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Introduction

Amazingly, Moore’s law marches on. The 22 nm
technology node is nearly two years in production,
with 14 nm expected this summer or fall, followed
by 10 nm in the next couple of years. Current com-
mercial technology for failure analysis (FA) using
backside imaging is already incapable of resolving
today’s smallest transistor spacing, let alone those
in the very near future. Yet, backside imaging is a
critical tool for testing and FA of semiconductor de-
vices, because metallization and packaging prevent
frontside access. Backside imaging is used with many
FA techniques, such as photon-emission microscopy,
laser voltage probing, and laser voltage imaging.[!]
Greater resolution in optics is achieved through
shorter wavelengths, a larger solid angle of illumina-
tion and collection, or through both approaches. In
backside FA, the highest-possible numerical aperture
(NA) systems are required to achieve the smallest
lateral and longitudinal resolution, because backside
imaging restricts the wavelength to infrared light that
penetrates the silicon substrate. Using aplanatic solid
immersion, the authors achieved the highest resolu-
tion through numerical apertures that approach the
theoretical limit of NA = 3.5. They used advanced
techniques such as adaptive optics, apodization
masks, and interferometric measurements to further
improve resolution and sensitivity as well as correct
for aberrations.[23]
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Solid Immersion Lens

Invented in 1990 by Mansfield, ] solid immersion
lenses (SILs) have become widely used in a variety of
applications, such as high-density optical storage,!5]
near-field scanning microscopy,l and semiconductor
integrated circuit (IC) backside inspections.[7l. Solid
immersion lenses take advantage of the same basic
principle as oil-immersion microscopy: immersing
the object and lens together in a high-index medium,
thus eliminating most losses due to refraction at
planar interfaces. The very high refractive indices of
SIL materials silicon and gallium arsenide (GaAs),
which are closely matched to the silicon IC substrate,
significantly increase the effective NA of a SIL micro-
scope system and drastically improve resolution and
light collection.

Photon-based FA techniques are realized by scan-
ning a focused laser spot over the device under test
(DUT). Fault isolation resolution is fundamentally
limited by the focused spot size of the scanning opti-
cal microscope. Based on the Sparrow criterion, 8]
the resolution of a microscope, 9§, is represented as
follows:

A
3=0.61 NA (Eq1)

where A is the laser wavelength, and NA is the nu-
merical aperture of the system.



NA = nsin6 (Eq 2)

Here, n is the refractive index of the medium, and 0
is the maximum half cone angle of the light that can
enter the objective. Using SILs to achieve the highest
possible NAs is necessary to meet the challenge of
resolving increasingly smaller feature sizes in ICs.[%]

A SIL is a hemisphere or hyperhemisphere lens.
The spherical surface of the SIL faces the backing
objective, and the planar surface is in direct contact
with the backside of the DUT. Two types of SIL ge-
ometries create aberration-free imaging in a perfect,
axial system. The first type is the central SIL (cSIL)
configuration, where light follows the radii to focus at
the center of the sphere (Fig. 1, left). The second is the
aplanatic SIL (aSIL) configuration, where light refracts
at the spherical surface and focuses to the aplanatic
point of the lens (Fig. 1, right), a distance R/n below
the center, where R is the radius of the sphere. A ¢SIL
increases the NA of the imaging system by
a factor of n over the backing objective’s
NA, while the aSIL increases the NA by
a factor of n2 over the backing objective’s
NA.[10] Both SIL types have a theoretical
maximum NA equal to the index of the

from the DUT thickness errors and relax the thick-
ness tolerance requirements for using aSILs. Near-
diffraction-limited imaging is achieved by using
adaptive optics to apply a compensating wavefront
that cancels the spherical aberration introduced by
DUT thickness errors.[2l An experimental demonstra-
tion of thickness mismatch correction using a deform-
able mirror can be seen in Fig. 2. Adaptive optics
corrections of spherical aberrations mean that aSILs
can achieve their full performance without requiring
special sample preparation.

