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Abstract
Manufacturing integrated circuits (ICs) using photolithography is the key technology enabling modern electronic
devices. As advanced ICs are fabricated in multiple lithography steps, accurate metrology is crucial. For wafer
alignment, optical methods are essential as they enable fast and non-invasive measurements. However, the use
of optically opaque materials complicates optical metrology on markers in deeper layers. Here we present an
optical metrology approach capable of nanometer-level alignment metrology through optically opaque layers. We
use ultrashort laser pulses to generate high-frequency ultrasound at picosecond timescales, with which buried
metrology markers can be probed. By detecting the ultrasound reflections with a second, time-delayed laser
pulse, position information is obtained in an all-optical way. We demonstrate our approach on an alignment
grating covered by a 1.3 µm thick layer of amorphous carbon, achieving 15 nm positioning reproducibility in 1 s
measurement time, with significant potential for further scaling. This measurement concept will help advance
semiconductor manufacturing, by enabling optical wafer metrology on future devices featuring layers of metals
and other opaque materials.
Keywords: Wafer alignment, Picosecond ultrasonics, Pump-probe spectroscopy, Semiconductor metrology,
Ultrafast photoacoustics

Introduction1

The semiconductor industry has become a crucial part2

of modern society, by enabling the fabrication of chips3

that control essentially all electronic devices around us.4

Semiconductor device manufacturing has seen a remarkable5

rate of progress over several decades, known as Moore’s6

law [1]. Technology has advanced to a point where7

present-day devices consist of advanced three-dimensional8

architectures, contain many different materials, and have9

sub-10-nm feature sizes [2]. The standard production10

method for semiconductor devices is photolithography,11

in which nanoscale patterns are printed on wafers in a12

layer-by-layer approach. As each layer requires further13

processing after the lithography step, the ability to repeat the14

lithography process many times with sub-nanometer layer-15

to-layer positioning accuracy (known as overlay) requires 16

accurate metrology [3, 4]. To enable alignment and overlay 17

metrology, the standard approach used in semiconductor 18

manufacturing is to print dedicated markers in the scribe 19

lanes adjacent to the device structures at the wafer level [5, 6, 20

7]. Such scribe-lane metrology markers have the advantage 21

that they do not take up space reserved for the actual chips, 22

but in some cases in-device markers are also used to ensure 23

sufficient precision [8]. These markers are then used for 24

position determination in each consecutive printing step. 25

Optical metrology methods are typically preferred because 26

of the need for fast and non-invasive measurements, and 27

the ability to detect the markers through multiple layers of 28

material that are added in each process cycle. Although the 29

required position accuracy for advanced devices is in the 30
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nanometer range and thus well below the diffraction limit31

