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A major barrier to improved process control in electronic circuit-pack
assembly is the lack of robust, high-speed, cost-effective sensing technolo-
gies. As part of an overall process-control system, AT&T’s Little Rock
(Arkansas) Operations Center is implementing a new three-dimensional
(3-D) imaging system that measures the amount of solder paste applied to
circuit boards. The system uses an imaging technique that can measure the
solder-paste volume of each site on a circuit board at production rates. Our
investigation shows that solder-paste volume is an important process-
control parameter for high-quality circuit board assembly.

Introduction

Advances in miniaturization technol-
ogy have introduced significant challenges to
electronic assembly. Since the introduction of
surface-mount (SM) technology, industry has
increased the number of solder interconnec-
tions on circuit boards. (See Panel 1 for defi-
nitions of abbreviations, acronyms, and
terms.) At the same time, the size of leads
and the spacing between interconnections are
shrinking, raising the incidence of short cir-
cuits and leads with insufficient solder.

A poor solder joint may be the result
of poor land-lead surface finish, insufficient
solder, inappropriate reflow soldering tem-
perature, etc. Electrical testing, the main
source of today’s process and defect informa-
tion, is performed after the circuit board is
assembled. However, electrical testing
requires expensive equipment and support
operations, and it can only verify that the
board satisfies a set of electrical criteria at a
particular time. Marginal solder joints, which
subsequently can fail because of mechanical
stress and corrosion, are usually electrically
indistinguishable from good solder joints.
When a marginal solder joint is found during
testing, there is little time for root-cause-
analysis. Because test results cannot be corre-
lated directly with the individual processes
that precede them, testing provides little use-
ful data regarding the quality of assembly.
Further, it is conducted too late to be applica-
ble to closed-loop process control.
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Zero-defect manufacturing requires
monitoring the quality of an on-line process
and establishing appropriate closed-loop con-
trol to detect changes and correct process
drifts before a marginal product is produced.
Improving the quality of a product before it is
tested can also reduce testing costs.

To achieve and maintain high-quality
SM circuit-pack assembly, we must maintain
tight process control of the three basic opera-
tions: solder-paste deposition, device place-
ment, and reflow soldering. Although signifi-
cant advances have been made in placement
technology, advances in paste deposition and
reflow have been less dramatic. Solder-paste
deposition, a screen-printing process that cov-
ers each SM land with paste, is a critical step in
SM assembly. Solder-paste volume and registra-
tion are considered the key printing parame-
ters. To attain zero defects, every paste deposit
on the board should be monitored. However, it
is impractical to measure the volume of paste
on each land accurately with existing technolo-
gies at production rates. The fastest available
systems use 3-D laser triangulation. They are
about ten times slower than is required to
attain 100-percent inspection of solder-paste
volume on AT&T products.

Recently, scientists at AT&T Bell
Laboratories conceived a new approach to 3-D
imaging. It is much faster than existing
methods and has the potential to provide 100-
percent in-line solder-paste volume measure-
ment. A beta-site system based on the AT&T



Panel 1. Abbreviations, Acronyms, and Terms

beta site—user test site

CAD/CAM—computer-aided design/computer-aided
manufacture

ERC—Engineering Research Center

land—A metallized area on a circuit board on which a
device lead is placed.

SM—surface mount

solder paste—A slurry of microscopic solder balls
mixed with a viscous binding flux.

solder-paste reflow—A process for joining parts by tin-
ning the mating surfaces, placing them together in
solder paste, heating until the solder fuses, and
cooling in the joint position.

through-hole technology—An interconnection tech-
nology in which device leads are soldered into
electrically conducting holes in a circuit board.

Bell Laboratories development prototype was built by
engineers at the Little Rock Operations Center to investi-
gate how solder-paste volume and registration correlate
to solder-joint defects. In this paper, we outline the new
3-D imaging concept and its system architecture. We
also review some initial results of factory investigation
and discuss future work.

3-D Intensity Ratio Sensing

Our machine vision group at AT&T Bell Labora-
tories has been developing process control and inspec-
tion methods for circuit-board assembly since 1982. Dur-
ing this time, we designed a circuit-pack inspection sys-
tem based on a line-scan camera, which consists of a sin-
gle row of image-sensing elements (pixels) and associ-
ated electronics, integrated with an appropriate lens sys-
tem.! In this system, a camera gathers contiguous line
images during controlled relative motion of the scene to
create two-dimensional (2-D) image data. The system
has been applied in AT&T factories to verify lead pres-
ence in through-hole technology and to assess solder-
paste and component registration in SM technology.

As sM technology evolved, the need for high-
speed, 3-D sensing became critical. We have developed
and will describe a method based on a line-scan camera
and intensity ratio sensing that has the potential to meet
this need. J. Schwartz? first proposed the fundamental

principle of 3-D imaging using intensity ratio sensing
based on 2-D area camera technology.?-* In this
approach, an illumination gradient (in which illumination
intensity varies spatially) must cover the entire 2-D
image area. This severely limits measurement perfor-
mance, especially for electronic assembly applications. In
addition, the line-scan technique offers a substantially
simpler calibration procedure.

