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Three-Dimensional X-Ray Laminography
as a Tool for Detection and Characterization

of BGA Package Defects
Thomas D. Moore, Senior Member, IEEE, Daniel Vanderstraeten, and Pia M. Forssell

Abstract—Non-destructive examination of the layers of a
built-up substrate was achieved using three-dimensional (3-D)
x-ray microlaminography, with successful separation of layers
as thin as 8 m. The same technology was used to create recon-
structed images of both surface and internal details of inner solder
balls in a ball grid array package soldered to a printed circuit
board. Microlaminography was also used to identify bond-wire
shorts in the plane of the solder resist of a ball grid array
assembly, and these were subsequently verified by destructive
physical analysis. This plane is 20 m thick and immediately
adjoining a plane of copper traces; the success demonstrates the
capability of microlaminography to resolve and separate very fine
detail internally within IC structures. The limits of capability of
this machine were also determined; it was found that a crack of
approximately 5 m wide in a copper trace of a BGA was not
detected by the machine.

As an introduction, the technology and methodology of 3-D
x-ray microlaminography are explained. The results from a mi-
crolaminography system adapted for failure analysis in integrated
circuit packaging are presented. It is shown that such results
could not be extracted by two-dimensional (2-D) x-ray or other
nondestructive methods.

Index Terms—Ball grid array, failure analysis, nondestructive,
reconstruction, tomography, 2-D, x-ray.

I. BACKGROUND

A. Introduction

T HE internal structure of a conventional leaded package is
quite simple, and the materials used have distinctly dif-

ferent levels of absorbency of x-rays. Thus the presence and the
location of internal defects in this type of integrated circuit (IC)
package may be determined readily by conventional two-dimen-
sional (2-D) x-ray. Furthermore, the attachment of these pack-
ages to the printed circuit board (PCB) is by means of externally
disposed leads; these are amenable to visual inspection.

By comparison the structure of a ball grid array (BGA)
package is complex, especially where there are more than two
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copper layers in the substrate, or where the assembly contains
several ICs or other components. Lead in solder has a high
attenuation of x-rays. Thus the solder balls block out details
of other parts of the package in x-ray images. In addition their
position as an array on the underside of the package requires the
use of x-ray or other penetrating radiation for their inspection.

A variety of failure analysis techniques for BGA was pre-
sented in [1], including acoustic microscopy, parallel polishing
and focussed ion beam (FIB) examination. Only the first of these
is nondestructive, but internal defects must be large to be de-
tected. Other destructive techniques have been developed to en-
able fine defects in individual BGA substrate layers to be identi-
fied and examined [2]. For such fine defects an alternative non-
destructive technique to acoustic microscopy is needed.

B. X-Ray Laminography

X-ray laminography is a nondestructive radiographic process
for capturing three-dimensional (3-D) information about the in-
ternal structure of an object. It is related to x-ray tomography
(commonly known as CAT-scan). In tomography the object is
rotated on an axis perpendicular to the x-ray beam, and data is
gathered about slices perpendicular to the axis of rotation. In
laminography the object is moved in a small diameter orbital
path around the center of an inclined x-ray beam. In many sys-
tems the object is stationary and the x-ray source and detector
move relative to the object—see Fig. 1.

The basic principles of x-ray laminography were described in
[3] as quoted in the following paragraph:

The ability of the laminography machine to focus on specific
slices in an assembly is achieved by using an x-ray source and
detector that rotate in synchronized motion, 180out of phase
with one another, while the target being imaged remains sta-
tionary (Fig. 1). Images are collected continuously throughout
the rotation. All of the images that are obtained for an arbi-
trary number of revolutions are averaged together into a final
image. This causes object features that are in the focal plane to
be prominent in the final image; object features that are out of
the focal plane are blurred out of the image by the averaging,
so these features appear only faintly. By looking at a series of
laminograms of neighboring planes, it is possible to get a rough
idea of the 3-D layout of layered circuits.

C. Digital Laminography

A description was given in [4] of digital laminography, in
which discrete projections were digitally stored. The analysis of
the digital data enabled the extraction of images for many focal
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Fig. 1. Laminography with orbiting x-ray and detector.

planes simultaneously. In addition the mathematical algorithms
developed for multilayer tomosynthesis (i.e., CAT-scan) were
adapted to sharpen the images.

