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Abstract—Three-dimensional integrated circuits (3D-ICs) are
becoming more significant in portable devices, autonomous vehi-
cles, and data centers. As the demand for highly integrated and
high-performance semiconductor devices grows, recent 3D integra-
tion technologies focus on lowering the size of the micro-structures
on such devices for high density. In order to inspect the 3D semi-
conductor devices, it is critical to measure the heights, depths, and
overall surface profiles of the micro-structures made with silicon
materials. Here, we demonstrate precise surface imaging for silicon
devices by using a femtosecond mode-locked laser centered at
785 nm wavelength and an electro-optic sampling-based time-of-
flight detection method with sub-10-nanometer axial precision. We
could successfully measure the surface profiles as well as the step
heights of silicon wafer stacks and micro-scale structures on silicon
substrates.

Index Terms—Electro-optic sampling, frequency comb,
semiconductor device metrology, surface profilometry.

I. INTRODUCTION

W ITH the recent explosive demands for highly in-
tegrated and multifunctional semiconductor devices,

three-dimensional (3D) semiconductor integration technology
has been remarkably developed [1], [2]. To achieve high func-
tionality as a single device, multiple integrated circuits (ICs),
such as processors, memory chips and image sensors, are stacked
vertically on a single die [3]. Recently, for high device density,
the size of micro-scale structures on ICs such as micro-bumps
[4], [5] or through-silicon vias (TSVs) [6] are reduced to <10
μm. As 3D-ICs have more complex structures and smaller device
sizes, accurate and precise surface imaging becomes critical to
prevent device failures [7], [8], [9], [10].

Previously, in semiconductor device fabrication facilities, to
measure the surface profile of the semiconductor devices, vari-
ous approaches have been used [11], [12]. Table I summarizes
the comparison of representative surface profilometry methods
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for semiconductor devices. Electron microscopy [13], [14], [15]
has the advantage of high spatial resolution of <0.1 nm; how-
ever, to obtain high-resolution images, field-of-view (FOV) is
sacrificed to several tens to hundreds of nanometers, resulting
in a long time for fully imaging the wafer-level surface. In
addition, one of the main limitations of electron microscopy
is that it can cause beam damage to the sample. Atomic force
microscopy [16] has a high vertical resolution of <0.01 nm, but
its slow scan rate is not suitable for the high-speed measurements
required in integrated circuit production. The interferometry-
based surface metrology [17], [18], [19], [20] has the advantage
of sub-nanometer resolution; however, its narrow ambiguity
range of sub-micrometer makes it difficult to obtain surface
profiles of wafer-level thicknesses. Confocal microscopy [21]
is commonly used for surface imaging of step structures with
hundreds of nanometer axial resolutions. However, since the
axial resolution of confocal microscopy is limited by diffraction,
it requires a large numerical aperture of the objective lens for
high axial resolution at the expense of FOV. Therefore, confocal
microscopy generally takes a long time to obtain high-resolution
surface images. Optical frequency comb-based surface imaging
has also been demonstrated, such as dual-comb interferometry
[22]. Dual-comb interferometry has a large measurable range
of several meters, but in order to achieve high-precision, the
measurement speed should be sacrificed because it is determined
by the detune frequency between the two frequency combs. As a
result, to obtain high-resolution surface images, existing meth-
ods sacrifice either measurement speed, precision, or measurable
ranges. However, 3D-IC production processes still require fast
and precise surface metrology with a large measurable range of
wafer-level thicknesses.

Recently, a new time-of-flight (TOF)-based surface imaging
method using an electro-optic sampling-based timing detection
(EOS-TD) with erbium-doped fiber frequency comb was re-
ported [23], [24]. The strength of this approach is a unique
combination of ultrafast measurement speed and sub-nanometer
precision over the measurable range of several millimeters.
When using a Galvano scanner, this TOF detection method
allowed for precise surface imaging of metallic surfaces such as
gold, steel, and chromium. However, a 1560-nm femtosecond
laser pulse penetrates semiconductor materials such as silicon
(Si), which is commonly used as a substrate for semiconductor
devices, causing multiple reflections at the surface. Accurate
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TABLE I
PERFORMANCE COMPARISON OF SURFACE PROFILOMETRY OF SEMICONDUCTOR DEVICES

TOF detection at the silicon surface is difficult because TOF
signals transmitted through the silicon substrate and reflected
from the bottom surface multiple times are detected together by
a single detector. Therefore, Si-based micro-structure imaging
with a 1560-nm laser source has not been possible with this TOF
detection method.

