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Abstract
Advanced techniques for nondestructive evaluation (NDE), having volume resolutions
better than 1 micrometer voxel (three dimensional pixel) size, are urgently needed for
the safety and reliability of electronic systems, especially those used in extended life
applications. This paper presents the current status and future vision of sub-nanometer
NDE. Techniques like acoustic- and X-ray microscopy, Near Field Scanning Optical
Microscopy (NSOM), Nano-Raman microscopy, thermal wave microscopy, Atomic
Force Acoustic Microscopy (AFAM) and others are described. The principles are
briefly introduced, and applications are discussed and demonstrated with examples.

1. Motivation
The pace of development of integrated circuits is still very high and is not expected to
decrease in the next future. The integration density of microelectronic devices is
increasing, the dimensions are getting smaller and the number of I/O's is getting higher.
This trend is described by Moore's Law. At present structural sizes of 75 nm are stateof-the-art. In several years we will see structural sizes of 25 nm and below. Packaging
has to keep up with this trend. Structures below the micrometer range are required to
build up electronic systems from highly integrated microchips. New packaging
technologies have to be developed to be able to deal with factors such as high pin

counts, low pitches, high power consumption, high frequencies, etc. These facts are
published in different technological road maps, for instance IPC-Roadmap 2004/2005(1,
2)
and iNEMI Technology Roadmaps - 2004 Edition (3). To face these challenges it is
necessary to control nanometer dimensions. New technologies with a high potential to
solve the future packaging challenges include System-on-Chip (SoP), Multi-ChipModule (MCM), System-in-Package (SiP) and System-on-Package (SoP).
New kinds of damage processes and defects are going hand in hand with the new
technologies described in the last section. These are, for example, transportation
phenomenon and recrystallization, volume modifications and Kirkendall voids. Figure
1 shows some of these expected phenomena.
Detecting these defects requires new inspection techniques, new inspection facilities
and new knowledge about the physical and chemical effects in nanometer dimensions.
For the safety and reliability of electronic systems, especially those that are used in
extended life applications, advanced techniques of nondestructive evaluation (NDE) are
urgently needed. This need is essential for the development of reliable technologies and
to ensure that 100% of products can be tested.

Figure 1: Challenges for nano NDE (Source (4))
A special challenge for nano NDE is the technological gap for NDE techniques in the
resolution range between about 100 nm and 10 µm. Figure 2 presents imaging NDE
methods and their resolutions, with the above-mentioned resolution gap clearly visible.
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Figure 2: Gap for NDE methods

2. Trends in Micro- and Nano-NDE
2.1 Advancements in X-ray Tomography
Computed X-ray tomography (CT) is a method in which three dimensional data of
complex structures are acquired by recording numerous X-ray radiographs and backprojection of them to the volume. Recent progress in computer technology and
especially in algorithms made CT a powerful, affordable and fast tool to inspect all
kinds of extended objects. Nowadays, CT is the tool of choice for inspection of casted
aluminum parts. Currently the speed of data collection limits the application of the
method. However, ongoing developments at the Fraunhofer-Gesellschaft target this
issue to make CT a tool that can be used for inline quality control.
High quality three dimensional representations of an object can be recorded using the
“Axial 3D-CT”, giving superior 3D resolution on just a single turn of the specimen.
However, this method is only partially suited for topographic imaging of planar samples
– such as printed circuit boards (PCB) – due to large differences in the lengths to be
passed in those samples. These yield a dynamic range that is too broad to be covered by
current imaging X-ray detector technology. Fraunhofer IZFP-D developed geometric
setups to overcome these large length differences, making CT a useful tool for the three
dimensional inspection of densely packed PCB in the classical sense, as well as on chip
wiring. As an additional benefit, these setups allow highest resolution in extended
samples without the dynamic limiting artifacts in the reconstruction associated with
ordinary ROI-CT images.
Methods developed at Fraunhofer IZFP-D allow quality control of micro solder bumps
as well as of the classical PCB to improve existing standards of voxel sizes of a few
microns required for qualifying micro solder bump assemblies to a few 10 microns per
voxel useful for qualifying classical PCB.
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For solder bumps, the presence and size distribution of pores is a typical challenge for
quality management (QM), usually solved by 2D X-ray inspection. 3D methods can
help to further qualify voids by the position normal to the plane of the PCB to increase
the rate of fabrication and make the manufactured devices more reliable.
The inspection aim of multilayer PCB might be the monitoring of alignment and
completeness of the individual layers but also the shape of macro and micro vias to
ensure the reliability of modern assembly functions. Figure 3 illustrates the capabilities
of a modern method. The inspection object was rather large but very thin ceramic PCB
of about 5” square with a thickness of about 500 µm carrying altogether 16 identical
printed circuits of about 3/4” size. The tool developed was able to inspect an individual
circuit three dimensionally with a sufficiently high resolution to control the alignment
and size of each individual layer of this five layer PCB without destroying the full
board. The separation of the layers is extremely good. Therefore this method is suited to
inspect printed circuits of current productions of any size with a high resolution when
focusing on special points of increased reliability.