Reference [5] described a methodology developed in 1994
to use scanned-beam x-ray laminography for the automated in-
spection of BGA solder joints. A set of focal planes was estab-
lished in the region of the solder joints between the BGA and the
PCB. The background grey-level due to the blurring of features
outside the focal plane was assumed constant, and subtracted
from the delta grey-level due to the solder in the focal plane.
An algorithm was developed in which various soldering defects
were identified from the resultant digitised images.

Much work has been done on the development of algorithms
for the separation of images of layers. An algorithm was used
in [6] in which thea priori knowledge of the joint shape and re-
lated physical principles enabled a more accurate 3-D rendering
of the solder joint. An algorithm was presented in [7] that was
particularly suited for separation of distinctly different layers as
in PCBs or

Algorithms for reconstruction from an incomplete dataset are
commonly used in medical tomography. Their application to
digital laminography was justified [8] where it was shown that
data from laminography could be processed as if they were taken
from a tomography scan with limited access (i.e., incomplete
rotation). In this method, the object was moved in a straight line
across the x-ray beam, rather than in an orbit around it. Its use
for surface mount and BGA devices was presented in that paper;
furthermore, in [9] its applicability to PCBs and BGA substrates
was discussed.

In medical tomography the dimensions of the detail within
the object are of the order of tens of millimeters; however for
examination of BGAs the dimensions of the detail are in tens of

m. An example was given in [10] of cross-sections of solder
balls, extracted at layer spacings of 200 and 100m. This res-
olution would be just sufficient to obtain separation of layers in
a multilayer BGA substrate, but would not be capable of sepa-
rating layers in a built-up substrate.

Recent developments in laminography equipment and soft-
ware [11] have permitted layer separations by 10m divisions.
The equipment used in that report was a SkyScan 1080 Digital
Microlaminograph. Several examples were presented including

Fig. 2. Two-dimensional x-ray image of substrate with built-up layers.

a set of images showing slices across flip-chip bumps at 10m
intervals.

II. THE PRESENTFAILURE ANALYSES

The use of an x-ray beam of 5 to 10m focal spot size allows
two capabilities:

a) in-plane resolution of structural detail to this size;
b) slicing of the object under study into a set of planes each

of 5 to 10 m thickness.
This combination of fine resolution in the projected plane plus
the capability of identifying the location of a feature to a partic-
ular plane of 10 m thickness has allowed failure analysis to be
carried out in BGA structures without having to conduct DPA.

This present study used a similar machine to that in [11].
Three analyses are described in the remainder of this report. The
first is the examination of individual images of copper trace pat-
terns at 50 m layer spacing in a built-up substrate of a plastic
BGA (PBGA); the second is the detection of gold-wire short cir-
cuits at the substrate level in a multichip low-profile fine-pitch
BGA (LFBGA), and the third is the multidirectional imaging of
solder balls of an LFBGA mounted on a PCB. In each case find-
ings were made which would not have been possible with 2-D
x-ray or other nondestructive technique.

A. Built-Up Layers in PBGA Substrate

A multichip product manufactured in 388 ball PBGA was
found to have an unacceptable level of rejects after burn-in. A
defect in the substrate was suspected, and as a result samples of
the device were examined by 2-D x-ray (Fig. 2).

In this image there are six overlying layers. The two layers
with wide traces are the layers associated with the original BT
substrate. The other four layers have narrow traces, and were
deposited in a built-up substrate process. One layer could not be
distinguished from another in this 2-D x-ray image and so it was
not possible to determine if there was a defect in any trace.BGA
substrates.

Sample units were examined with the microlaminograph. A
depth of 400 m thick incorporating the level of the built-up
layers was examined. Four of the fifty images taken from this
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Fig. 3. Microlaminograph images of the four built-up copper layers in the
region of interest in a multichip substrate.

TABLE I
LOCATION AND FUNCTION OF B-U-S LAYERS

analysis are shown in Fig. 3. Each one corresponds to a copper
layer in the built-up portion of the substrate.