In this study, we extend this electro-optic sampling-based
TOF approach to shorter wavelength ranges by utilizing the
785-nm femtosecond laser pulses by frequency-doubling the
mode-locked Er-fiber laser centered at 1570 nm. We could show
that a fast and precise step height measurement and surface
profilometry for the structures on a Si surface is possible using
785-nm femtosecond laser pulses. Femtosecond pulses at 785
nm are suitable for surface imaging of Si-based semiconductor
devices due to its low penetration depth of ∼8 μm in sili-
con, which is δ = λ/(4π · Im[n]) = 8.06 μm, where δ is the
penetration depth, λ is the wavelength, and n is the complex
refractive index. Since silicon wafers used in 3D-ICs fabrication
commonly have a thickness of several hundred micrometers,
785-nm light transmitted through the silicon substrate is almost
absorbed. By exploiting these properties, we employed an EOS-
TD made with fiber optic components operating at an 800-nm
wavelength range for rapid and precise Si surface imaging. As a
result, our method enables TOF detection with high speed (up to
20 MHz update rate), high precision (down to 4 nm), and a large
measurable range (up to 9.3 mm). Further, we demonstrated
the step height and surface profile measurement of Si-based
samples by using the TOF detection when scanning the sample
with motorized stages or a Galvano scanner.

II. OPERATION PRINCIPLES AND EXPERIMENTAL SETUP

Fig. 1 shows the operation principle and experimental setup.
The experimental setup is placed in a polycarbonate shielding
box to reduce air and temperature fluctuations. In order to
generate optical pulses in the shorter wavelength (close to visible

wavelength range), where the penetration depth is low in Si ma-
terials, in a simple, low-cost and robust way, second-harmonic
generation (SHG) of a femtosecond mode-locked Er-fiber laser
output is employed. In this work, a 79.2-MHz optical pulse
train with a ∼785 nm center wavelength (see Fig. 1(a)) and
∼85-fs pulsewidth (FemtoFiber smart 780, Toptica) is used.
After ∼80 mW optical pulse train emitted from the laser is
coupled into a polarization maintaining (PM) optical fiber (∼56
mW), the pulse train is split into two paths by a 70:30 coupler: the
reference arm (30%) is used for timing synchronization between
femtosecond optical pulses and the microwave oscillator, and the
measurement arm (70%) is used for detecting the TOF changes
in optical pulses. By focusing the beam on the step structures and
scanning it by motorized stages or a Galvano scanner, the TOF
of the reflected pulse changes according to the step height of the
structures. When optical power of ∼35 mW is incident on the
Si surface through the collimator-lens array, due to the ∼30%
reflectivity of the Si material at 785 nm, the resulting returned
optical power of the reflected light (including the loss at the
collimator) is ∼6 mW. In this work, we focused on measuring
flat surfaces. Theoretically, in specular reflection, the maximum
allowable surface slope that can collect returned optical power
from the sample surface is determined by the numerical aperture
(NA) of the objective lens as αmax = sin−1(NA). Since our
imaging system has αmax of <3 ◦ , careful alignment is required
to reduce the decrease in collected optical power due to the
surface slope in the sample.