Figure 3: Layers of a ceramic multilayer PCB (total thickness of the PCB is 500
µm; field of view about 15 mm; PCB was in an array of 16)
2.2 Acoustic Microscopy
The acoustic microscope is a well-established tool for studying internal microstructures
of non-transparent solids and coatings. It is widely used in the detection of cracks and
sub-surface defects in various materials. Image formation and interpretation are highly
dependent on frequency and material properties. In scanning acoustic microscopy
(SAM) operating in the GHz frequency range, resolutions in the µm range can be
obtained but the penetration depth is very limited. The NDE problems of packaging
need a penetration depth in the range of 1 mm, which requires lower frequencies.
Depending on the task (flip chip, encapsulated chips, delamination of adhesive layers,
leak of underfiller, etc.) transducers in the frequency range between 10 MHz and 100
MHz are used. The focal lengths of the transducers have to be adapted to the specific
problem being handled. The signals are not always easy to interpret due to various
effects, such as transducer edge waves, mode conversions, multiple reflections in the
structure etc. Modeling of the wave phenomena can lead to a better understanding of the
situation.
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A numerical model of an acoustic microscope based on the elasto-dynamic finite
integration technique (EFIT) has been developed. EFIT completely separates the
integral form of the first-order governing equations, yielding a stable, powerful, and
flexible time-domain algorithm on a temporally and spatially staggered grid(8). For axissymmetric problems, a special EFIT version using cylindrical coordinates is available
(9)
. This CEFIT forms the basis of the acoustic microscope model.
As an example the case of a water filled cavity in a solid material (zinc) is used (10). The
transducer has a 25 MHz center frequency, a half-aperture angle of 60° and a focal
length of 924 µm.

Figure 4: Numerical CEFIT simulation of acoustic reflection microscopy at a 100
µm diameter and 70 µm deep water filled spherical cavity. The time snapshots
display the absolute value of particle velocity using a linear gray scale. The series
of snapshots is arranged from left to right and then from top to bottom
The first snapshot shows the primary P wave at the moment it hits the surface.
Afterwards the reflected P wave, transmitted P-wave and mode converted waves are
visible. In the filled cavity multiple reflections appear which generate secondary echoes
traveling through the coupling fluid to the transducer.
Besides support in the identification of the signals obtained from acoustic microscopy
images, this model will be used for the design of transducers and optimization of
parameters such as matching layers, lens geometry and geometry of the buffer road.
2.3 Acoustic Near Field Techniques (AFAM)
The resolution of conventional acoustic microscopy is limited by the acoustic
wavelength. Sub-wavelength resolution can be obtained by near field techniques, for
example Atomic Force Acoustic Microscopy (AFAM). AFAM uses an Atomic Force
Microscope (AFM) where flexural and tensional cantilever vibrations are excited by
out-of-plane and in-plane sample surface vibrations. The ultrasound is transmitted from
the sample into the cantilever while forces act between the sensor tip and sample. The
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sample surface is scanned by the sensor and an ultrasonic image is acquired at the same
time as the topography image. The contrast in the ultrasonic image depends on surface
topography and on the local elastic properties of the sample. Voids, inclusions, or
cracks, which represent regions of different elastic constants in the interior of the
material, are sensed by the local elastic response of the tip at the sample surface. As a
consequence, information on hidden structures can be derived from the acoustic images.
Usually, this subsurface information is overlaid by additional topographic information
also contained in the ultrasonic image. Therefore test samples having only clearly
interpretable topographic information were produced. This allows making experiments
for a distinct proof of the sub surface capability of AFAM.

