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Chapter

OCT with a Visible Broadband
Light Source Applied to High-
Resolution Nondestructive
Inspection for Semiconductor
Optical Devices

Nobuhiko Ozaki, Kazumasa Ishida, Tsuyoshi Nishi,
Hivotaka Ohsato, Eiichiro Watanabe, Naoki Ikeda
and Yoshimasa Sugimoto

Abstract

Optical coherence tomography with a visible broadband light source (vis-OCT)
was developed for high-resolution and nondestructive measurements of semicon-
ductor optical devices. Although a near-infrared (NIR) light source should be used
for medical OCT to obtain deep penetration of biological samples, a visible broad-
band light source is available as a low-coherence light source for industrial products.
Vis-OCT provides higher axial resolution than NIR-OCT, because the axial resolu-
tion of an OCT image is proportional to the square of the center wavelength of the
light source. We developed vis-OCT with an axial resolution of less than 1 pm in air
and obtained cross-sectional profiles and images of ridge-type waveguides hav-
ing heights and widths of several pm. Additionally, we performed cross-sectional
measurements and imaging of a stacked semiconductor thin layer. The measured
values were similar to those measured by scanning electron microscopy, and the
effectiveness of vis-OCT for nondestructive inspection of semiconductor optical
devices was demonstrated.

Keywords: vis-OCT, nondestructive inspection, optical device fabrication,
semiconductor optical device, high-resolution imaging

1. Introduction

Nondestructive inspection technologies have become mandatory for fabrication
and evaluation of various industrial products [1]. In particular, as products are
miniaturized into pm and nm scales, high-resolution measurement methods are
necessary. For semiconductor optical devices, photonic integrated circuits (PICs)
[2] have been developed from the recent progress of fabrication techniques. For
the PICs, highly dense optical devices are connected using optical waveguides
[e.g., ridge-type optical waveguides (RWGs)] having several to sub-pm scales to
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propagate light [3, 4]. Thus, the structural accuracy of the fabricated waveguides
becomes significant for reducing their propagation loss and increasing PIC effi-
ciency and reliability. The waveguides are typically carved on semiconductor mate-
rials using fine-processing technologies such as photolithography and dry etching
[5]. To optimize the process conditions, it is necessary to measure the thickness of a
photoresist coating on semiconductor wafers: several to sub-pm. Furthermore, the
fabricated waveguides should be inspected as designed. To measure the photoresist
thickness or fabricated waveguides, scanning electron microscopy (SEM) or step
profiler has been frequently used [6]. However, these measurement methods are
destructive or require contact with the sample. Development of a nondestruc-

tive and non-contact measurement method with a high spatial resolution is thus
required.

Optical techniques enable nondestructive, contactless characterization of thin
films. For instance, ellipsometry [7] is commonly used to measure thicknesses of
thin films. However, it has a relatively large spot size (>40 pm) and is not suitable
for a lateral local measurement of wafers. On the other hand, an optical cross-
sectional imaging technique, called optical coherence tomography (OCT) [8],
has been developed. OCT is commonly used in medical fields (e.g., ophthalmol-
ogy). It is based on low-coherence interferometry, and the reflectivity profile of a
sample along an optical axis can be obtained using a focused probe. By scanning
the probe in the lateral directions, two-dimensional (2D) and three-dimensional
(3D) profile imaging can be achieved. The axial resolution of an OCT image
is governed by the central wavelength (1) and bandwidth (A1) of the low-
coherence light source. The axial resolution can be expressed as 0.44¢>/ Al when
a broadband light source has a Gaussian spectral shape [9]. For conventional
medical OCT, 4 should be in the near-infrared (NIR) range to allow deep pen-
etration of biological samples [10, 11]. However, when industrial products are
observed by OCT, a visible broadband light can be used as an OCT light source,
and the axial and lateral resolutions of an OCT image can be further improved
beyond that of the NIR-OCT images, owing to the shorter 4. For instance, when
the g is 650 nm and A4 is beyond 200 nm, the axial resolution can be expected
to be less than 1 pm. This value is comparable to the dimension of optical semi-
conductor devices included in PICs. Furthermore, the visible-range optical
components, such as light source and detector, are widely used and are relatively
cost-effective, and there are many options. Therefore, we developed vis-OCT
as a nondestructive high-resolution inspection tool [12, 13]. In this chapter, the
vis-OCT system and its inspections of optical components, semiconductor-based
optical waveguides, polymer-based integrated patterns, and semiconductor thin
film are introduced.

