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Synchrotron-radiation computed laminography (SRCL) is developed as a method for high-resolution
three-dimensional (3D) imaging of regions of interest (ROIs) in all kinds of laterally extended devices.
One of the application targets is the 3D X-ray inspection of microsystems. In comparison to computed
tomography (CT), the method is based on the inclination of the tomographic axis with respect to the inci-
dent X-ray beam by a defined angle. With the microsystem aligned roughly perpendicular to the rotation
axis, the integral X-ray transmission on the two-dimensional (2D) detector does not change exceedingly
during the scan. In consequence, the integrity of laterally extended devices can be preserved, what distin-
guishes SRCL from CT where ROIs have to be destructively extracted (e.g. by cutting out a sample) be-
fore being imaged. The potential of the method for three-dimensional imaging of microsystem devices
will be demonstrated by examples of flip-chip bonded and wire-bonded devices.
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Synchrotron-radiation computed laminography (SRCL) is developed as a method for high-resolution
three-dimensional (3D) imaging of regions of interest (ROIs) in all kinds of laterally extended devices.
One of the application targets is the 3D X-ray inspection of microsystems. In comparison to computed
tomography (CT), the method is based on the inclination of the tomographic axis with respect to the inci-
dent X-ray beam by a defined angle. With the microsystem aligned roughly perpendicular to the rotation
axis, the integral X-ray transmission on the two-dimensional (2D) detector does not change exceedingly
during the scan. In consequence, the integrity of laterally extended devices can be preserved, what distin-
guishes SRCL from CT where ROIs have to be destructively extracted (e.g. by cutting out a sample) be-
fore being imaged. The potential of the method for three-dimensional imaging of microsystem devices
will be demonstrated by examples of flip-chip bonded and wire-bonded devices.

© 2007 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

1 Introduction

X-ray computed tomography (CT) is an established technique at synchrotron-radiation (SR) imaging set-
ups for three-dimensional (3D) imaging of specimens or material samples. In general, CT is best appli-
cable to specimens whose (integral) X-ray transmission does not change exceedingly during rotational
scanning, e.g. as provided by cylindrically shaped specimens under rotation around their longitudinal
axis.

SR-CT is currently being developed towards increased spatial resolutions [1, 2]. One drawback con-
sists in the fact that, for a fixed number of pixels, the field of view of the detector (and therefore the
spatial extensions of the specimen to be imaged) becomes reduced. Consequently, a sample has to be cut
out at the region of interest (ROI), fitted to the field of view [1]. This means that high-resolution CT, as
intrinsically non-destructive method, does not allow non-destructive quality inspection of devices ex-
ceeding the field of view. Moreover, imaging laterally extended specimens suffers from a large variation
of the beam transmission while rotating the specimen in a CT experiment, leading to imaging artefacts.
For instance, in the case of flat specimens (e.g. on planar substrates), the X-ray absorption is maximal in
the directions parallel to the lateral specimen elongation. In combination with highly absorbing materials,
X-ray transmission is negligible and hence no information is available from these projections.
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To overcome these limitations, synchrotron-radiation computed laminography (SRCL) was developed
and successfully implemented for the first time [3] for high-resolution non-destructive 3D imaging of re-
gions of interest (ROIs) in laterally extended specimens and devices (such as sensors, flip-chip devices
and other microsystems). The scope of this paper is to present results recently obtained on the application
field of microsystem device inspection. In comparison to its laboratory counterparts, synchrotron radia-
tion provides specific advantages already exploited by radiography and tomography. For instance, mono-
chromatic radiation of tunable X-ray energy is available in order to avoid beam hardening artefacts, or to
select absorption edges of specific chemical elements in the specimen. Moreover, high beam intensity
allows achieving high spatial resolutions at high signal-to-noise ratios even with monochromatic radia-
tion. Furthermore, partial spatial coherence of the wavefield at the specimen position can be exploited for
phase contrast and computer-holographic techniques after free-space propagation [4—6].

In order to make these advantages available to laminographic methods, the scanning geometry and 3D
reconstruction has to account for particular experimental conditions of synchrotron imaging set-ups (such
as a non-mobile source and a parallel beam). In the following section, the scanning scheme of SRCL will
be introduced and its choice motivated. In Section 3, the potential of the method is highlighted by differ-
ent applications to microelectronics and microsystem technology.