The thickness step size for this analysis was 8.3m, with
six to seven steps from one copper layer to the next; the copper
layers were 25 m thick, with 25 m of solder resist between
each, making them 50m center to center. The area encom-
passed by the image was 4.0 mm diameter. Table I below shows
the thickness increment from one copper layer to the next. The
height was measured from an arbitrary datum beneath the sub-
strate.

It was concluded from this examination that the source of the
failures did not lie in the built-up copper layers of the substrate.
The capability of the microlaminograph to discriminate between
materials in closely spaced layers was the essential factor in
enabling this conclusion to be drawn in the failure analysis of
this complex product.

B. Short-Circuits of Wire-Bonds to Substrate

A batch of product in a 2-chip LFBGA was found to have a
high level of rejects at electrical test. The yield analysis showed

Fig. 4. Two-dimensional x-ray of the region close to the short-circuit.

that most failing devices had a short circuit in one or two partic-
ular traces. The devices were examined in 2-D x-ray but nothing
abnormal was seen in the bond-wire pattern.

A 2-D x-ray is shown in Fig. 4. The short circuit was detected
between the two arrowed wires. The actual location of the defect
is circled in white. It is a short-circuit between the wire and the
tip of the bonding finger of the neighboring wire.

It was also apparent from this x-ray that the two layers of
copper in the substrate were normal. It was concluded that the
short circuit lay in the die or else was of a nature that was not
detectable by 2-D x-ray. As several samples of this reject were
available, DPA was started.

Moulding compound about 0.2 mm thick was removed from
the top of some devices. This also removed the top of each
wire-bond loop. The exposed wire sections were still connected
either to the die or to the substrate. By electrical probing it was
verified that there was not a short-circuit on the die. It was also
verified that the short circuit lay between the substrate ends of
two neighboring wires identified with white arrows.

Devices were examined in the microlaminograph in order
to determine the location of the short circuit. In particular the
routing of the short-circuit traces was examined, and nothing ab-
normal was found. Attention was then focussed on the routing
of the related wires. A potential short-circuit was identified in
the plane of the solder resist. It is visible in the circled regions
in Figs. 5 and 6.

A microlaminograph image from the plane of the solder resist
is shown in Fig. 5. The image location is 20m higher than
the plane of the copper. The device was slightly inclined in the
laminograph, bringing the copper layer closer to the image plane
in the upper right hand side of the image.

The image is binary rather than greyscale, in order to enhance
the contrast between metal and nonmetal regions in this plane.
The electroplated bonding fingers are generally visible, as are
the vias in this region. The solder resist is about 25m thick.
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Fig. 5. X-ray Microlaminograph image showing short circuit.

Fig. 6. Photomicrograph of identical short-circuit after DPA.

A “bridge” is visible between two neighboring bond-fingers;
it is highlighted with a circle in the image. These are the two
bond-fingers containing the wires which had exhibited the short-
circuit.

Some units were mechanically decapped from the die side
by the technique described in [2]. Fig. 6 shows an optical pho-
tomicrograph of the device after DPA to expose the plane of the
solder resist. The remainder of the gold wire which forms the
second bond of a chip-to-substrate wirebond is highlighted by
the circle. It is evident from the photograph that it made contact
and caused a short-circuit with the neighboring bond-finger.

The x-ray microlaminograph and the optical photomicro-
graph are quite similar in the content of the images. The x-ray
image closely matched the photograph of the solder resist sur-
face after it had been exposed in DPA. This demonstrates how
effective the microlaminography equipment is at discriminating

Fig. 7. Two-dimensional x-ray showing voids in solder balls.

between layers which have very little separation between them.
The fine resolution of the equipment separated the closely
spaced layers. The imaging software was capable of ignoring
even strong data from a layer only 20m away from the focal
plane. The result is an x-ray image of the solder resist that is
substantially free of copper traces.

C. Three-Dimensional Reconstruction of Solder Balls

Voids in BGA solder balls are commonly observed when
using 2-D x-ray. A 2-D x-ray image through a BGA device is
shown in Fig. 7. Four solder balls are highlighted by a white
rectangle. Voids exist in two of these balls, marked with white
arrows. However it is not possible to determine if the voids
are at the interface between the substrate and the ball or at the
interface between the ball and the PCB, or internal to the ball.
A small void at either of the interface locations can give rise to
failure of the solder joint due to absence of solder material at
a critical interface, whereas a small void internal to the ball is
less likely to be a reliability hazard.