Failure Analysis Applications
of aSIL Microscopy

The aSILs are used to enhance the resolution and
efficiency of many different backside optical FA tech-
niques beyond static imaging. These include photon-

SIL material being used. Achieving close I :
to the maximum NA with a cSIL requires -

an objective withan NA of close to 1, while Fig-1  SIL geometries. Left: Central SIL (cSIL). Right: Aplanatic SIL (aSIL). Both geom-

achieving the maximum NA with an aSIL
only requires an objective with an NA of
1/n. For this reason, an aSIL would be
preferable, if it were not for the additional
challenges of aberrations.

Imaging with SILs away from the center
or aplanatic points leads to aberrations.
In the case of aSILs, micron-level sample
thickness errors can generate significant
spherical aberration because the targets
of interest are no longer at the aberration-
free aplanatic point of the SIL. In the case
of a cSIL, the thickness error tolerance is
relatively high, whereas for the aplanatic
configuration the thickness error tolerance
is relatively low.l"!l Typical polishing toler-
ances on silicon devices and SILs are of the
order of +5 um. Differences in coefficients
of thermal expansion between device,
package, and underfill interfaces can also
introduce tens of microns of silicon warp
across the DUT. In general, one cannot
assume the thicknesses of SILs and DUTs
will be accurate enough to avoid spherical
aberrations when using an aSIL.[12]

318nm

282nm

252nm

Adaptive optics wavefront techniques
are used to compensate the aberration

etries are theoretically aberration-free at their respective foci, but the aSIL has a larger
NA, allowing higher resolution. The diagram accurately represents the NA of the
SILs, with the cSIL at an NA of 2.6 and the aSIL at an NA of 3.4. The cSIL NA is
limited by the backing objective, and the aSIL NA by the refractive index of the SIL.
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Fig.2  Comparison before and after applying +190 nm rms first-order spherical aberration
correction on a sample that is 11 pm thinner than the optimal design thickness. (a)
SEM frontside image of the resolution test sample with separation of the lines marked.
(b) aSIL microscope image obtained before spherical aberration correction. (c) aSIL mi-
croscope image obtained after spherical aberration correction. (d) Line cut comparison
on group 318 nm. (e) Line cut comparison on group 282 nm. (f) Line cut comparison
on group 252 nm
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emission microscopy (PEM), laser voltage imaging
(LVI), and interferometric LVI. Photon-emission
microscopy is a technique for the extraction of timing
information from individual transistors on ICs, which
is critical in both device debug and failure analysis.[13]
Smaller feature separation, reduced photon flux, and
longer emission wavelengths make PEM increasingly

Fig.3  Demonstration of the dual-phase interferometric LVI tech-
nique. (a) Reflectance image of a 32 nm silicon-on-insulator
technology IC. (b) Carrier modulation map of the same IC at
12.5 MHz. (c) Phase map of the same IC at 12.5 MHz. Scale
bar =5 ym

28 Electronic Device Failure Analysis

more difficult on the 22 and 14 nm technology node
devices.4l An aSIL can maximize the collection ef-
ficiency of a PEM microscope with improvements
in lateral resolution as well as enhanced collection
efficiency,l”l somewhat at the expense of chromatic
aberration due to dispersion of the aSIL.[1] Tt has been
shown that chromatic aberration due to dispersion
can be eliminated by the use of a corrective objec-
tive, allowing the full benefits of aSIL-enhanced PEM
microscopy to be realized.[16]

Modulation mapping/LVI is an established tech-
nique for imaging the carrier activity at a given
frequency.l'’] The presence of free carriers in semi-
conductor devices alters the local refractive index and
modulates the intensity of the laser beam reflected
from the device. In LVI, the reflected beam intensity
is detected by a fast photodetector, and the signal is
then filtered at a specific frequency using a spectrum
analyzer or lock-in amplifier.[!8] A spatial modulation
map is formed by recording the amplitude of the
filtered signal while the laser beam is scanned in a
region of interest. The map can then be investigated
to identify the location of any unexpected activity. The
amplitude of the reflectance modulation is typically
on the order of parts per million of the reflected beam,
making sensitive and quantitative measurements a
major challenge, especially because incident laser
power density must be limited in LVI to avoid device

Fig. 4  Increase of SNR with interferometric removal of common mode.
Modulation map images of the first inverter in the I3 chain from
Fig. 3 shown (a) with and (b) without interferometric method. (c)
Reflectance image of device. (d) Computer layout of device showing
metal-3 filling materials in the vicinity of the transistors. Scale bar
=1um



alterations.[”1 The speed and quality of LVI scans can
be improved by using an aSIL’s high collection effi-
ciency and high resolution, but advanced technology
nodes make detection of the already small reflectance
modulation more difficult.