of optical microscopes, diffraction-based metrology uses32

the phase of light to detect deep-sub-wavelength changes in33

the position of a grating-like marker [4]. The increasing34

number of layers and the use of different materials pose35

a challenge for optical metrology, as reduced transparency36

may limit the ability to reach wafer-level markers. Advanced37

optical methods using a broad wavelength range can provide38

improved performance on complex stacks [9]. But in39

extreme cases, layers may become fully opaque. This can40

for instance occur in 3D-NAND fabrication, where µm-41

thick hard mask layers consisting of amorphous carbon or42

tungsten are used [10]. In such cases, so-called clear-outs43

can be made around the locations of the metrology markers:44

areas where the opaque material is selectively removed to45

enable conventional metrology measurements. However,46

such clear-outs form an additional processing step that adds47

cost and complexity, while also forming a risk of damage or48

distortion to the printed features on the wafer. Therefore, it is49

highly preferable to have a metrology concept that retains the50

advantages of optical methods, but is capable of detecting51

conventional alignment markers through opaque layers.52

An approach that may enable optical metrology in the53

presence of opaque layers is laser-induced picosecond54

ultrasonics (also: ultrafast photoacoustics) [11, 12, 13], in55

which a sub-picosecond-duration laser pulse rapidly heats56

a thin part of the surface of an opaque layer. This heating57

results in the generation of acoustic phonons (i.e. a high-58

frequency ultrasound pulse) that subsequently propagate59

through the medium and into underlying layers [14, 13,60

15, 16]. This ultrasound pulse partially reflects off61

interfaces between layers, and the returning “echo” can62

be optically detected as it induces a transient change in63

optical constants [11, 17, 18, 14]. As the wavelength of64

the generated ultrasound is remarkably short, this concept65

may be used to detect microscopic structural features inside66

opaque media, as well as sub-surface material properties [19,67

20, 21, 22, 23]. It enables accurate measurements of thin-68

film layer thickness [17, 13] at an accuracy comparable to69

ellipsometry [24], but without the requirement of optical70

transparency. Picosecond ultrasonics has been used to71

detect gratings through opaque layers [25, 26], and for high-72

resolution microscopy and nanoscale structural metrology73

through metal films [27, 28, 29, 30].74

Here we show that picosecond ultrasonics enables align-75

ment metrology through opaque layers. We present76

measurements on grating markers typically used in semi-77

conductor metrology, through layers of amorphous carbon78

with a thickness up to 1.3 µm. The achieved measurement79

reproducibility reaches the nanometer range on a timescale80

of seconds, with further scaling potential. These results81

provide a route towards meeting the requirements of present-82

day semiconductor metrology. As an all-optical method,83

picosecond ultrasonics preserves the essential advantages84

of speed, versatility and contact-free detection. In the 85

following sections, we introduce the measurement concept, 86

a theoretical analysis of the position information retrieval 87

from the measured data, and measurement results showing 88

the obtained photoacoustic signals and alignment scans 89

for metrology markers covered by 600 nm and 1300 nm 90

thick amorphous carbon layers. We proceed to analyze 91

the measurements, and retrieve reproducibility values and 92

scaling. Finally, we discuss further possible improvements 93

on the way towards semiconductor metrology applications. 94

Alignment using picosecond ultrasonics 95

We consider the buried grating sample as sketched in Fig. 1. 96

It consists of a SiO2 grating in Si, covered by a layer of

x0 � = 8 �m

50 nmSi SiO2

R1

�t
(1)

(3)

(2)

R2

�C

Fig. 1. Schematic of a SiO2 grating in Si, buried
below amorphous carbon (αC), combined with a
photoacoustic measurement. The grating is offset
by 𝑥0, and its depth and period (Λ) are given for
our sample. An optical pump pulse (1) generates an
acoustic wave, which reflects from the bottom layer
and travels back to the surface as an acoustic echo
(2). After the pump pulse, at a time delay Δ𝑡 that
corresponds to the return of the echo, a probe pulse
(3) arrives, and its reflection is accurately measured.
The different bottom materials result in a local probe
reflectivity of 𝑅1 or 𝑅2 over Si or SiO2, respectively.

97

amorphous carbon, with period Λ, and an offset 𝑥0 with 98

respect to an origin. The period (8 µm) and depth (50 nm) 99

that we will use in the experiments are also indicated. 100

Such a period is comparable to that of alignment gratings 101

in the industry, which typically have periods of a few 102

micrometers, since they are used as diffraction gratings for 103

near-infrared wavelengths and have to have a linewidth above 104

the diffraction limit. The goal of wafer alignment is to find 105

𝑥0 with sub-nanometer accuracy before each lithographic 106

exposure, so that each subsequent structured layer in the 107

stack can be aligned with the previous layer. Because the top 108

layer is opaque, we optically excite and detect an ultrafast 109

acoustic pulse to probe the buried grating. The process 110

starts by the (partial) absorption of an ultrafast optical pump 111

pulse, which causes a rapid temperature increase near the 112
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surface. Thermal expansion then generates an acoustic113

