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1. Introduction

Micro-fabricated devices such as micro-electro-mechanical
systems (MEMS) and microfluidics systems have recently
attracted attention due to their specialized functionalities, which
are characterized by their miniaturized structure [1–3]. In order to
reliably fabricate these devices, in-process quality control
methods based on nano- or micro-metrology are gaining
importance [4–11].

Of the various in-process quality control factors for evaluating
microstructures, one of the most important inspection factors is a
micro-opening on the surface. Two typical micro-openings, shown
in Fig. 1, are mechanical functional gaps in MEMS and
microchannels in microfluidics systems. The lack of such micro-
openings may cause functionality problems in the final products,
such as the dynamic mechanical characteristics of microbeams in
MEMS sensors. Therefore, one of the most important targets of in-
process quality control for micro-functional devices is the
verification of proper micro-openings on the device surface. Fig.
2 shows examples of defective micro-openings, which we must
detect to ensure proper functionality of the final device.

There are several inspection techniques that allow us to confirm
the existence of proper micro-openings, which are based on
various measurement principles such as scanning electron

not require a vacuum preparation or mechanical probe scann
they are capable of high-throughput [7–12].

In optical techniques, dark field optical microscopy is w
known as a highly sensitive inspection method for microscatte
substances on the mirrored surface [13,14]. Fig. 3 show
schematic diagram of conventional dark field optical inspectio
micro-opening. Sharp edges on the surface opening, which indic
a proper gap, generate clear twin peaks in the intensity distribu
of the microscopic optical system imaging plane (Fig. 3(a)). I
edge is defective or if a gap is closed due to an impro
development process, less than two peaks appear in the inten
distribution (Fig. 3(b)). In this manner, highly sensitive detec
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We propose a novel in-process optical inspection method for micro-openings on a mirrored surface, s

as mechanical functional gaps in micro-electro-mechanical systems (MEMS) and microchannel

microfluidics systems. The proposed method has not only highly sensitive detection characteristics ba

on dark field observations but also super-resolution observation characteristics based on the l

scattering dependence of the edges of the micro-opening on the orientation of incident light un

coherent imaging. Both theoretical and experimental analyses suggest that we can confirm the existe

of proper micro-openings beyond the diffraction limit of imaging optics by shifting the relative phas

the counter-propagating incident beams.
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Fig. 1. Typical micro-openings on the mirrored surfaces of microfunctional de

such as (a) MEMS and (b) microfluidics devices.
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microscopy (SEM), atomic force microscopy (AFM), optical-based
microscopy, and so on [5]. Among these, optical techniques have a
high affinity for in-process inspection and are superior because
they are non-invasive. Furthermore, because optical techniques do
Fig. 2. Schematic diagram of typical defective micro-gaps and channels on surfaces,
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icro-openings, which consist of a pair of fine scattering
tances, is possible because the biased intensity corresponding
e specular reflection from the flat surface can be eliminated
only the scattered light from edges can be detected based on
fact that most surfaces with micro-openings behave like
ored optical surfaces under dark field illumination.
nfortunately, it is difficult to directly apply conventional dark

 optical inspection to the next-generation manufacturing
ess of micro-fabricated devices, because minimal feature sizes
icrostructures have been getting smaller to sub-micrometer

e, and which means that even nondefective micro-opening
ot generate clear twin peaks of the intensity distribution but

 one peak especially when the gap width of the micro-opening
ss than the diffraction limit of the optical system [12] as shown
ig. 4. In order to overcome this problem, we propose a novel
hod for the dark field optical inspection of micro-openings
g active phase control, which allows not only highly sensitive
ction of the optical response of micro-opening edges but also
r-resolution observation beyond the diffraction limit. In this
y, we have theoretically and experimentally verified the
ibility of the proposed method.

ark field optical inspection using active phase control

ig. 5 shows the proposed super-resolution optical inspection
hod for micro-openings beyond the diffraction limit with
e phase control under coherent conditions. In this proposed

hod, coherent laser beams, capable of interference, provide
 field oblique light illumination. In general, the detected

For micro-openings smaller than the diffraction limit, if the
phase of the amplitude distribution is the same state, we obtain
one peak of the intensity distribution, which is similar to
conventional incoherent dark field inspection, as shown in Fig.
5(a). However, if the phase of the amplitude distribution is an
inverse state, we expect clear twin peaks of the intensity
distribution even for micro-openings smaller than the diffraction
limit (Fig. 5(b)).

3. Numerical analyses of proposed concept

3.1. Simulation model and analysis of conventional method

In order to theoretically analyze optical imaging formed from
micro-openings with a gap size on the order of the wavelength, the
near-field optical interaction of the microstructures should be
rigorously considered [15]; therefore, we perform numerical
simulations using a finite-difference time-domain (FDTD) method
[16], where we can calculate the electric field vector components
interacting with arbitrarily fine structures with nanometer-scale
resolution. Fig. 6 shows the FDTD simulation model used in this
research. The simulation region consisting of the 20-nm unit cells
was 2 mm � 1 mm � 2.5 mm. For the external light illuminating
the micro-opening on the silicon substrate, we used two oblique s-
polarized incident plane waves with a 488.0-nm wavelength at an
incident angle of 808.

3. Conventional dark field optical inspection of micro-opening. (a) Optical

m and nondefective gap case. (b) Defective gap case.

Fig. 4. Critical problem of conventional optical inspection due to the diffraction

limit.