Figure 5: SEM image of the silicon sample with a hole milled from the side (hollow
arrow). The sidewall of the hole is inclined slightly towards the top face and shows
a small breakthrough (arrow). Markers sputtered for better orientation are visible
as dark lines
Figure 5 shows an SEM image of one of the produced samples (7) where a membrane
was milled by a focused ion beam technique without modifying the scan area. The
AFAM scan area in relation to the position of the membrane is indicated in Figure 5.
The result of the AFAM measurement is shown in Figure 6.

Figure 6: AFM (left) and AFAM (right) images of the membrane. The excitation
frequency was f = 685 kHz, the scan size is 30 × 30 µm², the z-scales are 300 nm in
the topography and 10 V in AFAM image. The edge of the wafer is located below
the bottom line of the scan area
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In the AFAM image (Figure 6 right), the response from the interaction of the membrane
with the ultrasonic wave appears as a significantly higher amplitude (brighter area in the
image). From top to bottom the membrane thickness increases. Accordingly, the
effective stiffness and the AFAM amplitude converge to the values of the areas without
a hole.
It is remarkable that the void can be imaged through a thickness of the covering layer of
several hundred nanometers. Because this is much greater than the limits discussed in
the literature there is hope that AFAM can be developed to be used as a method
applicable to the NDE of electronics packaging.
2.4 Near Field Optical Techniques and Nano-Raman Microscopy
From optical microscopes for visual inspection, white light interferometers for surface
analysis to spectroscopic ellipsometers for complex surface characterization, optical
metrology techniques have been powerful tools and widely used in micro- and
nanotechnology fabrication lines. Their inherent non-destructiveness and simplicity
have made optical tools indispensable for modern manufacturing and research.
However, due to the tremendous advances in nanolithography and micro-fabrication,
ever-decreasing feature sizes in semiconductor fabrication and data-storage severely
stretch the capabilities of optical metrology techniques and lead to a strong requirement
for measuring structures at the surface and in the volume. According to the International
Technology Roadmap for Semiconductors (ITRS) 2004 update, one of the key
metrology areas for the 45 nm node and beyond that urgently requires a solution in the
next several years is structural and elemental analysis in these dimensions. The solution
for this technical challenge should also allow factory level and companywide metrology
integration for real time, in situ, integrated and inline metrology.
Due to diffraction, normal optical systems have difficulties resolving features with subwavelength lateral dimensions. To meet the challenges of optical metrology techniques
imposed by the rapid progress in nano-fabrication, near-field optical techniques, such as
near-field scanning optical microscopy (NSOM, also known as SNOM in Europe), have
been investigated to improve the resolution of optical systems. NSOM is an optical
imaging technique capable of providing sub-wavelength resolving power and has found
many applications in nano-photonics, biomedical sciences and materials diagnostics.
The most common practice of this technique uses a metallic-coated tapered fiber tip
with a nano-aperture opening at the tip apex. In transmission mode, the light transmits
through this nano-aperture and illuminates the sample locally. In collection mode, the
optical signal from the sample is locally collected by the NSOM tip. It is the
confinement of the nano-aperture that provides resolving power far beyond the
diffraction limit. In general, NSOM can provide a spatial resolution between 50 nm and
100 nm. With the tuning fork feedback mechanism, NSOM is capable of providing
topographic and optical imaging of samples with high resolution. The unique access to
optical signals with nanometer resolution opens up many opportunities for nondestructive nano-characterization and metrology of materials.
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Figure 7: Etched fiber tip to be used as optical near field probe. The shape and
sharpness of the probe can be designed individually to solve special requirements
coming from the sample to be investigated or from the NSOM setup itself. (e. g. to
get optimal Plasmon excitation for field enhancement)
For many years Raman spectroscopy has been a powerful tool for the investigation of
molecular vibrations and rotations. Raman scattering may be regarded as an inelastic
collision of incident light with molecules of materials. The interaction between the
incident light and the vibrational/rotational energy of the molecules causes a spectrum
shift in the scattered light. Specific molecules have their own distinctive features or
“fingerprints” in the spectrum shifts. By studying the Raman shift, information about