wave, which travels through the layer and reflects from the114

bottom interface (Si or SiO2 here). When this echo returns115

to the surface after some time Δ𝑡, an optical probe pulse116

is reflected from the sample. The acoustic echo changes117

the probe reflectivity via a change in refractive index due118

to the strain-optic (photoelastic) effect [31, 11]. As the119

probe spot size is smaller than the grating lines, we only120

detect zeroth order reflectivity changes without diffraction.121

Since the amplitude and shape of the echo depend on the122

buried material, the transient reflectivity varies spatially,123

with 𝑅1 above Si and 𝑅2 above SiO2. Thus, at some optimal124

time delay Δ𝑡, the grating becomes visible in the form125

of a probe reflectivity oscillation when spatially scanning126

the pump-probe measurement over the sample. The 𝑥0127

parameter with respect to the start of the spatial scan can128

then be retrieved from a fit on the oscillatory signal, enabling129

accurate alignment of the grating.130

Theoretical analysis of alignment131

We now analyze the details of retrieving 𝑥0, and more impor-132

tantly, how noise limits the reproducibility of determining133

𝑥0. Under the assumption that the focused probe laser spot134

is much smaller than the linewidth, the grating signal can135

be approximated by a square wave. The spatially resolved136

reflectivity at the optimal Δ𝑡 is then given by137

𝑅(𝑥) = 𝑅1 + Δ𝑅21 ·
∞∑︁
𝑛=0

𝐴𝑛 cos (2𝑛𝜋(𝑥 − 𝑥0)/Λ) , (1)

where we have used the Fourier series of a square wave.138

Here, Δ𝑅21 = 𝑅2 − 𝑅1, 𝐴0 = 1/2, and 𝐴𝑛 = sinc(𝑛𝜋/2).139

To determine the position of the grating, we only need to fit140

the fundamental (𝑛 = 1) cosine component, from which 𝑥0141

can readily be determined.142

Any measurement will have some amount of noise,143

leading to inaccurate alignment. We now analyze a realistic144

experimental signal, which is based on the photocurrent of145

the detector that measures the reflected probe light. The146

(time-averaged) photocurrent is simply given by 𝐼 (𝑥) =147

𝐼0 · 𝑅(𝑥)/𝑅0, where 𝐼0 is the photocurrent for the average148

unperturbed sample reflectivity 𝑅0. Note that photoacoustic149

reflectivity changes are typically weak, soΔ𝑅21 << 𝑅0. The150

𝑛 = 1 component of 𝐼 (𝑥) can be written as151

𝐼 ′ (𝑥) = 𝑎 cos (2𝜋𝑥/Λ) + 𝑏 sin (2𝜋𝑥/Λ) , (2)

with 𝑎 = 𝐶 cos(2𝜋𝑥0/Λ) and 𝑏 = 𝐶 sin(2𝜋𝑥0/Λ), using152

𝐶 = 2𝐼0Δ𝑅21/(𝜋𝑅0). This form follows from trigonometric153

expansion of Eq. 1. The values 𝑎 and 𝑏 are the amplitudes of154

the Fourier components of 𝐼 (𝑥) with period Λ, from which155

we can calculate156

𝑥0 =
Λ

2𝜋
tan−1

(
𝑏

𝑎

)
. (3)

In order to fundamentally understand how our method 157

scales in terms of alignment accuracy, we assume that the 158

only noise source is photocurrent shot noise. Since the 159

average photocurrent is approximately 𝐼0 in our weak-signal 160

assumption, the variance on the Fourier series amplitudes 161

of 𝐼 (𝑥) is given by [32] 162

𝑉𝐼
def
= Var(𝑎) = Var(𝑏) = 2𝑒𝐼0Δ 𝑓 = 2𝑒𝐼0/𝑇. (4)

Here, 𝑒 is the electron charge and Δ 𝑓 the frequency spacing 163

of the time-domain Fourier series, equal to 1/𝑇 for a total 164

measurement time 𝑇 . For a spatial scan speed 𝑣 and scan 165

length 𝐿, the required time will be 𝑇 = 𝐿/𝑣. Note that Eq. 4 166

only holds if the Fourier components are not attenuated by 167

any filtering. Furthermore, in a real experiment the sampling 168

Nyquist frequency needs to be sufficiently larger than the 169

measurement bandwidth to avoid aliasing noise into lower- 170

frequency bins. To first-order approximation and using the 171

chain rule, from Eq. 3 and Eq. 4 we can derive 172

Var(𝑥0) ≈
����𝜕𝑥0𝜕𝑎

����2
𝑎,𝑏

Var(𝑎) +
����𝜕𝑥0𝜕𝑏

����2
𝑎,𝑏

Var(𝑏)

=

(
Λ

2𝜋

)2
𝑉𝐼

𝑎2 + 𝑏2

=

(
Λ

2

)2 𝑒𝑅2
0Δ 𝑓

2𝐼0Δ𝑅
2
21

.