To describe our method, consider a single pixel
in a line-scan camera (see Figure 1a). We first create a
positive illumination gradient in the z direction. The
intensity at position Z’ for this condition is I’ ;. Next, we
change to a negative illumination gradient. The intensity
at Z’ for this condition is I’ 5. If we move the point of
interest to a new z position, Z’/, the new intensities are
I'’{ and I’ 5, as shown in Figure 1a.

If we assume, for the moment, that the illumina-
tion profiles are linear and the reflectance remains con-
stant for the two lighting conditions, the intensities
received by the camera for the given pixel at any height 2
can be expressed as:

11=K(alz+b1) (1)
12=K(—022+b2)

where I, and I, are the intensities for the two illumina-
tion conditions, respectively; K is the reflectance of the
point to be measured; z is the height; and @, a4, b, and
b, are the respective slopes and intercepts of the linear-
light-intensity profiles. The reflectance, K, for a given
point on the object is a function of incident illumination
and viewing angles. K remains constant if these angles
are unchanged for the two illumination conditions. Divid-
ing the two equations above results in:

az + bl

R= 2771 )

—a92 + by

where R is the ratio of the two intensities /; and I,. We
can readily extract z from eq. (2). In our embodiment,
the illumination is extended along the line-scan-array
axis. We create the intensity gradient by using the light-
to-dark transition regions at the edges of a focused beam,
as we describe later. These gradients are well repre-
sented by a Gaussian equation.

To calibrate the system, a calibration plate
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Figure 1. (a) Two linear Iintensity gradients and their respec-
tive Intensities at height Z’ and Z’’. A unique ratio of inten-
sities Is created for every height (2), regardless of scene
reflectance. (b) Basic configuration of the line-scan camera
and the optical illumination system. (c) Light projection sys-
tem with a single Illluminator.

consisting of a precision ramp that spans the required z
range is imaged twice with the two different illumina-
tions. From these image data, we derive the coefficients
of the Gaussian illumination profiles for each pixel.
Using these calibration coefficients, we reconstruct 3-D
scenes from pairs of 2-D images.

In Reference 5, we show that the accuracy of the
height estimate depends on scene reflectance and the sys-
tem noise level. As the scene reflectance, K, decreases,
the relative error in height estimate increases and is pro-
portional to 1/K. The theoretical noise limit is deter-
mined by the digitization noise level of the camera sys-
tem. For maximum reflectance, the maximum error in
height estimate, N, does not exceed 1/2"*!, where 2*
is the dynamic range of the camera.® Our system
employs a high-dynamic-range camera that digitizes its
analog output into 4096 levels, giving N,=104.

Experimental System Configuration

Figure 1b shows a basic configuration for the
camera and optical illumination system. The two closely
spaced illuminators can be switched on and off indepen-
dently. In our system, we use a single light source, with
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two intensity gradients generated from opposite edges of
the beam. This is achieved by moving the illumination
system to an appropriate position prior to each of two
image acquisition scans.

In the single-illuminator light projection system
(shown in Figure 1c), part A of the light source consists
of a circular bundle of optical fibers converted to a line in
such a way that a quartz halogen light illuminating the
bundle at the circle end produces a thin line of light at
the other end. Part B is a cylindrical lens that projects
and focuses the line source on the scene from which
images are acquired. When the transition region is pro-
jected at an angle and positioned over the line viewed by
the camera, it becomes our illumination gradient (see
Figure 1b). We select angles and focusing parameters to
maximize the z resolution for various scenes.

In this physical embodiment, the incident illumi-
nation angle will change slightly, possibly causing height
measurement errors at particular points. These may occur
on specular surfaces, where the reflectance changes
rapidly with the incident illumination angle, violating our
assumption (see eqs. 1 and 2) that reflectance is constant
for both scans. An a priori knowledge of the characteris-
tics of specular scenes generally allows us to choose
illumination conditions that minimize this error. However,
for less specular surfaces, such as solder paste, the effect
is negligible.

Figures 2 through 4 are examples of images
we obtained using this technique. Figure 2 shows four
solder-paste deposits on a circuit board. The height of



Figure 2. Four solder-paste deposits on a circuit
board shown before SM components are in
place. The deposits are about 10 mils high, and
the fleld of view is 300 x 300 mils.

the deposits is about 10 mils, and the field of view is 300
x 300 mils. Figure 3 shows the topography of an eagle on
a half-dollar coin that was painted to minimize specularity
effects. Figure 4 is a 3-D image of solder connections on
a hybrid integrated circuit. Although some of these sur-
faces are highly specular, we chose illumination angles
that minimized direct reflections.