2. Spectral-domain OCT with a visible broadband light source

A spectral-domain (SD)-OCT [14], having a visible broadband light, was con-
structed as shown in Figure 1(a). SD-OCT, categorized as a Fourier-domain OCT
[15], enables a distribution of spatial reflectivities along the optical axis through
an inverse Fourier-transformed (IFT) spectrum of interference among reflections
from the sample and a reference mirror. We utilized a halogen lamp unit (ANDO
AQ4305) coupled with a single-mode fiber of ~4.0 pm core diameter as the visible
broadband light source. The integrated output power from the SMF in the visible
spectral range was approximately 220 nW. The introduced light was collimated
using an objective lens (f = 11.7 mm) and split by a beam splitter (BS) into sample
and reference arms. Each split light was focused on the sample and the reference
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Figure 1.
(a) Schematic of the Vis-OCT setup. (b) Spectrum of the light source in the Vis-OCT. (c) PSF obtained from
the IFT interference spectrum between the veflections from the reference and sample mirrovs. (Reprinted with

permission from Ref. [13]. Copyright 2018, The Japan Society of Applied Physics).

mirror by a high numerical aperture (0.50) objective lens with a plan apochromatic
aberration correction from visible to near-infrared wavelength region (Mitutoyo
M Plan Apo NIR 100x) (f = 2.0 mm). By using this objective lens, the spot size of
each focused beam could be reduced, estimated to be approximately 0.68 pm in
diameter without degradation of the axial resolution caused by aberrations. The
reflections from the sample and the reference mirror were recombined at the BS,
and the interfered signal was focused by an achromatic lens (f = 80 mm) into the
spectrometer. The interference spectrum was detected by the spectrometer (Ocean
Optics USB4000) with a Si-based charge-coupled device detector (3648 pixels)
with an exposure time of approximately 100 ms. By calculating the IFT interference
spectrum, a depth profile of the sample along the optical axis was obtained [16]. A
2D OCT image was then produced by scanning the probe light in steps of 0.2 pm in
the lateral direction.

Figure 1(b) shows a spectrum of the light source reflecting from the reference
mirror detected with the spectrometer. The center wavelength was approximately
662 nm, and the full width at half maximum (FWHM) was approximately 287 nm.
The axial resolution of the SD-OCT system can be estimated from the point spread
function (PSF) of the light source obtained from the IFT interference spectrum
between the reflections from the reference mirror and an identical mirror set on the
sample stage. The PSF of the light source is presented in Figure 1(c), and the FWHM
of the PSF, which corresponds to the axial resolution, was approximately 0.93 pm.
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3. Surface-structure observations and measurements of RWGs and
periodic patterns with Vis-OCT

We first measured optical waveguides and periodic patterns as typical opti-
cal device components to evaluate the axial and lateral resolutions of developed
vis-OCT. In this section, the performance of the vis-OCT for surface-structure
measurement and observation is described.

3.1 Sample preparations

For the test samples of surface-structure observations, we prepared semicon-
ductor-based straight RWGs. The RWG was formed on typical optical confinement
layers, which consisted of a core layer of GaAs and upper- and lower-cladding layers
of AlGaAs [17]. After the epitaxial growth of the semiconductor layers on a GaAs
substrate via molecular beam epitaxy (MBE), RWGs were separately fabricated
on the wafer with 1.5-pm nominal height and various nominal widths (3-100 pm)
using conventional photolithography and dry etching processes (Figure 2).

We prepared periodic patterned structures fabricated on a soft mold made
of polydimethylsiloxane (PDMS) with several to sub-pm scale for nano-imprint
lithography (NIL) [18], as shown in Figure 3. Three laterally periodic patterns, line
and space (L/S), hexagonal lattice pillars, and hexagonal lattice holes, were formed
on the soft mold with nominal 4-pum pitch and 0.5-pm height (or depth). These
are typically designed for optical micro- and nano-waveguides, photonic crystal
structures, or micro-channels for lab-on-a-chip, etc. We investigated the capability
of the vis-OCT with these high-dense patterns for lateral and axial high-resolution
measurements.

The light probe was introduced from the above sample surface and scanned
in-plane direction across the RWG or periodic patterns to obtain the depth profile
and profile images.

1. Epitaxial layers 2. Waveguide pattern drawn
grown by MBE by photolithography
Light exposure
Positivg | N |
GaAs photoresist | / d
1.5UM <1 U, Cladding (AIGaAs)| / ' ) - : :
0.24 pm A ~Z
1.5 um 1 | L. Cladding (AIGaAs)[)
Core (GaAs)

3. Dry-etching 4. Removal of

the photoresist

—

Figure 2.

