
vlakke metaallagen door gebruik te maken van twee, onder een hoek inter-
fererende, pomppulsen. Er word aangetoond dat een probepuls diffracteert
aan de tralies veroorzaakt door meerdere akoestische echo’s die terugkeren
naar het oppervlak. Het tweede deel van dit proefschrift gaat voorname-
lijk over de voortplanting van geluidsgolven door metalen en diélektrica,
en het detecteren van tralies bedekt onder meerdere lagen, gebruik ma-
kend van ultrasone geluidsgolven. In Hoofdstuk 6 word aangetoond dat
een hoogfrequente geluidsgolf zich kan voortplanten door enkele tientallen
lagen SiO9 en SigN4 van 18 nm dik, vervolgens reflecteert aan het bedekte
tralie, en als tralie-vormige echo diffractie van een probepuls kan veroorza-
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ken. De vorm en intensiteit van het tijdsafhankelijke diffractiesignaal kan
nauwkeurig worden voorspeld door een uitgebreid numeriek model. De in-
tensiteit van het diffractiesignaal is niet sterk afhankelijk van het aantal
diélectrische lagen waar de geluidsgolf zich door voortplant. Verder blijkt
dat de gestapelde SiOs en SigNy lagen kunnen worden beschreven als een
enkele laag met een effectieve dikte en met materiaal eigenschappen die
tussen die van SiO2 en SizNy inliggen. Het derde en laatste deel behandelt
de detectie van geluidsgolven en verkent de limieten van de fotoakoestische
techniek. In Hoofdstuk 7 worden pomp-probe metingen beschreven aan
bedekte tralies met amplitudes in de orde van een enkele nanometer. We
hebben gevonden dat probe licht dat verstrooit aan grensvlakoneffenheden,
constructief of destructief kan interfereren met de diffractie afkomstig van
de tralie-vormige geluidsgolf. Dit heeft een sterke verandering van de vorm
en intensiteit van het tijdsathankelijke diffractiesignaal tot gevolg. De in-
tensiteit van het verstrooide licht kan gekwantificeerd worden met behulp
van de Rayleigh-Rice theorie en naderhand worden gebruikt om de vorm
van het diffractiesignaal te simuleren. Ik heb laten zien dat pomp-probe,
laser-geinduceerd ultrageluid potentie heeft als een nieuwe, contactloze en
volledig optische tralie-detectie- en afbeeld-modaliteit voor waferuitlijnap-
plicaties. Met behulp van ultrageluid wordt een akoestische kopie van het
verborgen tralie gemaakt welke, wanneer deze het oppervlak bereikt, ver-
volgens wordt gedetecteerd met conventionele optische diffractie.
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