For circuit-board assembly and process control
applications, the field of view is large and the required
resolution high. Normally, large volumes of data would
have to be processed and stored. Fortunately, we were
interested only in predefined regions on a board. To
avoid processing and storing every pixel in the image, we

Figure 3. (a) Full 1" x 1" view of the topography of an eagle
on a half-dollar coin, painted to minimize the effects of
specularity. (b) A 200 x 200 mil section of (a) expanded to
illustrate the detail.

designed a programmable camera interface. The pro-
gram stored in the interface is derived from a computer-
aided design/computer-aided manufacturing (CAD/CAM)
database for the circuit board that is being scanned. The
interface then operates as a switch, which writes image
data to memory, just from predefined areas of interest.
The performance advantages are twofold:

= The amount of memory required for a given
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Figure 4. (a) A three-dimensional image of solder connec-
tions on a hybrid integrated circuit. (b) A photograph of the
circuit shown in (a).

application is greatly reduced (in scanning a typical
circuit board, only about 10 percent of the board’s area
contains image data of interest)

= Image processing can take place as the images are
being acquired.

Solder-Paste Process Characterization

In our study of the solder-paste process, we set
two goals: to test how well the 3-D imaging technique
could measure solder-paste volume and to investigate the
correlation between the physical characteristics of
solder-paste and post-solder defects.
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Table 1. Production-Line Data for Three Paste Deposits

Site name 1C002-1 1C002-2 1C002-3
Total volume 5200 5620 66
(mils®)
Area (mils?) 580 588 30
Height (mils)

Mean 89 9.5 -

Maximum 12.0 11.0 4.0
Offset (mils)

X 1 2

Y 2 3
Smear (percent)

i 35 25
Left 30 22

We used the AT&T Little Rock Operations Cen-
ter to evaluate system performance and to test its ability
to adjust to typical variations in process parameters, such
as board warpage and solder-paste reflectance. In partic-
ular, we wanted to establish the required mechanical and
optical stability of the system and the robustness and
accuracy of board registration in three axes.

The second, and longer-term goal of our work—
investigating the correlation between the physical char-
acteristics of solder-paste and post-solder defects—is
continuing. It includes development of statistical tools
that will help us to understand the solder-paste deposi-
tion process and to devise techniques for process moni-
toring and quality control.

Coarse registration of the circuit board with
respect to the camera is achieved mechanically with a
custom fixture. Tooling pins on the fixture pass through
locating holes in the circuit board for x,y registration.
The fixture also positions the top surface of the board at
a fixed 2z location on a vacuum plate. Repeatability is
within a few mils in all three axes. The high z repeatabil-
ity allows us to use the z dynamic range to maximize z
resolution fully. We achieve fine x,y,z image registration
by referencing CAD-defined circuit traces near each site.

We compared height measurements obtained
from the 3-D imaging system with results obtained from
a depth-measuring microscope. For smooth-paste topog-
raphy, the results agreed well within 1 mil. With highly
varying and irregular topography, individual point meas-
urements were subject to noise from multiple reflections,
but the average of the height measurements retained
high precision. Because of the precision of the height



anrnld

_
&,

s5ites

(a)

measurements, the accuracy of volume measurements
was limited by system x,y pixel resolution.

For studies initiated to correlate solder-paste
physical characteristics with post-solder defects, we
developed algorithms to measure the following parame-
ters for each site:
= Total volume of each solder deposit
= Paste deposit area
= Mean height, maximum height, and deposit offset

with respect to land center in x and y
= Smear (measured as a percentage of gap reduction
between sites).

Table I gives a sample of production-line data for
three paste deposits. The last reading shows very low
paste volume; post-reflow inspection confirmed that this
site exhibited an insufficient solder fillet.

During the initial investigation, we collected data
from dozens of boards representing a variety of board
codes that typically held 1000 to 2000 sites per board. We
visually inspected sites that had significant paste-volume
deviations after reflow. All sites that had less than one-
third of the nominal paste volume were rejected as exhib-
iting insufficient solder fillets after reflow. This initial
correlation provides a strong incentive for future work
that will include on-line statistical analysis to control the
solder-paste-deposition process.

(b)

Figure 5. Solder-paste volume distribution from one board.
(a) 50-mil-pitch component sites with two stencil-opening
sizes. (b) 25-mil-pitch component sites, all with the same
stencil-opening size.

Figure 5 shows the solder-paste volume distribu-
tions for one board that we analyzed. The paste-volume
distribution of sites in Figure 5a had 50-mil pitch com-
ponents. The two distributions relate to two different
sizes of stencil openings designed specifically for this cir-
cuit board. Each 25-mil pitch land shown in Figure 5b
had stencil openings that were the same size.

Summary and Future Work

We have described a new 3-D sensing technique
and its initial application to the solder-paste deposition
process. Even in this initial study, we have found that
monitoring solder-paste volume can be a powerful predic-
tor of solder-joint quality and should be an important tool
for on-line process control. We are continuing to investi-
gate the correlation between solder-paste volume and
solder-joint quality.

Future applications of the 3-D system may
include post-placement device lead registration in x,y and
z (z lead registration is also referred to as lead coplanar-
ity). These measurements can be made before or after
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solder reflow. We will also investigate other application
areas, such as solder-plating-thickness measurement on
bare boards and post-solder fillet characteristics.
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