(5)

The alignment reproducibility or repro is then given by the 173

standard deviation 174

𝜎(𝑥0) =
Λ

2

𝑅0

Δ𝑅21

√︂
𝑒

2𝐼0𝑇
. (6)

This scaling law enables prediction of which parameters 175

to change and measure to improve and predict alignment 176

accuracy. Note that when balanced detection is used (see 177

Materials and methods), the reproducibility worsens by a 178

factor
√
2 because the current noise doubles. 179

Up to now, we have assumed that the measured signal is 180

a square wave. However, if the probe spot size is not much 181

smaller than the width of a grating line, the measurement 182

will have a more rounded shape. Still, the signal can be 183

represented as a Fourier series, and the 𝑛 = 1 component 184

can be used to find the grating position. For a square wave, 185

this component has an amplitude 𝐴 = 2Δ𝑅21/𝜋 (see Eq. 1). 186

For any other shape the noise analysis is still the same, with 187

the reproducibility given by 188

𝜎(𝑥0) =
Λ

𝜋

𝑅0

𝐴

√︂
𝑒

2𝐼0𝑇
, (7)

where A is the amplitude of the 𝑛 = 1 Fourier component 189

of the transient reflectivity signal. 190
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Results191

We perform measurements on two samples with a layout192

as in Fig. 1, one with 600 nm and another with 1300 nm193

thick amorphous carbon. These were fabricated by194

a semiconductor research and development organization195

(IMEC, Belgium). The samples were additionally annealed196

at 600 °C for 10 min. This increases film uniformity and etch197

selectivity of the amorphous carbon when used as a hard198

mask, at the cost of more opacity [10]. The sample with the199

600 nm layer has a nominal reflectivity 𝑅0 of 13.3 %, with200

14.2 % for the 1300 nm layer. Details of our method and201

setup for measuring transient reflectivity are provided in the202

Materials and methods section.203

Opaque 600 nm amorphous carbon204

The transient reflectivity change after optical excitation of205

the 600 nm amorphous carbon layer is shown in Fig. 2a, for206

both Si and SiO2 bottom layers. The fast, near-instantaneous

−8

−4

0

4
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On Si
On SiO2

0 100 200 300 400 500
Time (ps)

−4

−2

0
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b
SiO2 - Si
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Contrast

ΔR
/R

0 (
10

−4
)

Fig. 2. a Transient reflectivity signal after pump
excitation of the 600 nm amorphous carbon layer,
on an area with either Si or SiO2 below. The first
acoustic echo returns after approximately 240 ps,
and has a larger amplitude on top of Si. The offset
difference likely results from optical effects due to
partial transparency of the amorphous carbon. b The
difference between the SiO2 and Si signal, shifted
such that the mean is around zero. Where this
difference is negative, we plot the absolute value
to indicate the contrast. Maximum contrast occurs
at 245 ps.