The challenge of low signal-to-noise ratio (SNR)
levels in LVI signals can be overcome by using a dif-
ferential dual-phase interferometric imaging method
combined with an aSIL (Fig. 3, 4). In interferometric
LVI, the reflected probe beam, modulated weakly by
the charge carriers, is mixed separately with two refer-
ence beams with a known phase shift between them.
Performing a balanced detection scheme on these two
channels significantly reduces the common-mode
noise associated with strong dc background and its
noise. Interferometric LVI has been shown to provide
sensitivity of 50 to 100 times better than conventional
reflectance mapping.[!

Super-Resolution aSIL
Microscopy

High-resolution backside optical FA of current and
next-generation ICs requires fault localization in the
sub-100 nm regime. Even using SILs, fault isolation
at this scale cannot be achieved with standard dif-
fraction-limited microscopy. This has led researchers
to investigate so-called “super-resolution methods,”
referring to far-field microscopy techniques to obtain
object information at length scales smaller than the
diffraction limit.

The study of super-resolution methods originates
with Lord Rayleigh.[20l Here, the potential of super-
resolution methods for semiconductor FA applica-
tions is briefly discussed. Such methods can be clas-
sified into two distinct classes:

e Vectorial tailoring methods based on focused spot
size reduction through engineering the laser beam
properties, such as spatial phase and polarization

¢ Image-reconstruction methods based on prior infor-
mation about the objects under investigation when
assumptions about the DUT or optical system can
be made

Focused spot characteristics depend strongly on
the vector properties of tightly focused beams. Linear
polarization leads to elliptical focused spots distorted
in the direction of the polarization vector of the beam.
Dependence of the focused spot on the beam vector
has spurred interest in so-called vortex beams with
complex polarization properties to obtain subdif-
fraction focused spots.[21] In a recent experiment, a
subdiffraction focus spot was achieved in an aSIL-
based laser scanning microscope. The focus spot size

in the experiment was reduced by approximately 20%
by using a radially polarized vortex and a spin-orbit
antialigned phase beam with an annular pupil mask,
taking advantage of the strongly confined longitudi-
nal focal field of the beam (Fig. 5a).122]

Another approach to super-resolution is to process
optical data with image-reconstruction techniques,
employing prior information about the optical sys-
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Fig.5  Use of vortex beams for super-resolution imaging at Ly= 1310
nm. (a) Left panel shows clear pupil images; right panel shows
obstructed pupil images. The line pitch is 252 and 224 nm for
the upper and lower rows in each image. (b) Use of nonlinear
image reconstruction for super-resolution. The two observa-
tion images are of the same device taken with orthogonal
linear polarizations. The reconstructed image is derived from
the two observation images.
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tem model and the DUTs. Recovering subdiffraction
information for different optical systems through
nonlinear image-reconstruction techniques has al-
ready been demonstrated.[2?] These nonlinear image
reconstructions use the prior information that the
underlying object is sparse and consists of piecewise
continuous regions with sharp edges. A nonlinear
image-reconstruction framework combining infor-
mation from multiple images taken by using differ-
ent polarizations can enhance FA image quality and
resolution in high-NA systems (Fig. 5b).[24] Another
approach for benefiting from prior information is
to incorporate an overcomplete dictionary into an
image-reconstruction framework. An overcomplete
dictionary is particularly suited for image recon-
struction in the FA domain because ICs are highly
structured, and their building blocks can be predicted
from the computer-aided design layouts. The authors
formulated a resolution-enhancement framework that
incorporates overcomplete dictionaries into image
reconstruction for high-NA confocal microscopy sys-
tems for backside optical IC defectimaging and have
shown 30% improvement in resolving subdiffraction-
limited objects.[2°]

Summary

Current backside imaging FA methods are unable to
image the smallest technology-node devices already
available. Next-generation backside FA will need
to rely on SIL imaging, aberration correction with
deformable mirrors, and LVI signal enhancement
through interferometry. These resolution-enhancing,
signal-enhancing, and aberration-reducing tech-
niques can make backside FA a viable technology for
current and future ICs.