2 Methods

The basic principles were already proposed in 1932 — long before the development of CT — by Ziedses
des Plantes [7]. Nowadays termed classical X-ray tomography, the method relied on the integration of
the two-dimensional (2D) X-ray transmission during the scanning movements. At the time, it could be
used to image few specific cross sections of specimens (or patients). To obtain large 3D images with a
multitude of slices, however, a time-consuming translational scanning of the specimen with respect to
the focal plane would have to be performed. By combining digital projection data and computerised
reconstruction [8], the scanning procedure can now be avoided. The resulting method, called digital
tomosynthesis, has analogy to CT with limited angle access. Due to the introduction of fast 2D digital
detector systems and the tremendous increase of computing power the methods have recently found
renewed interest in medical [8, 9] and technical [10, 11] applications.

The scanning scheme chosen for SRCL consists in the acquisition of projection data sets similar
to standard CT, but with a rotation axis that is inclined at an angle € < n/2 instead of being perpendicular
(6 =n/2) to the incident beam in case of standard CT (see Fig. 1). If the device normal is aligned
approximately parallel to the rotation axis, the integral X-ray transmission onto the 2D detector does
not change considerably during specimen rotation and in particular avoids projections with missing in-
formation where the integral transmission would tend to zero due to a long beam path within the speci-
men.
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Fig. 1 (online colour at: www.pss-a.com) Comparison of the experimental set-ups for SRCL (a) and for
SR-CT (b), as implemented at beamline ID15 of the ESRF.
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Fig.2 Sampled region for the parallel-beam case in the
3D Fourier domain: the £, is the Fourier conjugate to the
z direction of the specimen coordinate system which is
defined parallel to the laminographic rotation axis (see
Fig. 1). The dark grey plane corresponds to the informa-
tion gathered by a single 2D projection and is perpen-
dicular to the direction of the incident beam. The region
sampled by the entire scan is shown in lighter grey. It is a
rotation-symmetric body where two cones along the
positive and negative k, directions are missing.

In general for all laminography methods, the 3D Fourier domain is not sampled completely. In compari-
son to CT there exist unsampled regions which, quite generally, may lead to artefacts in the reconstructed
images. For the parallel-beam case, according to the projection-slice theorem generalised to three spatial
dimensions [8], the region of the 3D Fourier domain sampled by a single 2D projection fills a plane per-
pendicular to the direction of the transmitted beam and passing through the origin of the 3D Fourier
domain, see Fig. 2. Changing the specimen rotation angle ¢ (cf. Fig. 1) during the scan corresponds to
turning this plane in the 3D Fourier domain around the £, axis. Thus, for a large (evenly spaced) number
of projections acquired onto an interval 0 < ¢ <2n, the sampled region corresponds to a rotation-sym-
metric body (light grey in Fig. 2) where two upwards and downwards directed inner cones of opening
angle 2 - (t — @) contain no experimental information.

The advantage of CL with circular scanning is an isotropic sampling of the in-plane components of
laterally extended specimens. CT performed at such specimens (and in combination with highly absorb-
ing materials) leads to the limitation of the angular range available for data acquisition since X-ray
transmission is highly varying and approaching zero in a range of directions (e.g. almost parallel to the
substrate). This leads to a highly anisotropic sampling of the 3D Fourier domain: the resolution of
specimen features in the x,y-plane depends on their angular arrangements around the rotation axis.

The 3D reconstruction is performed by backprojection of filtered projections, according to scanning
geometry. The filtering applied to the 2D projections yields an approximate inversion of the 3D modula-
tion transfer function (MTF) of the combined process of projection and simple (unfiltered) backprojec-
tion [9]. Due to the missing information in the unsampled regions of the 3D Fourier domain (cf. Fig. 2),
in general, exact inversion of the MTF is not possible which manifests itself in characteristic lamino-
graphic artefacts. Nevertheless, filtering of the 2D projection data minimises the artefacts in the recon-
structed image.

3 Results

Simulations and test experiments have been carried out to demonstrate the feasibility of SRCL [3].
Moreover, the technological potential of SRCL for high-resolution non-destructive applications has been
demonstrated [12].