207

electronic response is large, but is not fully shown because208

we are interested in the ultrasonic signal. In general, the209

signals follow a slight rising trend due to thermal effects. 210

Initially, the layer is hottest, and then slowly cools due to 211

both transverse and longitudinal heat transport. In the first 212

tens of picoseconds, the acoustic pulse can be seen leaving 213

the surface of the opaque layer. Then, at around 240 ps, 214

the acoustic pulse returns after reflecting from the bottom 215

interface. The oscillatory shape is caused by Brillouin- 216

like oscillations [33], indicating that the optical penetration 217

depth is at least on the order of the probe wavelength in the 218

layer. The amplitude of the echo in the reflectivity signal 219

depends on the buried material. On top of bare Si, the 220

amplitude is larger than over the region with grown SiO2. 221

In addition to the difference in echo amplitude, the traces 222

also have different offsets, even at times when the echo is 223

not visible. We attribute this effect to the layer not being 224

fully opaque, making the reflection from the back interface 225

depend on the buried material. The different offsets can 226

then be caused by two mechanisms. Firstly, the amount 227

of absorbed pump pulse energy can be different for the 228

Si or SiO2 bottom layer. However, the echo amplitude 229

on Si is larger, whereas its thermal background is smaller 230

(closer to 0), which cannot be explained by absorption effects 231

alone. More significantly, the layer forms a kind of (single- 232

reflection) Fabry-Pérot etalon, where the back interface has 233

a material-dependent reflectivity. The thermally induced 234

refractive index change modifies the optical path length of 235

the layer, phase shifting the back-reflected probe light with 236

respect to the front-reflected probe light. The intensity of 237

the reflected light then changes due to interference, with the 238

strength depending on the reflection coefficient of the back 239

interface [34]. 240

The difference between the two signals, with the offset 241

removed, is plotted in Fig. 2b. We also attribute the 242

initial oscillating difference to the optical effect mentioned 243

above, as the acoustic pulse should be identical at this 244

point. However, since the acoustic reflection depends on the 245

interface, the maximum contrast at around 245 ps is mostly 246

caused by acoustics. So, the buried layer can already be 247

identified by the transient reflectivity amplitude at 245 ps, 248

with Si giving an approximately 3 × 10−4 higher relative 249

reflectivity change. 250

Opaque 1300 nm amorphous carbon 251

For a thicker amorphous carbon layer at equal penetration 252

depth, the optical interference effect should diminish. This 253

is already the case for a 1300 nm thick layer, as shown in 254

Fig. 3a. The initial acoustic pulse looks similar to the one 255

in Fig. 2a, but there is no offset anymore at later times. At 256

around 460 ps, the echo returns. However, assuming that 257

the speed of sound is the same in both layers, the echo 258

should instead be expected at around 520 ps. Therefore, 259

we conclude that either the layer thicknesses deviate slightly 260

from their design, or the speed of sound is different, possibly 261

due to different annealing outcomes. 262
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Fig. 3. Similar to Fig. 2, but now for the thicker
1300 nm amorphous carbon layer. a Here, the round
trip time is around 460 ps. For this layer, there is no
offset between the signals, because the layer is now
fully opaque. b The difference between the SiO2
and Si signal, with maximum contrast at 465 ps.

We can again easily distinguish the Si bottom layer from263

SiO2. Even though the acoustic pulse almost traveled twice264

as far compared to the 600 nm layer, the difference in relative265

reflectivity change is still around 1.8 × 10−4.266

Spatial scans of a buried grating267

As explained in the introduction, if the underlying Si-SiO2268

layer is structured, spatially scanning the pump and probe269

together across the sample at an optimal pump-probe delay270

should reveal the structure by a spatially varying transient271

reflectivity signal. One of the buried Si-SiO2 structures272

is a large grating with 8 µm pitch, with alternating 4 µm273

Si and SiO2 buried lines. See Fig. 1 for a schematic274

overview of the sample. Fig. 4 shows spatial scans over275

this grating at different fixed delay times for the 1300 nm276

sample. The grating lines are well-resolved because of the277

small probe spot size (1.0 µm). In the pump-probe delay278

direction (vertical), the curves look like the difference curve279

from Fig. 3b, divided by two. Similarly, the peak-to-peak280

amplitude in the position direction (horizontal) is equal to281

the difference curve. Therefore, the maximum visibility282

also occurs at 465 ps here. Because the transient reflectivity283

change at this delay is lower for SiO2 than for Si and the284

spatial oscillation is initially negative, the scan started on a285

SiO2 line. To calibrate the optimal pump-probe time delay,286

it is sufficient to perform a measurement as in Fig. 3 once.287
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Fig. 4. Spatial scans over a 8 µm grating underneath
the 1300 nm amorphous carbon layer, at varying
pump-probe delay times with steps of 5 ps. Each
row is offset by its mean. At zero crossing times of
the trace in Fig. 3b, the grating is nearly invisible.