References

1. International Technology Roadmap for Semiconductors,
2011, 3.2.2.

2. Y. Lu, T. Bifano, S. Unlii, and B.B. Goldberg: “Aberration
Compensation in Aplanatic Solid Immersion Lens
Microscopy,” Opt. Express, 2013, 21(23), pp. 28189-97.

3. A.Yurt, E. Ramsay, C. Stockbridge, Y. Lu, S.M. Unlii, and
B.B. Goldberg: “Interferometric Mapping of Charge Carrier
Modulation in CMOS ICs,” Frontiers in Optics 2012, The
Optical Society, Oct. 14-18, 2012.

4. S.M. Mansfield and G.S. Kino: “Solid Immersion Micro-
scope,” Appl. Phys. Lett., 1910, 57(24), pp. 2615-16.

5. L Ichimura, S. Hayashi, and G.S. Kino: “High-Density
Optical Recording Using a Solid Immersion Lens,” Appl.
Opt., 1997, 36(19), pp. 4339-48.

6. L.P. Ghislain and V.B. Elings: “Near-Field Scanning Solid
Immersion Microscope,” Appl. Phys. Lett., 1998, 72(22), pp-
2779-81.

30

7. S.B.Ippolito, B.B. Goldberg, and M.S. Unlii: “High Spatial
Resolution Subsurface Microscopy,” Appl. Phys. Lett., 2001,
78(26), pp. 4071-73.

8. C. Sparrow: “On Spectroscopic Resolving Power,”
Astrophys. J., 1916, 44(76).

9. TR.M. Sales and G.M. Morris: “Fundamental Limits of
Optical Superresolution,” Opt. Lett., 1997, 22(9), pp. 582-84.

10. A.N. Vamivakas, R.D. Younger, B.B. Goldberg, A K. Swan,
M.S. Unlii, E.R. Behringer, and S.B. Ippolito: “A Case Study
for Optics: The Solid Immersion Microscope,” Am. . Phys.,
2008, 76(8), pp. 758-68.

11. Y. Lu, E. Ramsay, C. Stockbridge, A. Yurt, FH. Kokld, T.
Bifano, M.S. Unlii, and B.B. Goldberg;: “Spherical Aberration
Correction in Aplanatic Solid Immersion Lens Imaging
Using a MEMS Deformable Mirror,” Microelectron. Reliab.,
2012, 52(9-10), pp. 2120-22.

12. C. Richardson, G. Liechty, C. Smith, and M. Karow:
“Contoured Device Sample Preparation Technique for +5
Micron Remaining Silicon Thicknesses that Meets Solid
Immersion Lens Requirements,” Microelectron. Reliab., 2013,

53(9-11), pp. 1434-38.

13. S. Polonsky, M. Bhushan, A. Gattiker, A. Weger, and P. Song;:
“Photon Emission Microscopy of Inter/Intra Chip Device
Performance Variations,” Microelectron. Reliab., 2005, 45(9-
11), pp. 1471-75.

14. S. Tam and C. Hu: “Hot-Electron-Induced Photon and
Photocarrier Generation in Silicon MOSFETs,” IEEE Trans.
Electron Devices, 1984, 31(9), pp. 1264-73.

15. L. Wang, M.C. Pitter, and M.G. Somekh: “Wide-Field High-
Resolution Solid Immersion Fluorescence Microscopy
Applying an Aplanatic Solid Immersion Lens,” Appl. Opt.,
2010, 49(31), pp. 6160-69.

16. B.B. Goldberg, A. Yurt, Y. Lu, E. Ramsay, F.H. Koklii,
J. Mertz, T. Bifano, and M.S. Unlii: “Chromatic and
Spherical Aberration Correction for Silicon Aplanatic Solid
Immersion Lens for Fault Isolation and Photon Emission
Microscopy of Integrated Circuits,” Microelectron. Reliab.,
2011, 51(9-11), pp. 1637-39.

17.].Y. Liao, S. Kasapi, B. Cory, H.L. Marks, and Y.S. Ng: “Scan
Chain Failure Analysis Using Laser Voltage Imaging,”
Microelectron. Reliab., 2010, 50(9-11), pp. 1422-26.