Schematic of semiconductor RWG fabrication processes and a typical SEM image of the fabricated RWG with
a nominal width of 3 um. (Reprinted with permission from Ref. [13]. Copyright 2018, The Japan Society of
Applied Physics).
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3.2 Height and width measurements of isolated RWGs

Figure 4(a) shows depth profile curves obtained with a probe fixed on the RWG
(black line) and the substrate aside the RWG (red line) [13]. Each profile indicates
a peak with a line width of approximately 0.95-0.96 pm, which can be caused by
the reflection from the surfaces of the RWG and the substrate, and the line width
almost corresponds to that of the PSF of the light source, as shown in Figure 1(c).
The peak intensity at the surface of the substrate was smaller (approximately
—5 dB) than that at the surface of the RWG. This might have resulted from a
reduction in the back reflection caused by light scattering at the dry-etched rough
surface. The peak positions at the surfaces were shifted, suggesting that the RWG
height can be estimated from the peak-shift value. From this case, the RWG height
was estimated at ~1.52 pm. We then obtained the depth profile curves by scanning
with the light probe at intervals of 0.2 pm in the lateral direction across the RWG
with 3-pm width and summarized the profile curves in Figure 4(b).

As seen in Figure 4(b), the reflection peaks at the surfaces of the substrate and
the RWG can be clearly distinguished. At the boundary between the RWG and the
substrate, the incident light probe spanned both surfaces, and the signal intensi-
ties were overlapped in a short range of the lateral direction. Thus, we defined the
boundary position where the peak intensity dropped 3 dB from the peak intensity
of the RWG surface. Based on the depth profile curves, signal intensity was scaled

Hex. Lattice Pillar Hex. Lattice Hole

Figure 3.
Optical microscopic and schematics of soft molds for NIL with various lateral patterns.
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Figure 4.

(a) Depth profile curves obtained from the surface of the RWG with 3-pm width (black line) and the substrate
(ved line). (b) Summarized profile curves. (Reprinted with permission from Ref. [13]. Copyright 2018, The
Japan Society of Applied Physics).
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on an 8-bit grayscale, where white denotes maximum and black denotes minimum,
and a cross-sectional OCT image was constructed. Figure 5 summarizes the OCT
images obtained from RWGs with various widths and cross-sectional SEM images
of the RWGs obtained from a cleaved edge. The surface line of the substrate and
the RWG indicated by a red dashed line in each OCT image was determined at the
reflection peak position. The RWG height and width measured by vis-OCT corre-
spond well with the values measured via SEM observation. Figure 6(a), (b) shows
the comparison of the measured heights and widths of various RWGs between
vis-OCT and SEM.

3.3 Soft mold for NIL

We then observed soft molds with periodically integrated patterns, such as line
and space, hexagonal lattice of pillars, and holes. Figure 7 shows optical micro-
scopic (plan-view) and vis-OCT (cross-sectional) images of the molds. The OCT
images clearly show the profile image of the periodic patterns, indicating the height
and pitch of the patterns. Despite the slight variation of dimensions, the measured
height and depth of approximately 0.5 pm and the pitch of approximately 4 pm
were reasonable values.

These results demonstrated the effectiveness of the vis-OCT for measurements
and imaging of integrated structures with several to sub-pm scale. Furthermore,
the mold is made of polymer (PDMS) and difficult to be observed by SEM because
of charging. Vis-OCT can avoid the problem and realize nondestructive and high-
resolution inspection even for the polymer-based material.

Nominal
RWG width

Figure 5.
Comparison of profile images using Vis-OCT and SEM for RWGs with various widths.
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Summarized measured values of (a) height and (b) width of RWGs with various nominal widths using
Vis-OCT and SEM. (Reprinted with permission from Ref. [13]. Copyright 2018, The Japan Society of Applied
Physics).
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NIL soft-mold profile images obtained via Vis-OCT and plan-view images with an optical microscope.