. Proposed dark field super-resolution optical inspection beyond the diffraction limit with active phase control under coherent conditions. (a) Same phase excitation

 (b) Inverse phase excitation case.
Fig. 6. FDTD simulation model for near-field optical response analyses.
cal image is formed by adding the optical images from light
tered light off the micro-opening edges, originating from one-
d oblique illumination on either side of the gap.
or a system under coherent conditions, optical superposition
the imaging plane is performed not with the intensity
ponent but with the amplitude component of scattered light

 the micro-opening. Because the light scattering at the edges
nds on the incident light orientation, the phase of the
litude distribution from one-sided oblique illumination can be
ged by controlling the relative phase difference of the two
ter-propagating illumination beams.
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Fig. 7 shows a typical optical response under conventional
incoherent conditions, where two counter-propagating beams do
not have any phase correlation. In this result, Fig. 7(a) shows the
near-field intensity distribution on the XZ-plane for a 330-nm gap
width. The mutual interaction at both edges of the micro-opening
provides near-field light excitation at the center of the micro-
opening. Fig. 7(b) shows the far-field intensity distribution on the
imaging plane, which was calculated based on the Fourier optics
from the complex amplitude distribution on the surface of the
silicon substrate. Here, the numerical aperture (NA) of the optical
system is assumed to be 0.9, resulting in a Rayleigh diffraction limit
of 330 nm, which is equivalent to the gap width. In Fig. 7(b), only
one peak of the intensity distribution is obtained even for a gap
width of the Rayleigh diffraction limit because the edge opening is
small compared with the wavelength.

3.2. Analyses of the proposed method using active phase control

In order to verify the super-resolution of our proposed meth
we analyze the optical response for gap widths smaller than
Rayleigh diffraction limit under the proposed coherent dark fi
inspection conditions. Fig. 8 shows time-lapse images of the n
field excitation of the electric field component for a 200-nm 

width where the Rayleigh diffraction limit is 330 nm. In Fig. 8(A)
counter-propagating illumination beams generate one near-fi
light peak from the electric dipoles at both edges in silicon subst
with same phase and the electromagnetic waves radiate upward
the other hand, for the inverse phase excitation shown in Fig. 8
two near-field light peaks with different phases are observed n
the micro-opening even if the gap is less than half of the wavelen

Fig. 9 shows influence of the relative phase difference f on
optical response under the same conditions. Fig. 9(A) and
respectively show the time-averaged near-field intensity distri
tion and far-field intensity distribution on the imaging plane w
the same optical system as that in Fig. 7(b). From this, the 200-n
gap can be clearly discerned with twin peaks of the inten
distribution on the far-field imaging plane by setting the rela
phase difference f = p, even when the gap was less than 

Rayleigh diffraction limit of the optical system.
Fig. 10 shows the gap discrimination characteristics of ac

phase control. As the NA decreases, the allowed relative ph

Fig. 7. Numerical result under conventional incoherent dark field inspection [XZ-

plane] (Gap width: 330 nm). (a) Near-field intensity distribution. (b) Far-field

intensity distribution on the imaging plane (NA: 0.9, Rayleigh diffraction limit:

330 nm).
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Fig. 9. Influence of relative phase difference f on optical response under prop

coherent dark field inspection [XZ-plane] (Gap width: 200 nm). (A) Time-aver

near-field intensity distribution. (B) Far-field intensity distribution on the ima

plane (NA: 0.9, Rayleigh diffraction limit: 330 nm).
Fig. 8. Time-lapse images of the near-field excitation of the electric field component

under the proposed coherent dark field inspection [XZ-plane] (Gap width: 200 nm).

(A) Same phase excitation condition (f = 0). (B) Inverse phase excitation condition

(f = p).
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Fig. 10. Gap discrimination characteristics by controlling the relative phase

difference f (GAP width: 200 nm).
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rence required for obtaining high contrast twin peaks
eases. However, for the relatively low NA of 0.2, where the
eigh diffraction limit is 1488 nm, the twin peaks of the
nsity distribution on the far-field imaging plane can be
ined for a 200-nm gap by adjusting the relative phase
rence. The effects of other detection parameters such as the
ent angle on the quantitative gap width detection perfor-
ce will be analyzed in a future work.

undamental experiments for verifying proposed concept

e developed a dark field optical inspection system with active
e control based on the proposed concept shown in Fig. 11. This

edges with a 500-nm gap width on a silicon substrate using a
relatively low NA objective (0.55). The Rayleigh diffraction limit
under this condition was 541 nm. The other experimental
conditions were as follows: wavelength l = 488 nm, incident
angle u = 748, exposure time of 0.03 s, and microscope magnifying
power of 90. The images in Fig. 12 correspond to the dark field
observation images for the shifting relative phase difference of the
counter-propagating beams, which is performed by moving the
mirror on piezoelectric translator. Here, the phase difference
values are relatively indicated from one peak image with the
highest contrast (Fig. 12(a)). We clearly confirmed the 500-nm-
gap with clear twin peaks of the intensity distribution beyond the
Rayleigh diffraction limit (541 nm) by shifting the relative phase
difference f. This confirms our theoretically derived results.

5. Conclusions

We proposed a novel dark field optical inspection method,
which allows us to confirm the existence of micro-openings with
gap widths less than the diffraction limit of the imaging optics. The
system is based on both the coherent imaging characteristics and
the light scattering dependence of edges on the orientation of
incident light under dark field observation. Theoretical analyses
indicate that two near field light peaks originated from both edges
of micro-opening can generate even in the narrower space
(200 nm) compared with wavelength of light source (488 nm)
by adjusting the relative phase difference of the oblique counter-
propagating incident beams and clear twin peaks of the intensity
distribution on the imaging plane can be achieved by optical
system with the Rayleigh diffraction limit of 330 nm. Furthermore,
fundamental experiments verify our proposed concept clearly
discerning a 500-nm-gap with a relatively low NA objective of 0.55
with a Rayleigh diffraction limit of 541 nm. In the future, we plan to
develop detailed analyses for studying the quantitative gap width
and the minimum detectable gap width.
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