the chemical composition of the sample can be identified. Micromechanical properties
and local deformations of the material also affect the shift. Thus, measuring the Raman
shift image can provide a map of the stress/strain distribution in the sample. Traditional
Raman spectroscopy techniques use laser beams with a large footprint, which limit the
achievable spatial resolution. In order to obtain spatially resolved material properties,
micro-Raman technique using high numerical aperture objective lens has been
developed and applied in materials diagnostics. Typical spatial resolution on the order
of several microns can be achieved with the micro-Raman technique. A much higher
resolution is required, however, to meet the challenges presented by the ever decreasing
feature sizes of present nano-materials and nanofabrication techniques. Scanning probe
microscopy (SPM) such as AFM and NSOM can be used in combination with Raman
spectroscopy to further improve spatial resolution in the nanometer range. Besides a
much high spatial resolution, nano-Raman spectroscopy is fundamentally different
compared with the micro-Raman and conventional Raman spectroscopy. Due to a large
field gradient in the vicinity of the scanning probe, nano-Raman spectroscopy provides
much more information than micro-Raman techniques. Thus, a nano-Raman probe
based on SPM techniques is a very promising solution to the technical challenges of
structural and elemental analysis listed in the ITRS 2004 update.
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Figure 8: Correlation between the Ramanshift and the strain induced with a well
defined bending of a piece of silicon
2.5 Thermal Microscopy and High-Resolution Thermography
Thermal techniques offer a unique contrast created by microscopic heat flows (8). These
include microscopic thermal wave techniques, where the resolution is determined by a
highly focused laser beam that generates local temperature oscillations. The temperature
oscillations are detected by infrared detectors, by temperature dependent optical
reflection properties or by thermally induced acoustic waves. The contrast is determined
by changes in the thermal effusivity, by thermal resistances or by changes of the
geometry of the heat flow. A special feature in this kind of thermal imaging is the
thermal depth profiling capability (sub-µm to 1 mm), derived by a change of subsurface penetration of the thermal wave and by adjustment of the thermal diffusion
length. The lateral resolution is limited dependent on what is used for heating;
approximately 1 µm for optical excitation is used or about 10 nm for a modulated
electron beam. Typical imaging applications comprise micro-crack detection and
determination of thermal resistances of interfaces, including joints. A commercial
instrument based on photo-thermal radiometry is the ALADIN thermal wave
microscope.
Scanning thermal microscopy is a technique with moderate imaging speed, as thermal
diffusion is a comparably slow process and step-scanning takes time. Therefore, there is
a tendency to combine high resolution infrared camera techniques with active heating.
Figure 9 shows the image produced when an infrared camera equipped with a
microscope lens was used to image a silicon covered microelectronic component. Many
of the structures visible inside only appear after additional heating using a flash lamp.
The infrared image shown in Figure 9 was obtained 45 ms after applying a 5 ms flash.
Photo-acoustic techniques have been shown to be sensitive to residual stresses and may
be further developed as an alternative to existing solutions (9).
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Figure 9: Left: pulsed thermography image (10 mm x 10 mm) of a microelectronic
component (right), revealing internal details visible only after additional
thermal excitation

3. The Problem Solver Nanoeva
To solve the upcoming challenges in finding defects in electronics packaging with NDE
methods the Fraunhofer Institute IZFP-D and the Centre of Microtechnical
Manufacturing (ZµP) of the TU Dresden have founded the “Center for Non-Destructive
Nano Evaluation of Electronic Packaging – Nanoeva”.
Nanoeva commenced activities on March 1st, 2007. The center will serve as a partner to
the electronics industry and research institutes in the development and application of
non-destructive evaluation techniques, in service and in further training. Guarantors for
reaching the high aspirations of the center are colleagues from the IZFP-D and from the
ZµP. They are all well known scientists. Currently available NDE techniques at
Nanoeva are X-ray microscopy and tomography, ultrasonic microscopy, atomic force
microscopy, optical microscopy and geometrical surface characterization.
Training seminars will start in late summer 2007. First offers are seminars about
apparatus safety and about NDE methods. The next phase of seminar offerings will be
organized together with the “Deutsche Gesellschaft für Zerstörungsfreie Prüfung e.V.”
(DGZfP).
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