4. Profile imaging of semitransparent thin films

As shown in the previous section, the availability of the vis-OCT was demon-
strated for nondestructive inspection for surface structures with high axial resolu-
tion (less than 1 pm) and lateral resolution (less than 2 pm). We then attempted to
obtain a profile imaging of stacked layers underneath the sample surface. Generally,
thin semiconductor layers are stacked in optical devices, and an inspection method
for the layer embedded in a device, such as the thickness or interface flatness of the
layers, is beneficial. Although a layer of transparency for visible light can be easily
imaged with vis-OCT, a nontransparent or partial transparent layer, which is an
optical absorbent layer for a whole or partial of the visible light, should be difficult
to be measured. In this section, our proposed method to determine the physical
thickness of such a layer using the vis-OCT is introduced.

4.1 Sample of stacked thin layers

An epitaxial AlGaAs thin layer was grown on a GaAs wafer by MBE as a test
sample. As shown in Figure 8, a nominal 0.5-pm-thick Alj 35Gag ¢sAs layer was
prepared and was coated with an approximately 2-pm-thick layer of photoresist
(AZ 5214E, Microchemicals GmbH). The cross-sectional SEM image was obtained
from a cleaved sample edge. A photoresist layer is typically spin-coated before
patterns are drawn with a photolithography process. The measurement of thickness
of the photoresist layer is important for optimizing the condition of pattern draw-
ing. The refractive index of the photoresist layer (7,,) was approximately 1.62 for
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625-nm light, and there is not a large dispersion of n,, for visible light (1.61-1.66

for A = 830-400 nm) [19], as shown in the lower part of Figure 9(a). The physical
thickness of the photoresist film, therefore, can be estimated from the optical thick-
ness divided by 7,,,.

Measuring the AlGaAs layer thickness is also important, because the etched
AlGaAs layer thickness should be monitored when the RWG is fabricated, as shown
in Figure 2. However, the refractive index of AlGaAs (#acaas) has a large disper-
sion, unlike the photoresist layer. The refractive index of the Alj3Gag ;As layer varies
in the range of 3.5-4.8 as a function of the wavelength of visible broadband light,
as shown in the upper part of Figure 9(a). Moreover, the Alj3Gag ;As layer exhibits
optical absorbance, depending on the wavelength, because of the bandgap energy.
Figure 9(b) presents simulated spectra of the visible broadband light source
transmitted through an Alj 3Gag 7As layer with various thicknesses in the range of
250-2000 nm. This indicates variations of the transmitted spectral shape of the
visible broadband light with the thickness of the Aly3Gag/As layer resulting in the
variation of 716,45 With the spectral changes.

4.2 Numerical simulations
As described in the previous section, the semiconductor layer has a dispersion

relation of its refractive index, and the transmitted spectrum is varied with the thick-
ness of the layer. Thus, it should be difficult to determine the physical thickness of the

Photoresist (AZ 5214E)

Photoresist | 2.1 ym
n=1.62 (@625 nm)

Alg 35Ga, g5A
035980 651\S --(3)

GaAs Sub. GaAs Sub.

Figure 8.
Cross-sectional SEM image and profiles of a fabricated sample. (Reprinted with permission from Ref. [12].
Copyright 2016, The Japan Society of Applied Physics).
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Figure 9.

(a) Dispersion refractive indices of Al,;Ga,,As and photoresist. (b) Simulated transmitted spectra through
Al,;Ga,,As films with various thicknesses. (Reprinted with permission from Ref. [12]. Copyright 2016, The
Japan Society of Applied Physics).
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AlGaAs layer from a value of optical thickness obtained with vis-OCT. To determine
the physical thickness of thin semiconductor layers, we propose the utilization of
numerical simulations based on the finite-difference time-domain (FDTD) method
[20, 21]. This simulation provides the propagation of an optical wave of visible broad-
band light in the sample. The FDTD method is a time-domain simulation for modeling
electrodynamics and is useful for predictions of light propagation in a wide frequency
range in an arbitrary material. The variations in intensity and shape of a spectrum as
broadband light travels in the material can be numerically reproduced based on succes-
sive calculations of Maxwell’s equations in time and space. This enables the estimation
of a precise optical length of a broadband light beam traveling in a material having
wavelength dispersion of optical absorbance and refractive index.

We executed the FDTD simulation on a 2D model using commercial software
(Rsoft Design Group, FullWAVE). As shown in Figure 10(a), a 2D model of
stacked layers was prepared, and a pulse light was introduced from the left side of
the model. Figure 10(b) shows plots of intensity of the incident pulse recorded
as a function of time (converted to optical length) at each layer boundary (#1-3).
The appearance of peaks in the plot indicates that the light propagated, and the
distance between two peaks indicates a traveling length of light corresponding to
an optical thickness of the layer. We calculated the optical thickness for simulation
models with different physical thicknesses of the AlGaAs layer set around 500 nm.
The calculated optical thickness was then compared with the optical thickness
experimentally obtained via vis-OCT. The physical thickness was determined as a
corresponding thickness set in the simulation model.