In order to generate the frequency-locked electronic signal as
well as to detect the TOF changes, two EOS-TDs are employed.
Among several EOS-TD configurations [25], [26], [27], [28], we
used the all-PM-fiber Sagnac-loop interferometer configuration,
which was also previously employed for long-term sub-10-fs
synchronization between an 800-nm Ti:sapphire laser and a
microwave oscillator for ultrafast electron diffraction (UED)
facilities [29], [30], [31]. The reference arm and the EOS-TD
1 (in Fig. 1) are constructed to provide a reference timing ruler
signal to the TOF-detecting EOS-TD (EOS-TD 2 in Fig. 1) as
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Fig. 1. Operation principle and experimental setup. Schematic of the EOS-TD-based TOF detection method using a 785 nm optical frequency comb source. OC,
optical coupler; Si-PD, silicon photodiode; Si-BPD, silicon balanced photodetector; EOM, electro-optic phase modulator; VCO, voltage-controlled oscillator;
RF amp, RF amplifier; BPF, microwave bandpass filter. (a) Measured optical spectrum shows ∼12 nm full-width-at-half-maximum (FWHM) bandwidth.
(b) EOS-TD output response according to motor set position.

a phase-locked microwave signal generated from an 8-GHz mi-
crowave voltage-controlled oscillator (VCO). Note that the VCO
frequency should be matched to multiples of the optical pulse
repetition rate (N frep = 102× 79.2 MHz = 8.07 GHz is
used in this work). When an optical pulse train is applied to the
EOS-TD, the optical phase in the optical pulse is modulated by
a unidirectional electro-optic phase modulator (EOM) driven by
the microwave signal generated from the VCO. A non-reciprocal
π/2-phase bias unit is employed for the intensity balancing of the
two outputs from the EOS-TD. As a result, the relative timing
difference between counter-propagating pulses in the Sagnac
loop is proportional to the intensity difference between the two
outputs from the Sagnac loop. By measuring the difference in
two outputs of the EOS-TD with a Si balanced photodetector
(BPD), the timing difference between the optical pulse positions
and the zero-crossing positions of the VCO microwave signal
can be obtained. The insertion losses of the EOM, circulator,
and phase bias unit in the EOS-TD are 5 dB, 1.8 dB, and 1.2 dB,
respectively, and the resulting power efficiency of the 785-nm
EOS-TD is ∼4–5%. As a result, in the balanced condition,
∼670 μW of optical power is applied to each photodiode of
the Si-BPD in the reference arm. For the construction of the
phase-locked loop, a loop filter (LB-1005, Newfocus) and an
8-GHz VCO (HMC-C200, Hittite) are used. To maximize the
detection sensitivity of the EOS-TD, the microwave signal from

the VCO is amplified with a radio-frequency (RF) amplifier
(NBL00437, Nextec-RF). The harmonic frequency components
of the VCO are suppressed [26] by using an RF bandpass filter
(6C52-8000/T200-O/O).

The optical pulse train reflected from the step structures,
which experience the TOF changes according to the step height
difference, is applied to the EOS-TD in the measurement arm
(EOS-TD 2 in Fig. 1). Since the EOS-TD phase modulates
optical pulses by the EOM driven by timing-synchronized mi-
crowave signal generated from the reference arm (EOS-TD 1
in Fig. 1), the TOF changes induced by the step structures are
precisely detected as the voltage changes at the Si-BPD output of
the EOS-TD 2. In this way, the height profile of the step structure
can be reconstructed. Note that, to calibrate the power variations
from the focusing position of the step structures, the power of
the reflected light is also directly detected by a Si-photodetector
(Si-PD).

Note that a look-up table is used to calibrate the nonlinearity
of EOS-TD response in the full measurable range. As can be seen
in Fig. 1(b), the EOS-TD output shows a sinusoidal waveform
because the microwave generated from the VCO is a single-tone
sinusoidal wave of∼8 GHz. Since the electric waveforms gener-
ated by VCO are nonlinear at both ends, nonlinearity calibration
is required for linear TOF detection over the entire measurable
range. We made a look-up table by measuring the EOS-TD
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Fig. 2. Phase noise spectra and axial precision analysis. (a) Single-side band
(SSB) residual phase noise spectra at 8 GHz carrier frequency (left) and the
equivalent relative timing jitter PSDs (right). The integrated root-mean-square
(r.m.s.) timing jitter from 1 Hz to 5 MHz is plotted on the bottom panel.
(b) Measured TOF precision as a function of acquisition time. We evaluated
measurement precision by calculating overlapping Allan deviation. The grey
dashed line denotes the precision result with 60-Hz harmonics notch filters (at
60, 120, 180, 240, 300 Hz).

response according to the motor position with a precision motor
stage (M-404.2DG, PI) by axially scanning a flat silver mirror
as a target.

