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Chromatic and spherical aberration correction for silicon aplanatic solid
immersion lens for fault isolation and photon emission microscopy
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a b s t r a c t

Current state-of-the-art in backside fault isolation and logic analysis utilizes solid immersion lens (SIL)
imaging in the central configuration. An attractive advancement is the development and integration of
an aplanatic SIL, which allows significant improvement in resolution, signal acquisition and isolation
capabilities, especially for the 22 nm node and beyond. However, aplanatic SIL configurations introduce
both chromatic and spherical aberrations. We have developed backing objective designs capable of cor-
recting for chromatic aberrations allowing application in photon emission microscopy, as well as deform-
able mirror designs and experiments that eliminate spherical aberrations of aplanatic SILs to account for
variations in substrate thickness and off-axis imaging.

! 2011 Elsevier Ltd. All rights reserved.

1. Introduction

Since their invention in 1990 [1] solid immersion lenses (SILs)
have become widely used in the semiconductor failure analysis
industry to improve resolution and signal collection for backside
photon-based imaging techniques. SILs are generally of a plano-
convex design, where the planar surface sits in optical contact with
the substrate of the device under test (DUT) and the convex surface
faces the backing objective in the imaging system. Two types of SIL
geometries allow the possibility to perform aberration-free imag-
ing. The first images light at the center of the radius of curvature
of the immersion lens, and is known as a central SIL. The second
images light at the aplanatic point of the immersion lens, a dis-
tance R/n below the center, and is known as an aplanatic SIL. In a
perfect, on-axis, model system, both designs are aberration free.
The aplanatic SIL also increases the numerical aperture of the
imaging system, and is often referred to as a numerical aperture
increasing lens, or NAIL [2].

When imaging areal device under test (DUT) with an immersion
lens of either type, many factors lead to spherical aberrations:
Off-axis imaging, errors in fabrication of the surfaces, and an
unknown thickness of the substrate and distance from back surface

to transistor level. Since spherical aberration free imaging is only
possible if the region of interest sits at the center or aplanatic point
of the SIL, any mismatch between the design thickness and the ac-
tual thickness of the substrate will rapidly cause an increase in the
focus spot size. Several groups have studied spherical aberration
correction in index mismatched materials using adaptive optics
[3]. Here we report the use of adaptive optics for correction of
aberrations due to a mismatch between the thickness of a central
SIL and substrate.

Moving from a central to an aplanatic SIL also introduces chro-
matic aberrations, since the incoming rays are no longer perpen-
dicular to the spherical lens surface. Photon emission microscopy
(PEM) is a current state-of-the-art technique for the extraction of
timing information from individual transistors on integrated cir-
cuits (ICs) that is critical in both device debug and failure analysis
[4]. The reduction in feature size with the advent of advanced tech-
nology nodes will affect PEM imaging with respect to localization,
photon flux and detection wavelength. Lower supply voltages to
the IC will exponentially reduce the number of emitted photons
per timing event, as well as shift the wavelength of emission fur-
ther into the infrared, making detection more difficult [5].

An aplanatic solid immersion lens (ASIL) can maximize the col-
lection efficiency of a PEM microscope with improvement in both
lateral resolution as well as enhanced collection efficiency [2], at
the expense of chromatic aberration due to dispersion of the ASIL
[6]. The peak wavelength of photon emission varies according to
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the technology node as does the spectral bandwidth. To accommo-
date the range of wavelengths at maximum imaging power, we
study the chromatic aberration behavior of a silicon ASIL in the
spectral range 1.4–2.6 lm, particularly relevant to PEM [4]. We
demonstrate that the inherent aberrations due to the silicon ASIL
significantly degrade the imaging performance of a PEM micro-
scope and these aberrations can be minimized by an accompanying
corrective objective such that the imaging system benefits the full
advantages of the ASIL for PEM techniques.

2. Experiment

2.1. Using deformable mirrors to correct spherical aberrations in a
solid immersion lens

A continuous face-sheet MEMS-based deformable mirror (DM)
with 140 electrostatic actuators (Boston Micromachines Corp.)
was used to tailor the wavefront of the illumination light to com-
pensate for spherical aberrations induced by an error in substrate
thickness. The DM features 3.5 lm stroke and 400 lm pitch be-
tween actuators. In order to best control the phase profile of the
illumination beam the DM was controlled in an open-loop fashion
[7]. Measurements were made of the reflected spot size and re-
flected wavefront error, and these parameters were minimized
using DM correction of the input beam. In these initial studies
we used a central sapphire SIL to allow us to work in the visible.
Future work will test with an aplanatic silicon SIL operating in
the near-infrared.

The system was modeled in ZEMAX, with a perfect paraxial lens
in lieu of an objective at the NA of the objective that we intended to
use in our experiment: A Mitutoyo 20!, 0.4NA, infinity-corrected
objective lens. Rays from this lens were focused through a sapphire
SIL of radius of curvature of 2.38 mm and an index of refraction of
1.77. A 150 lm-thick slab of N-BK7 glass was placed between the
SIL and the detector plane, and the system optimized to provide
best focus. Fig. 1 shows the spot diagram obtained for this configu-
ration; the black circle shows the Airy disk for this system. Clearly,
the system is no longer diffraction limited. We then designed an
experiment to attempt to correct for the induced aberration.