A general problem in microsystem technology is the non-destructive inspection of hidden structures
which are not accessible by visual inspection methods. The example presented in Fig. 3 illustrates the
capabilities for 3D imaging of flip-chip bonded devices. There, after bump bonding, the flip-chip solder
joints are not accessible by visual inspection anymore since they are enclosed between substrate and the
integrated circuit (IC). Adapted to the rather highly absorbing bump materials, white radiation at
an X-ray energy range between approximately 40 and 60 keV was used for the acquisition of 1800 angu-
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Fig. 3 (online colour at: www.pss-a.com) Inspection of a flip-chip bonded device by SRCL. The 3D data set ren-
dered in (a) was reconstructed from 1800 projections (pixel size 1.6 um) at an axis inclination of € = n/3 using an
X-ray energy range between approx. 30 keV and 50 keV. The cross-sectional slice (b) is taken perpendicular to the
substrate while slices (c) and (d) of the 3D data set are oriented parallel to the substrate and IC. Slice (d) features a
detail of metallisation layers and conduction lines (see arrows) on the hidden surface of the IC.

larly equidistant projections of which a 3D data set was reconstructed. Image (a) shows a 3D rendition of
bump bonds, cut open by a plane parallel to the substrate. Voids are clearly visible in the interior of the
bump bonds. Such voids affect the long-term reliability of the device when it is exposed to heating/cooling
cycles, e.g. due to device operation. Images (b) and (c) are reconstructed cross-sectional slices showing a
number of large voids and smaller voids, the latter predominantly at the interface to the IC’s metallisa-
tion layers (top part in b). Also, the Pb-rich phase of the solder is well visible (lighter grey scales) in slice
(¢), furthermore solder splashes near the bump bonds (small satellite spots). Slice (d) highlights a detail
of the metallisations and conduction lines (see arrows) on the IC surface towards the bonding/substrate
side.

Due to missing information in projections related to insufficient X-ray transmission, imaging of
printed circuit boards (PCBs) by CT commonly introduces artefacts in the reconstructed slices. In the
selected example of a wire-bonded IC protected by a glob top, see Fig. 4, the CT-reconstructed data set
(a and b) features artefacts around the bond wires (15 um diameter) which make the wires appear trian-
gular in cross section. The data set reconstructed by CL (images ¢ and e) was obtained with a similar
lateral field of view of approximately 10 mm of the 2D detector system (1024 pixels of 10 um size). We
see that the triangular wire cross sections found for the CT measurements are not visible here. Especially
from the 3D rendition (e) we see that the wire arrangement can be very well investigated including the
bonding regions. Moreover, it allows one to distinguish between the highly absorbing (lighter) Au bond
wires and the Cu circuit lines (darker) on the PCB. Furthermore, CL even allows increasing the spatial
resolution of the detector system which is associated (for equal number of pixels) with a decrease of the
lateral field of view. The example of images (d) and (f) with a reduced field of view of approximately
1.6 mm allows “zooming into” elements and structures, here the bonding pads on the surface of the IC
(lower region in d). Please note, that the reduction of the imaged volume at a given ROI is not associated
with a noticeable increase of artefacts.

A dedicated laminography set-up is developed by the University of Karlsruhe in cooperation with
ANKA and the german Fraunhofer Society. It is installed at ESRF’s imaging beamline ID19 in autumn
2006. Laterally large specimen can be handled efficiently without compromising the spatial resolution
available from the detector systems. The instrument has been designed to be compatible also with
ESRF’s high-energy beamline ID15 so that highly absorbing specimens can be scanned with high
throughput.
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Fig. 4 Synchrotron X-ray inspection of an integrated circuit which is wire-bonded to a printed circuit
board (PCB) and encapsulated within a glob top. Images (a, b) are performed by CT, images (c—f) by CL.
For CL, images (c, e) performed with 10 pm pixel size serve for comparison with the CT data while im-
ages (d, f) illustrate imaging of an ROI with reduced field of view and higher spatial resolution of 1.6 um
pixel size.

4 Summary

The reported results of simulations and experiments demonstrate the potential of synchrotron-radiation
computed laminography. It provides a unique tool for non-destructive imaging of flat, laterally extended
specimens with spatial resolutions presently down to the pm scale. The potential of the method is high-
lighted by the image quality obtained.

A dedicated laminography set-up will be commissioned at ESRF’s imaging beamline ID19 during
autumn 2006. It will allow efficient scanning of large laterally extended specimens with sizes up to
150 x 150 x 5 mm®. First user experiments are planned from spring 2007 onwards. One of the applica-
tion fields aimed at is research and development in microsystem technology — encompassing the design,
processing, production and application of technical systems which by miniaturisation of their compo-
nents contain critical structural sizes down to the (sub-)um scale integrated in devices of macroscopic
dimensions.
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