18. F. Zachariasse, G. Boon, G. Faggion, and K. Sarault: “Laser
Modulation Mapping on an Unmodified Laser Scanning
Microscope,” Microelectron. Reliab., 2010, 50(9-11), pp.
1417-21.

19. U. Kindereit, G. Woods, J. Tian, U. Kerst, R. Leihkauf, and C.
Boit: “Quantitative Investigation of Laser Beam Modulation
in Electrically Active Devices as Used in Laser Voltage
Probing,” IEEE Trans. Device Mater. Reliab., 2007, 7(1), pp.
19-30.

20. AJ. den Dekker and A. van den Bos: “Resolution: A Survey,”
J. Opt. Soc. Am. A, 1997, 14(3), pp. 547-57.

21. M.G. Banaee, M.S. Unlii, and B.B. Goldberg;: “Sub-i/10 Spot
Size in Semiconductor Solid Immersion Lens Microscopy,”
Opt. Commun., 2014, 315(0), pp. 108-11.

22. A.Yurt, M.D.W. Grogan, S. Ramachandran, B.B. Goldberg,



and M.S. Unlii: “Vortex Beams in the Vectorial Focusing Reconstruction Techniques for High Numerical Aperture

Regime,” submitted to Nano Letters. Integrated Circuit Imaging,” Proc. 38th Int. Symp. Test. Fail.
. , y Anal. (ISTFA), Nov. 11-15, 2012, pp. 551-56.
23. S. Gazit, A. Szameit, Y.C. Eldar, and M. Segev: “Super-
Resolution and Reconstruction of Sparse Sub-Wavelength 25. T.B. Cilingiroglu, EH. Koklii, E. Ramsay, Y. Lu, A. Yurt, W.C.
Images,” Opt. Express, 2009, 17(26), pp. 23920-46. Karl, J. Konrad, B.B. Goldberg, and M.S. Unlii: “Dictionary-

Based Image Enhancement for Integrated Circuit Imaging,”
38th Int. Conf. Acoustics, Speech, Signal Process., 2013, IEEE
Signal Processing Society, May 26-31, 2013, pp. 1869-73.

24. T.B. Cilingiroglu, FH. Kokli, E. Ramsay, Y. Lu, A. Yurt,
W.C. Karl, ]J. Konrad, B.B. Goldberg, and M.S. Unlii: “Image

About the Authors

Kyle Vigil received a B.S. degree in physics from Texas A&M University in 2006. After Texas
A&M, he joined the U.S. Marine Corps and served as a Communications Officer until 2010. He
is currently a research assistant in the Optical Characterization and Nanophotonics Laboratory
at Boston University, working toward a Ph.D. in physics. His research interests include high-
resolution subsurface microscopy and focus spot reduction through beam-phase and amplitude
modification.

Yang Lu received a B.S. degree in physics from Jilin University, Changchun,
China, in 2004, and M.S. and Ph.D. degrees in mechanical engineering from
Boston University in 2011 and 2014, respectively. His dissertation topic dealt with aberration
correction in high-NA aplanatic SIL backside imaging. He was a research assistant in the Optical
Characterization and Nanophotonics Laboratory at Boston University, where he investigated
sample thickness error-induced aberration and its compensation using adaptive optics for
next-generation failure analysis and fault isolation. His current research interests focus on the
further development of adaptive optics for microscopy and the application of adaptive optics
in other areas of optics engineering, including adaptive optics retinal imaging and wavefront sensing. Dr. Luis a
member of EDFAS, SPIE and OSA.

Abdulkadir Yurt received a B.S. degree in microelectronics from Sabanci University, Istanbul, in
2008. He is currently pursuing a Ph.D. in materials science and engineering at Boston University.
His research interests include developing optical methods for high-resolution fault isolation and
failure analysis of semiconductor devices.

Tenzile Berkin Cilingiroglu received B.S. and M.S. degrees in electrical
engineering from Koc University, Istanbul, Turkey, in 2006 and 2008, respec-
tively. She is currently a Ph.D. candidate in electrical engineering at Boston
University. She is working on image-reconstruction techniques for resolution
improvement in optical failure analysis and fault isolation techniques. She is a research assistant
in the Optical Characterization and Nanophotonics Laboratory at Boston University.