The optical setup schematic is shown in Fig. 2. Light from a he-
lium–neon laser (HeNe) was directed from a DM (far right of fig-
ure) with an active aperture size of 3.6 mm to the pupil of the
Mitutoyo infinity-corrected objective, shown on the left side of
the figure. The DM surface was conjugated with the back pupil
plane of the objective using a telescope with a magnification of
2. The objective focused the light at normal incidence onto a sil-
vered mirror surface. The reflected light was then directed via a
beamsplitter to two detectors; one a camera (CCD in figure) and

the other a Shack-Hartmann wavefront sensor (WFS), positioned
conjugate to the DM and the pupil plane. This configuration was
used to make a baseline measurement of the aberration in the sys-
tem. The sapphire SIL was then placed onto the surface of the mir-
ror and fixed using a small bead of water, before light from the
laser was focused to the center of the hemisphere. As expected,
no increase in spherical aberration was seen in this configuration.
Finally, we introduced a 150 lm thick glass cover slip between the
SIL and mirror to create a non-optimal SIL/substrate combination.
The system was then refocused onto the mirror surface and an
analysis of the wavefront was made. This showed a dominant
spherical aberration term in the wavefront. To correct for this,
open-loop spherical aberration correction was applied using the
DM. This increased the intensity by a factor of around 1.4, as can
be seen in Fig. 3 and the rms wavefront error was also decreased
by 30%. The wavefront error is the rms displacement of wavefront
in the direction of beam propagation, as measured by the wave-Fig. 1. Spot diagram when using a sapphire SIL and glass cover slip.

Fig. 2. Schematic of the optical setup for the sapphire SIL with cover slip.

Fig. 3. Spherical aberration correction on the sapphire and cover slip.

Fig. 4. Schematic of the designs (a) ASIL with perfect lens and (b) ASIL with
corrective objective lens. The diameter of the SIL is 2.3 mm.
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front sensor. This leads to a near-diffraction limited spot with low
residual aberration. We have performed simulations in ZEMAX
showing the effects of incorrect substrate thickness in the case of
aplanatic silicon SILs. The spot diagrams for a 25 lm mismatch in
substrate thickness show an increase in the lateral spot size by
over an order of magnitude. We believe that using DMs it should
be possible to correct for these aberrations.

2.2. Chromatic aberration correction design for aplanatic solid
immersion lens

We created two designs for PEM imaging objective lenses in ZE-
MAX (see Fig. 4). The first design, shown in Fig. 4a, consisted of a
perfect positive lens, free from aberration, focusing light through
an ASIL to a point. This design allows us to understand the inherent
chromatic aberration that exists due to the SIL dispersion. The sec-
ond design is a corrected objective lens composed of six elements
followed by the ASIL. This design minimizes both chromatic and
monochromatic aberrations. To study the designs, a collimated
polychromatic light beam that included an unweighted amplitude
distribution of wavelengths between 1.4 lm and 2.6 lm was
launched from the entrance pupil and the rays were traced through
the optics to the image plane of the system. The image plane was
assumed to be located on the planar surface of the ASIL and in
homogenous silicon material. Both designs were constrained to
have an effective numerical aperture (NA) of 2. This led to an aver-
age, diffraction limited resolution of about 350 nm in silicon across
the entire spectrum of interest.

Without correction, the focal length of the imaging system var-
ied by around 7 lm between wavelengths of 1.4 lm and 2.6 lm
due to inherent chromatic aberration of the ASIL. For the corrected
design, the chromatic focal shift was reduced to a maximum value
of 330 nm over the entire spectrum, more than a factor of 20
improvement.

Fig. 5 shows the focal plane spot diagram for each lens design.
Both Fig. 5a and b are to the same scale, with different colors cor-
responding to different wavelengths in the range considered. The
black circle corresponds to the diffraction limited Airy disk. The
uncorrected lens design (left) shows all rays (except the primary
design wavelength of k = 1.8 lm) were spread over the transverse
focal plane over due to strong chromatic aberration. Conversely, all
wavelength components were restricted to the Airy disk in the sec-
ond design, thus providing for diffraction limited focusing across
the full spectrum. For this study, both designs were constrained
to a NA of 2 which was assumed sufficient for resolving the fea-
tures of interest. A more stringent goal would be for higher NA
which would include higher angle component of rays, which we
are currently exploring.

3. Conclusions

We have performed open-loop correction using a deformable
mirror to compensate for wavefront aberration in the central SIL
configuration when the substrate thickness does not match that
for which the SIL is designed. We have shown a reduction in rms
wavefront error of 30% in sapphire. This work can be extended to
use in silicon integrated circuits where silicon SILs may not be ex-
actly matched to the substrate thickness in a device under test. In
addition, we have demonstrated the effect of chromatic aberration
of the ASIL on the imaging performance for PEM applications.
Although ASIL provides significant improvement in terms of reso-
lution and collection efficiency of photons, the aberrations must
be corrected in order to take full advantage of ASIL in PEM micros-
copy in which the photon emission rate and device separation dis-
tance has been ever shrinking for state-of-the-art IC technology.
We present a corrective objective design which eliminates the
aberrations that exist in ASIL in order to achieve high-performance
PEM imaging for fault detection and failure analysis of ICs has been
proposed to fulfill the requirement of the-state-of-the-art IC
technology.
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Fig. 5. Spot diagrams at focal plane for collimated beam of different wavelengths. (a) ASIL with perfect lens and (b) ASIL with corrective objective lens. The scale bar is 2 lm.
The black circle denotes the Airy disk.
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