III. EVALUATION OF AXIAL PRECISION IN THE

TIME-OF-FLIGHT DETECTION

To evaluate the residual phase noise of the EOS-TD in the
measurement arm (EOS-TD 2 in Fig. 1), we measured the
voltage noise power spectra with a fast Fourier transform (FFT)
spectrum analyzer (SR760, Stanford Research Systems) in the
offset frequency range of 1 Hz - 100 kHz. For the offset fre-
quency range of 100 kHz – 5 MHz, voltage noise spectra were
measured with an RF spectrum analyzer (E4440A, Keysight).
Fig. 2(a) shows the timing and phase noise power spectral
densities (PSDs). Note that the measurement was performed
without the sensor head and the output of the EOS-TD was
placed at the zero-crossing of the VCO signals to maximize the
detection sensitivity by using a motorized delay line (ODL-650,
Oz-optics). The minimum residual phase noise floor reaches

-148 dBc/Hz with an integrated root-mean-square (r.m.s.) timing
jitter of 0.58 fs in the offset frequency range of 1 Hz–100 kHz
and 23.55 fs in the offset frequency range of 1 Hz–5 MHz. In
this experiment, the EOS-TD measurement background noise in
the reference arm determines the minimum noise floor, where it
is measured when optical pulses are applied to the Sagnac-loop
without microwave signals.

To evaluate the axial precision performance in TOF detection,
overlapping Allan deviation is calculated as shown in Fig. 2(b).
The fastest acquisition rate is determined by the laser repetition
rate of 79.2 MHz, but in this work, we could evaluate the
precision up to 20 MHz acquisition rate due to the bandwidth of
the used balanced photodetector. At 50-ns acquisition time, the
precision is measured to be 867 nm. As shown in Fig. 2(a), since
the resonance peak in the phase-locked loop (PLL) exists at∼1.6
MHz, the precision performance is degraded at acquisition rates
from 100 kHz to 5 MHz. At 10-μs acquisition time, the precision
is measured to be 36 nm. As the acquisition time increases, the
precision performance is improved to 4 nm at 40-ms acquisition
time due to the averaging effect. After 40-ms acquisition time,
precision performance deteriorates due to the timing drift in
the synchronization between optical pulses and microwaves in
the EOS-TD. The non-ambiguity range (NAR) is determined
to be ∼9.3 mm. As can be seen from the PSDs in Fig. 2(a),
60-Hz harmonics induced by power supplies deteriorate the
precision performance at acquisition times from 0.2 ms to 40
ms. To evaluate the precision performance when power supply
noises are suppressed, we applied digital notch filters with 60-Hz
harmonic frequencies (integer multiples from 60 Hz to 300 Hz),
which shows that the precision from 0.2 ms to 40 ms acquisition
time is reduced to <7 nm (gray dashed line in Fig. 2(b)).

IV. STEP HEIGHT AND SURFACE PROFILE MEASUREMENTS OF

SILICON-BASED SAMPLES

To demonstrate the step height measurement of the Si surface,
a double-side polished Si wafer with a thickness of ∼777 μm
was prepared. Fig. 3 shows the 3D surface imaging result of
the Si wafer stack with ∼777 μm step height. A collimated
beam of ∼1 mm diameter passes through an achromatic lens
with a focal length of 150 mm and is focused on the Si surface
with a measured beam size of ∼249 μm (1/e2). By using x-y
motorized stages (V-408, PI and MT1-Z8, Thorlabs) for sample
scanning, the step height is measured to be 777.68 μm with
repeatability (1-σ) of 51.3 nm for 25 consecutive measurements
over 62 seconds (Fig. 3(a)). The reason why the repeatability
performance is worse than the Allan deviation precision is that it
is affected by the timing drift during the 62 seconds measurement
time and the decrease in detection sensitivity due to the low
reflectance (∼30%) at the Si surface. The surface of the Si wafer
with 5 mm × 5 mm size is imaged by 100 × 100 pixels with
a step size of 50 μm. At each measurement point on the Si
wafer, the exposure time for TOF data measurement was 40 ms.
The required time to measure 100 × 100 pixels is 400 seconds,
but the actual measurement time was ∼80 minutes because it
is limited by the motor scan speed (20 mm/s) and the motor
settling time (∼0.5 seconds for each measurement point). In
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Fig. 3. Surface imaging results of silicon wafer stack. 3D surface image of Si wafer stack scanned by (a) a motorized linear stage and (b) a Galvano scanner. The
mean step height between two surfaces (Y-X) is measured to be 777.68 µm and 777.63 µm, with 51.3 nm and 28.3 nm repeatability for (a) and (b), respectively.
Note that the grey region indicates the edges between the two silicon wafers where the measured TOF has ambiguity due to reflections from two surfaces. The size
of the grey region is determined by considering the measured beam size.