The exact delay time here needs to be accurate to within 5 ps, 288

as the grating can quickly become invisible if the delay time 289

is wrong. For example, compare the spatial scan at 465 ps, 290

which has good contrast, to the scan at 475 ps, in which the 291

grating is invisible. 292

Alignment 293

Spatial scans at the optimal pump-probe delay of 465 ps 294

enable nanometer-level alignment of the buried grating. 295

Typically, the global, approximate grating position with 296

respect to the movement stage is found using the finite size 297

of the grating. Next, accurate alignment is achieved by 298

scanning over the grating and determining the offset position 299

of it using a cosine fit. Our grating has a size of 2 mm, so 300

with a small scan length the global position cannot be found. 301

However, we can determine the local offset position over a 302

length of 100 µm from a single scan. For example, the scan 303

in Fig. 5 has an offset position of 1.24 µm for the first SiO2 304

line. Note that the actual signal is not exactly a cosine wave, 305

but a rounded square wave. This is also visible in the colored 306

scans in Fig. 4. However, the cosine wave fit accuracy does 307

not suffer from this, as it essentially only looks at the position 308

of the first harmonic of the square wave and ignores higher 309

orders (see Introduction). 310

The accuracy or reproducibility of the determined po- 311

sition is critically important for semiconductor wafer 312

alignment. Our scanning stage is however not stable enough 313

to repeat many scans in order to determine the standard 314

deviation of the cosine fit offset. Regardless, we can still 315

assess the achievable repro from the measured signals. To 316

this end, we fit a cosine to the left 50 µm half of the 317

data and another to the right half of the data. Then, the 318

reproducibility over many scans can be determined from 319
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Fig. 5. Transient reflectivity signal during a spatial
scan over the grating at a fixed pump-probe delay
of 465 ps for the 1300 nm amorphous carbon layer,
offset by its mean. The total integration time for the
measurement is 0.8 s. From the cosine fit and given
that Δ𝑅21 < 0 at this delay, we find that the offset of
the first SiO2 line is 1.24 µm.

the standard deviation of the difference in the cosine offsets320

for both halves. Note that each fit has
√
2 worse standard321

deviation because it only uses half of the data, and that taking322

the difference between the two fit offsets results in another323

factor
√
2 overestimation. The resulting reproducibility is324

therefore reduced by a factor of 2 to correct for this. We have325

verified the correctness of this analysis method by retrieving326

a known reproducibility from a Monte Carlo simulation of327

generated data.328

At a total integration time of 0.4 s, the reproducibility of329

alignment already reaches 20 nm. This standard deviation is330

based on 512 scans over the grating. By averaging groups of331

these 512 scans together, we can emulate longer integration332

times. The reproducibility for different total integration333

times is plotted in Fig. 6. As predicted by Eq. 6, the334

reproducibility scales inversely proportional to the square335

root of integration time, with 14.7 nm at 1 s.336

Discussion337

The measurements on the 1300 nm layer of the Λ =338

8 µm grating have a maximum Δ𝑅21/𝑅0 of approximately339

1.8 × 10−4 (see Fig. 3). Furthermore, the average photocur-340

rent here is around 6.8 µA. Using Eq. 6, with the additional341

factor
√
2 because of balanced detection (see Materials and342

methods), we get an expected reproducibility of 3.4 nm at343

1 s. Similarly, considering that the signal is not an exact344

square wave, we get a value of 3.8 nm using Eq. 7 and a345

fit amplitude of approximately 1.0 × 10−4 (see Fig. 5). Our346

experimental alignment accuracy is around four times worse347

than these predictions. We have verified that the amplitude348

noise floor of our measurement is nearly shot-noise limited,349

0.3 0.5 1.0 2.0 5.0 10.0 20.0
Total integration time (s)

3

5
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14
20

Al
ig

nm
en

t r
ep
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 (n

m
) Measurement

α/√T  fit

Fig. 6. Alignment reproducibility of the buried
grating for the 1300 nm amorphous carbon layer,
as a function of total integration time. The error
bars indicate the 90 % confidence interval based on
the chi-squared distribution of variance [35]. As
expected, the scaling follows an 𝛼/

√
𝑇 trend, with 𝛼

approximately 14.7 nm
√

s.