-

- Thomas G. Bifano received a Ph.D. in mechanical engineering from North Carolina State

| University in 1988 and B.S. and M.S. degrees in mechanical engineering and materials science

' from Duke University in 1980 and 1983, respectively. Dr. Bifano directs the Boston University

Photonics Center, a core facility and academic center of excellence comprised of 35 faculty

members from 7 academic departments, 80 graduate students, and 10 staff members. He is also

. ~a Professor of Mechanical Engineering and former Chair of the Manufacturing Engineering

‘h Department. His research focuses on modeling, design, production, and use of microelectrome-

chanical systems (MEMS) in optical applications. Dr. Bifano has organized and led international

symposia and technical conferences in photonics, precision engineering, and MEMS; has authored more than 100
publications; and is an inventor on 6 patents. He is a founder and Chief Technical Officer of
Boston Micromachines Corporation in Cambridge, Mass., a leading producer of deformable
mirrors for applications in astronomy, bio-imaging, and defense. His technology has received

two R&D100 Awards for innovative product development.
M. Selim Unlii received a B.S. degree from the Middle East Technical University, Ankara,

Turkey, in 1986, and M.S.E.E. and Ph.D. degrees in electrical engineering from the University
of Illinois at Urbana-Champaign in 1988 and 1992, respectively. Since 1992, he has been a




Integrated Circuit Super-Resolution Failure Analysis

professor at Boston University Department of Electrical and Computer Engineering, with joint appointments
in Biomedical Engineering, Physics, and Graduate Medical Sciences. He has served as the Associate Dean for
Research and Graduate Programs in Engineering as well as the Associate Director of the Center for Nanoscience
and Nanobiotechnology. Dr. Unlii was the recipient of the National Science Foundation CAREER and Office of
Naval Research Young Investigator Awards in 1996. He was selected as a Photonics Society Distinguished Lecturer
for 2005-2007 and the Australian Research Council Nanotechnology Network Distinguished Lecturer for 2007. He
was elevated to the rank of IEEE Fellow in 2007 for his contributions to optoelectronic devices. In 2008, he was
awarded the Science Award by the Turkish Scientific Foundation.

Bennett B. Goldberg is a Professor of Physics and a Professor of Biomedical and Electrical
and Computer Engineering. He is the founder and director of the Center for Nanoscience and
Nanobiotechnology and the former Chair of the Department of Physics. He is also the Director
of STEM Education Initiatives for Boston University. Dr. Goldberg received a B.A. from Harvard
College in 1982 and M.S. and Ph.D. degrees in physics from Brown University in 1984 and
1987, respectively. Following a Bantrell postdoctoral position at the Massachusetts Institute of
Technology and the Francis Bitter National Magnet Lab, he joined the physics faculty at Boston
University in 1989. Dr. Goldberg is a Fellow of the American Physical Society, has been awarded
a Sloan Foundation Fellowship, and is a recipient of the Presidential Young Investigators Award.

Noteworthy ltem
ESREF 2014

The 25th anniversary of the European Symposium on Reliability of Electron
Devices (ESREF "14) will take place September 30 to October 2, 2014, in Berlin,
Germany. This international symposium continues to focus on recent develop-
ments and future directions in quality and reliability management of materials,
devices, and circuits for micro-, nano-, and optoelectronics. In addition to classic
topics such as failure analysis and general reliability aspects, the conference will
focus on such emerging themes as organic semiconductors and wide-bandgap
devices. Invited experts will provide numerous tutorials.

For the first time, two user-oriented workshops will be fully integrated within
the frame of the conference: the European FIB User Group (EFUG) and the European Failure Analysis Network
(EUFANET) meeting. As usual, a profound equipment exhibition, placed in the conference area, will be part of
the event.

“Expect the Unexpected!” is the guiding theme of the event. Hosted by the Technical University Berlin with the
support of VDE (the Association for Electrical, Electronic, and Information Technologies), ESREF is the premier
event in Europe for reliability and failure analysis topics and provides plenty of opportunities to share experiences,
benchmark your work, and network with peers.

For more information, visit www.esref2014.org.
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