Solder has a high absorbency value for x-rays. As a re-
sult, objects composed of solder can be isolated by 3-D x-ray
imaging software and presented independently of the remainder
of a laminograph slice. These slices can be assembled to form a
solid representation of the solder objects. It is then possible to
select particular objects in the resultant data-set and to exclude
the remainder. This allows the objects of interest to be viewed
from any angle without obstruction of view by other objects in
the line of sight.

This method has been used to isolate the 3-D reconstructions
of the four individual solder balls marked in Fig. 7 by the white
rectangle. It has allowed their images to be viewed from all de-
sired angles. Defects in the balls were examined fully and con-
clusions drawn about their reliability. Fig. 8 illustrates the ben-
efit of being able to de-select neighboring balls and obtain an
unobstructed view of the balls of interest.
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Fig. 8. Reconstruction of the same four solder balls as in Fig. 7.

The 3-D x-ray microlaminograph has the capability to deter-
mine the size and location of voids within a solder ball. The
solder balls are 0.5 mm diameter. The array pitch is 0.8 mm.
The voids can be seen quite clearly in the two defective balls.

Firstly there is a large external void in the near left-hand
ball. This is close to the interface with the package substrate.
It is about 0.3 mm across. It is a reliability hazard. The rear
right-hand ball has a small void, approximately 50m in diam-
eter, and away from the surface of the ball. This is less likely to
be a reliability hazard. The facility for viewing the void without
obstruction from neighboring balls allowed judgement to be
made about its shape and location that is not possible with 2-D
x-ray.

III. L IMITATIONS OF THE TECHNOLOGY

An attempt was made to determine the resolution limits of
the equipment. PBGA assemblies were subjected to excessive
Temperature Cycling at to C. As expected, open
circuits were detected, and the affected traces were identified
by examination of the substrate layout plots. The devices were
then examined in the 3-D x-ray microlaminograph. Despite de-
tailed examination no evidence of the open circuit was found.
These traces are approximately 25m thick. The same devices
were also examined in 2-D x-ray and again the cracks were not
detected.

Several devices were decapped by grinding away the
moulding compound and silicon to expose the solder resist over
the traces. Cracks in a few traces were visually identified under
an optical microscope. Openings were made in the solder resist
and the existence of an open circuit was verified at each crack
by electrical continuity tests between the openings.

An example of two parallel traces with cracks is shown in the
left of Fig. 9; the opening in the solder resist to verify open-
circuit can be seen over the upper trace. On the right is one of
these traces, with the solder resist removed. The trace width was
measured at 63m, and the crack appears to be about 5m wide
for much of its length.

Fig. 9. Open circuit in trace—about 5�m wide.

The microlaminograph had been used at maximum magni-
fication for this investigation, and each pixel in the recovered
data represented 6.4m. Reinspection of the recovered images
for evidence of the crack did not show anything of significance.

Accordingly it was concluded that the limits of the system
had been reached, and that detail of 5m or smaller could not
be detected. It was also concluded that detail of less than 10m
would be difficult to resolve with confidence.

IV. CONCLUSIONS

The microlaminography equipment had been adapted suc-
cessfully for the nondestructive examination of individual IC
assemblies. It enabled defects in IC packages to be located and
examined without recourse to destructive physical analysis.

The 3-D x-ray equipment has been used for examination of
ICs to a degree of resolution better than in any previously re-
ported work. Detailed images of four individual copper layers
each 25 m thick, and each separated by 25m of solder resist
were successfully created.

A wire-to-bondfinger short was identified in the plane of
the solder resist, and was successfully distinguished from the
copper layer 25 m below. Attempts to identify this by 2-D
fine beam x-ray had not been successful.

Surface and internal defects were identified and distinguished
in solder balls inboard in a ball grid array that was already sol-
dered to a PCB. 2-D x-ray could find the defects, but could not
distinguish between internal and external defects in solder balls.
Nor was access possible to visually inspect these balls to deter-
mine the location of the defects.

The limitations of the system were determined. Cracks in
copper traces, averaging 5m wide were not detected, either
in 3-D or 2-D x-ray. It was concluded that there would not be
confidence in resolving detail of less than 10m.
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