with only 23 % additional RMS (root-mean-square) noise. 350

Furthermore, we have verified Eq. 6 and Eq. 7 with Monte 351

Carlo simulations as well. We therefore suspect that the 352

stick-slip piezo movement stage we use to scan the sample 353

has residual jitter that limits the achievable fit accuracy. 354

Even though we try to reduce the effect of the stage by 355

comparing the left and right halves of the data, jitter on 356

smaller spatial scales will remain. However, this positional 357

noise should still reduce by 1/
√
𝑇 with averaging, which 358

is what Fig. 6 shows. Another possibility for the worse- 359

than-theory result is that there is high-frequency beam 360

movement of the probe and/or pump beam. Beam drift 361

is especially problematic for the probe beam, as it directly 362

couples into phase noise of the grating. The pump spot is 363

almost four times bigger, so pump drift is less problematic. 364

Furthermore, pump beam fluctuations only couple into 365

amplitude noise as the pump-probe overlap changes, but as 366

stated we do not observe significantly more amplitude noise 367

than shot noise. In a different measurement with almost four 368

times more fluence, we do observe significantly more noise 369

than shot noise. We attribute this to laser-induced damage to 370

the amorphous carbon layer, which reduces reflectivity [36]. 371

The increased spatial reflectivity gradient will lead to more 372

noise if the probe beam fluctuates. 373

Alignment improvements 374

Decreasing the gap between experiment and theory would 375

be possible with a smoother and more accurate stage. 376

Pump and probe beam stabilization will also decrease 377

phase and amplitude fluctuations of the grating signal. 378

Fundamental improvements can only be made by optimizing 379
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the parameters in the reproducibility equation (Eq. 6).380