Fig. 4. Surface imaging results of silicon step-structures. 3D surface image reconstructed by TOF measurement of silicon step structures. The mean step height
between two surfaces (Y-X) is measured to be 27.76 µm with 50.8 nm repeatability. Black dashed box shows the microscopic image of the silicon step structures.
Note that the grey region indicates the edges between the bottom and top surfaces. The size of the grey region is determined by considering the measured beam
size.
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TABLE II
UNCERTAINTY EVALUATION OF THE OVERALL MEASUREMENT SYSTEM

order to increase the measurement speed, the beam scanning
speed was improved by using a Galvano x-y scanner (8310K,
Cambridge Technology Inc.). Fig. 3(b) shows the 3D surface
image of the silicon wafer stack by using a Galvano scanner.
The repeatability improves down to 28.3 nm because the total
measurement time (<1 second for 25 consecutive measures) is
greatly reduced. Each measurement point was measured with 0.5
ms exposure time. The pixel size is ∼62 × 62 μm (separation
between each measurement point), and the FOV is ∼5 × 5 mm.
It takes <17 seconds to measure the 76 × 76 pixels. Note that
the total imaging time is limited by the communication delay
of the software used, and the actual total exposure time is 2.9
s. We expect that high-speed beam scanning devices such as
acousto-optic deflectors will further improve the surface profile
measurement speed.

A dog-bone-shaped Si step structure (SHS, AppNano) with
a ∼28 μm height was prepared to show the step height mea-
surement of the micro-scale Si structures. To measure Si step

structures with a height of ∼28 μm, the beam size is reduced
to ∼18.6 μm (1/e2) using a ∼7.5 mm large beam collimator
and an achromatic lens with a 75 mm focal length. Fig. 4
shows the surface imaging results of the dog-bone-shaped Si
sample with a motorized stage. The step height is measured to be
27.76 μm with the repeatability (1-σ) of 50.8 nm for 25 consec-
utive measurements over 62 seconds.

We also evaluated the lateral resolution of our imaging system
by measuring the resolution test target (USAF-1951). For each
optical system used in Figs. 3 and 4, Element 2 in Group 2
and Element 3 in Group 5 are resolved well with a contrast of
∼37% and ∼30%, respectively. Therefore, the lateral resolution
is determined to be 4.49 lp/mm (111.36 μm) and 40.3 lp/mm
(12.4 μm), respectively.

In order to assess the accuracy of the method, we also
compared the measured step height results with the results of
confocal microscopy (LSM 980, Zeiss). Using the confocal
microscopy, the mean step height of Si wafer stack and Si step
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structures were measured to be 777.62 μm and 27.79 μm, at
axial scan intervals of 200 nm and 100 nm, which shows +60
nm and -30 nm errors from the demonstrated TOF method,
respectively. Since the root-mean-square flatness error of the
double-side polished Si wafer stack is 66.5 nm [32], these errors
are within the flatness of the Si wafer.

V. EVALUATION OF THE UNCERTAINTY SOURCES

We evaluated the uncertainty related to our 3-D imaging
system (Table II). The uncertainty that can affect our system is
(a) the uncertainty related to taking single-point TOF detection,
(b) the uncertainty related to the 3D imaging system, and (c) the
uncertainty related to the silicon wafer.