4.3 Profile measurements and imaging with the Vis-OCT

Figure 11(a) shows the depth profile of the sample obtained with the vis-
OCT. Three clear peaks appear in the profile, which can be attributed to reflections
at the boundaries of each layer: (1) the surface of the photoresist, (2) the interface
between the photoresist and AlGaAs layer, and (3) the interface between the
AlGaAs layer and the GaAs substrate. The distance between peaks (1) and (2) of the
sample is 3.69 pm, which is nearly the same as the product (3.4 pm) of the photo-
resist thickness (2.1 pm) and its approximate 7, of 1.62. Considering that the OCT
depth profiles indicate the optical path lengths, peaks (1) and (2) can be interpreted
as reflections at the surface and at the interface of the photoresist layer. However,
the distance between peaks (2) and (3) cannot be analyzed in the same manner,
because the refractive index of AlGaAs is not predictable, as described in the previ-
ous section. We thus compared the experimental value with the FDTD simulations
for models having various values of physical thickness of the AlGaAs layer. The
simulation result, which provided the most comparable optical length, is shown
in Figure 11(b). The physical thickness of the AlGaAs layer was set at 512 nm in

(b)
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Figure 10.
(a) 2D model for the FDTD simulation. (b) Example of the vecorded incident light intensity at layer boundaries
#1-3. (Reprinted with permission from Ref. [12]. Copyright 2016, The Japan Society of Applied Physics).
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(a) Depth profile of the sample obtained via Vis-OCT. (b) FDTD simulation vesult obtained from the most
comparable optical length to the experimentally measured profile. (Reprinted with permission from Ref. [12].
Copyright 2016, The Japan Society of Applied Physics).

the simulation model, and the propagation distance (optical length) between layer
boundaries #2 and #3 was 2.55 pm. The physical thickness of 512 nm in the model
is close to the value measured by the cross-sectional SEM (0.51 pm), as shown in
Figure 8, demonstrating the effectiveness of the proposed method.

The above results show that vis-OCT, combined with the FDTD simulation, is
useful for the profile measurement of not only a transparent film but also the opti-
cally absorbent epitaxial semiconductor layer. Although the sample cleaved for the
SEM observation was the same wafer used in the vis-OCT measurements, the site
for vis-OCT measurement was not at exactly the same position. Thus, the thick-
ness of the grown layer might have been slightly different. Additionally, the visible
broadband light spectrum used in the FDTD simulation had an ideal Gaussian
shape (symmetric at the central wavelength), which is different from the actual
spectrum of the light source used in vis-OCT. This difference in spectral shape
should have affected the simulation result, and further optimization of the FDTD
simulation parameter could have increased the accuracy.

Furthermore, we obtained a 2D profile image of the sample by collecting profiles
in a lateral direction, as shown in Figure 12. This image clearly shows the cross-sec-
tional structure of the sample, which could be utilized for inspecting the homogene-
ity of the film thickness and lateral structures after the etching process. In particular,
the clear visualization of the boundary between the AlGaAs and GaAs layers should
be useful when a ridge-type waveguide is fabricated on the wafer, because precise
measurements of the height of the waveguide and the distance between the bottom

Lateral Direction (um)
0 100 200 300 400

Direction (um)

—_—
O~NON
[ @Né) N le) Ne

Depth

Figure 12.
Profile image of the sample with the Vis-OCT. (Reprinted with permission from Ref. [12]. Copyright 2016, The
Japan Society of Applied Physics).
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of the waveguide and the GaAs active layer are important requirements for attaining
high transmission efficiency in the waveguide. These results demonstrate the effec-
tiveness of vis-OCT for high-resolution, nondestructive profile measurement and
imaging in the fabrication of semiconductor optical devices.

5. Conclusions

We demonstrated a nondestructive and non-contact inspection for semiconduc-
tor optical devices using vis-OCT with high axial and lateral resolutions of less than
1 pm. Profiles of RWGs and patterned soft molds were obtained, and measurements
of the heights and widths of the structures were performed. Furthermore, the
physical thickness measurements of an opaque epitaxially grown AlGaAs layer were
demonstrated by combining the vis-OCT with FDTD-based numerical simulation.
These results offer a novel application of OCT for nonmedical fields.
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