Reducing the period is a simple way to linearly improve381

alignment accuracy, but the line widths cannot be made382

narrower than the probe spot size. As mentioned before, we383

can also pump with more fluence, at the cost of increased384

damage. In our measurement with four times more fluence,385

the relative reflectivity change also increases by a factor four386

approximately. However, this causes damage in the form of a387

permanent few percent reflectivity drop in the pumped area.388

The pump fluence will thus have to be optimized while taken389

acceptable damage levels into account. Obviously, the probe390

fluence can also be increased, but similar considerations391

have to be made.392

Another improvement would be to increase pump and393

probe power at constant fluence. This increases alignment394

accuracy by the square root of optical power, because the395

relative contribution of shot noise decreases. A way to396

achieve higher optical powers can be to use elliptical spots397

instead of round spots, aligned with the long axis in the398

direction of the grating lines. Furthermore, the laser spots399

can also be made in the form of a grating themselves, with a400

period similar to that of the alignment grating, by combining401

beams at an angle [17, 37].402

Different materials and stack composition403

There are more materials in use in semiconductor fabrication404

steps that are opaque, such as ruthenium. Ruthenium can405

be used for very thin conductive lines, as the resistivity406

of ruthenium lines can be better than copper at critical407

dimensions below about 10 nm [38]. Here, higher aspect408

ratios using thicker layers of ruthenium reduce resistance as409

well. Another possible use of ruthenium is as hard mask410

material [39]. Similar to amorphous carbon, thicker ruthe-411

nium (order 100 nm) layers can improve etch selectivity.412

At such thicknesses, ruthenium is essentially completely413

opaque. However, ruthenium supports very high-frequency414

laser-induced ultrasonics due to strong electron-phonon415

coupling, has a high optical damage threshold, and acoustic416

waves are visible to near-infrared laser light as well [40].417

These properties potentially make picosecond ultrasonics a418

relevant method for alignment through ruthenium as well.419

In a realistic application scenario, the exact stack compo-420

sition may be complex and not known a priori. That means421

that the optimum time delay for alignment measurements422

should be determined experimentally by performing a time-423

delay scan at a marker location. Such a scan provides424

information similar to Figs. 2 and 3 from which an optimum425

time delay for further measurements can be derived. This426

measurement takes on the order of seconds, and only needs427

to be done once before processing a full batch of wafers with428

a given design.429

Conclusion430

In conclusion, we demonstrate that picosecond ultrason-431

ics provides a viable route towards optical metrology432

on semiconductor samples that contain optically opaque 433

materials. The achieved repro scaling for an 8 µm pitch 434

grating underneath a 1300 nm thick amorphous carbon layer 435

is 14.7 nm
√

s. While further improvements are needed 436

to reach the throughput requirements of semiconductor 437

alignment metrology, several improvements have been 438

identified that can bring the method to the required 439

performance level. The acoustic-strain-induced reflectivity 440

change is the main parameter that determines the signal 441

strength. This is a material property that can have widely 442

different values for different materials and probe laser 443

wavelengths [41]. In practice, this means that selecting an 444

optimal probe wavelength for a given material should be part 445

of the measurement strategy. The use of ultrafast acoustic 446

waves for metrology and imaging has further potential, as 447

the wavelength and spatial extent of the acoustic pulses are 448

significantly shorter than optical wavelengths. Picosecond 449

ultrasonics has already been used to measure thin-film 450

properties [13, 17, 34]. An extension to other forms of 451

semiconductor metrology such as profilometry can therefore 452

be envisaged. 453

Materials and methods 454

Modulated asynchronous sampling 455

The pump-probe setup is based on a variant of asynchronous 456

optical sampling (ASOPS) [42] and is illustrated in Fig. 7. 457

A pump (1030 nm, 180 fs, Menlo Systems) and a probe

Sample

on stage

Objective

Dichroic
mirror

Pump

Probe

Polarizing
beamsplitter

�/4

Lock-in
amplifier

Sync
electronics

Balanced
detector

Fig. 7. Schematic of the pump-probe setup. An
objective co-linearly focuses the pump and probe
laser beams onto the sample, which is mounted
on a translation stage. The reflected probe light
is analyzed with a balanced detector and a lock-in
amplifier. Synchronization electronics control the
pump-probe delay time. For more details, see the
text and references [43, 36].

458

(780 nm, 80 fs, Menlo Systems) laser are co-linearly focused 459

onto the sample through a 0.45 NA objective (Olympus 460

LUCPLFLN20X). The full width at half maximum spot 461
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sizes are 3.8 µm and 1.0 µm for pump and probe, respec-462

tively. For all measurements, the pump energy is 2.6 nJ463

(114 J/m2), and the probe energy 0.028 nJ (18 J/m2). The464

lasers are electronically synchronized to tune the time delay465

between them. In conventional ASOPS, the entire pump466

pulse time interval is measured, which reduces efficiency if467

the time window of interest is shorter. Instead, we rapidly468

modulate the time delay over only the window of interest,469

greatly reducing the total integration time at equal noise470

levels. For more information on the setup and a detailed471

analysis of the benefits of modulated ASOPS (MASOPS),472

see [43]. The reflected probe light is measured using a473

balanced detector (Koheron PD10B with Thorlabs FDS02474

photodiodes), with the reference input split off from the475

probe laser before it hits the sample. In our experiments,476

we pulse pick the pump to 1 MHz and the probe to 2 MHz,477

and do lock-in detection (Zurich Instruments UHFLI) of the478

probe light at 1 MHz. Pulse picking increases the signal-to-479

noise ratio on our samples, as it allows for higher fluence and480

thus signal, while not increasing damage as much [36]. Due481

to technical limitations we actually measure 8 million probe482

pulses per second, but the resulting shot noise doubling is483

corrected for in the analysis.484

Fast spatial scanning485

Instead of scanning the pump-probe delay in time, we can486

also keep the delay constant at a fixed delay time. By487

then moving the sample stage, we can measure the spatially488

varying pump-induced probe signal. Similar to scanning489

in time, fast scanning in space is important to avoid flicker490

noise contributions that significantly increase noise for long491

integration times. With our stage, we scan a distance of492

120 µm across the buried grating back and forth at 2 Hz,493

with an average scan speed of 480 µm/s. The position494

curve has the same shape as the time curve that we use in495

MASOPS (see [43]), with the middle 90 % linearly scanned.496

We therefore analyze only a 100 µm portion in the middle497

of the trace. Due to acquisition limitations we can only498

extract the average scan of at least two traces, meaning the499

minimum exposure time is approximately 0.4 s. The stage500

is a stick-slip piezo stage (SmarAct SLC1730 with MCS2501

controller), which has nanometer-level accuracy, but not502

perfectly smooth continuous motion due to the stick-slip503

action.504
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