The major systematic uncertainty of the EOS-TD comes
from the timing detection slope calibration. The accuracy and
resolution of the precision motor stage can affect the uncertainty
of the EOS-TD slope calibration (uncertainty of time grid; Line
3 in Table II). The uncertainty in slope calibration is 2× 10−5·L1

(L1is the step height of the silicon wafer stack). The uncertainty
from the voltage reading of the EOS-TD output is determined
by the resolution of the data logger. The uncertainty from the
data acquisition board (uncertainty of voltage grid; Line 4) is
0.6 nm (0.6 μV≈0.6 nm).

The repeatability (random error) for 0.5 ms averaging time
was measured to be 9.6 nm as shown in Fig. 2(b). Since we need
two TOF measurements to measure the step height, the random
error is multiplied by

√
2 , resulting in 13.6 nm uncertainty

(Line 6). Therefore, the combined uncertainty of single-point
TOF detection is evaluated to be 20.6 nm (Line a).

In the case of 3-D imaging, the uncertainty from the Galvano
scanner for beam scanning should be considered. We measured
the flat mirror to evaluate the uncertainty related to the beam
scanning system. The measured uncertainty of the beam scan-
ning of the flat mirror with the Galvano scanner was 61.5 nm
(Line 7). This includes the uncertainty of the beam scanning
itself (such as the wavefront error of a lens or beam alignment
error), the flatness of a flat mirror, and the uncertainty related
to the refractive index of air. The specified flatness of the flat
mirror is given as 14.9 nm (Line 8). The uncertainty related
to the refractive index of air (Line 9) is given by 1.4 × 10−7·
L0 = 21 nm (where L0 is the distance from the fiber collimator
to the sample when using the f = 150 mm lens; coefficient
estimated from [33]). Therefore, the uncertainty related to beam
scanning itself is evaluated as 55.8 nm (Line 10). The total
amount of uncertainty during 3-D imaging using a Galvano
scanner with an averaging time of 0.5 ms is 64.9 nm (Line b).

The flatness (root-mean-square) of the double-side polished
silicon wafer is given as 47.0 nm (flatness taken from [32]).
Since we measure the step height of the Si wafer stack, the r.m.s.
flatness is multiplied by

√
2, resulting in 66.5 nm uncertainty

(Line 11). The thickness change due to thermal expansion (Line
12) of a 777μm-thick Si wafer shows uncertainty of 0.042 nm (=
2.6× 10−6 × 0.021 K × 777000 nm). The thermal expansion
coefficient at 298 K of the Si wafer is given as 2.6× 10−6 ·
C−1 (coefficient taken from [34]) and the temperature variation
during 0.5 ms averaging time on the Si wafer was measured to

be 21 mK. When we include the uncertainty of the Si wafer, the
combined uncertainty is 92.9 nm (Line c).

VI. CONCLUSION

We have demonstrated that the EOS-TD-based TOF detection
with 785-nm femtosecond pulses is highly suitable for step
height measurements and surface profilometry of Si-based de-
vices. The EOS-TD-based surface imaging has the advantages
of high precision as well as a large measurable range required
in the 3D semiconductor inspection process. In particular, a
light source with a center wavelength near the visible spectrum
is suitable for precise imaging for semiconductor devices due
to its shorter penetration depth in the silicon substrate. Since
our method is also suitable for imaging the surface of various
metallic surfaces as well as semiconductor materials, this can
be applied for surface imaging of MEMS devices [35], skin-
integrated sensors used in wearable devices [36], and biosensors
[37].

We anticipate that the performance of the demonstrated TOF
detection method at 785 nm can be further improved. For exam-
ple, the use of higher microwave signal frequency, faster beam
scanning with an acousto-optic deflector [38], and sharp-edged
photocurrent pulses as a timing ruler signal [39] will improve
the precision as well as measurement speed. Since the optical
power loss in fiber optic devices is generally larger in the
∼800 nm wavelength range compared to the telecommunication
wavelength range, improving the optical power efficiency of
the EOS-TDs may help to increase the detection sensitivity. We
expect that an EOS-TD made with a dual-output Mach-Zehnder
configuration [27], [28] might be also helpful due to its high
sensitivities and potentially lower loss.
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