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Introduction
Temperature-dependent warpage is an important 
issue for manufacturing yield and reliability in mod-
ern electronic assembly. Finer interconnection pitch 
limits solder paste thickness, allowing less tolerance 
for warpage over the full reflow soldering cycle. 
Developing packaging technologies, including 
stacked packages, stacked die, and optical intercon-
nection, suggest future thermomechanical perfor-
mance requirements will only grow tighter.
National and international standards organiza-
tions are addressing this issue. JEDEC published 
JESD22B112 in 2005, a specification covering 
measurement conditions and data presentation 
using thermal shadow moiré. JEITA, in Japan, has 
drafted a similar standard, extending it to allowed 
levels of thermal warpage as well as covering both 
shadow moiré and scanned laser triangulation tech-
nologies. JEDEC is currently revising its earlier 
work, extending it to more types of measurement 
equipment, adding a shape descriptor method, and 
improving the accuracy.
The objective of this paper is to compare experi-
mental results for two samples, a PBGA package 
and a BGA land site on a PCB, using three full-field 
optical technologies: shadow moiré, fringe projec-
tion, and DIC. Different technologies can be expec-
ted to show subtle differences in results for real 
samples. In-plane image resolution, determined by 
optics, analysis algorithms, and optional smoothing 

filters applied to the results, is a critical differen-
tiator. We will end with some general comments on 
the strengths and weaknesses of the different tech-
niques, factors governing the optimum applications 
for each approach.

Experimental Procedures
For comparison, we measured two samples, a 
PBGA package and a BGA land site on a PCB, 
with all three techniques under the same testing 
conditions. All experiments were performed in the 
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Die drei optischen Ganzfeld-Messtechniken: Shadow 
Moiré, Linienprojektion und Digitale Bild-Korre-
lation werden benutzt, um temperaturabhängige 
Wölbungen eines PBGA-Gehäuses und des Lei-
terplatten-Einbauplatzes von Raumtemperatur bis 
250 °C zu messen. Die Ergebnisse sind qualitativ 
ähnlich, aber die Bildauflösung und die Rauschei-
genschaften bewirken Abweichungen zwischen den 
Ebenheits-Messwerten. Der Aufsatz fasst die Stär-
ken und Schwächen jeder Messtechnik zusammen.

Fig. 1: TherMoiré® PS400 with MP10 and DIC set-up



2 PLUS  10 /2007

FORSCHUNG & TECHNOLOGIE

AkroMetrix TherMoiré® PS400 as shown in Fig. 1. 
The PS400 includes standard shadow moiré and 
thermal profiling capabilities, as well as optional 
Micro-Fringe Projection (MP10) and DIC add-ons. 
The 14 × 14 × 1 mm3 PBGA was measured from 
the top surface and supported on all four edges 
by a custom-designed quartz sample holder. The 
80 × 200 × 1.4 mm3 PCB array with a 14 × 14 mm2 
BGA site was supported on its long edges by the 
support rails of the PS400. Solder mask-defined 
features on this surface were approximately 0.3 mm 
in diameter and 15 µm in height.
Samples were heated from room temperature to 
250 ºC at 0.5 ºK/s, using IR radiant heating from the 
bottom side. Temperature data for the PBGA was 
taken on the bottom center of an adjacent identical 
sample and for the PCB on the bottom center of the 
sample. Three shadow moiré runs were conducted 
first to allow for non-repeatable initial behavior (the 
third run results are reported), followed by single 
runs with fringe projection and DIC.

Shadow Moiré

Shadow moiré uses geometric interference between 
a reference grating and its shadow on a sample to 
measure relative vertical displacement at each pixel 
position in the resulting interference pattern image. 
It requires a Ronchi-ruled grating (alternating clear 
and opaque lines of equal thickness and constant 
pitch imprinted on a high temperature, low CTE 
glass), a white line light source at approximately 
45 degrees to the grating, and a camera perpendicu-
lar to the grating. Its optical configuration integrated 

with the heating chamber is shown in Fig. 2. A tech-
nique known as phase stepping is applied to shadow 
moiré to increase measurement resolution and pro-
vide automatic ordering of the interference fringes 
from high to low [1]. This technique is implemented 
by vertically translating the sample relative to the 
grating. 
The samples were prepared with a light coat of high 
temperature white spray paint to increase the signal-
to-noise ratio. A 300 line per inch grating with out-
of-plane resolution of 0.85 µm was used for both 
samples. The PBGA images were 162 × 164 pixels 
and the PCB BGA site images were 156 × 156 pix-
els, both giving an XY imaging resolution of 
approximately 12 pixels/mm.
Because the out-of-plane resolution is primarily a 
function of grating pitch in this configuration, sha-
dow moiré can be scaled to relatively large samples 
without resolution loss. However, this technique is 
limited as sample size decreases, especially below 
10 mm. When camera image pixel pitch approaches 
one-half the grating pitch, the resolution of the refe-
rence grating lines introduces an aliasing error in 
the displacement data. If a finer pitch grating is used 
to achieve higher magnification without resolving 
grating lines, this approach will be complicated by 
reducing the working distance between sample and 
grating created by the Talbot effect [2, 3].

Fringe Projection

Similar to shadow moiré, fringe projection is also 
a non-contact, full-field optical technique for out-
of-plane and topography measurement [4]. Fringe 
patterns can be generated digitally by a computer 
controlled LCD/DMD or by projecting white light 
through a physical grating. In this study, the latter 
method is used with a sinusoidal transmittance grat-
ing placed close to the light source. The normal of 
the grating plane has a 45-degree angle with respect 
to the sample. The fringe pattern on the grating is 
projected onto the sample surface through a set 
of projection lenses. A camera above the sample 
acquires the distorted fringe patterns, which are 
then used to calculate the relative vertical displace-
ment at each pixel position from its reference plane. 
Fig. 3 shows the configuration of the fringe pro-
jection system. Phase stepping similar to that of Fig. 2: Shadow Moiré Configuration
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shadow moiré is performed by shifting the grating 
along its grating plane instead of vertically translat-
ing the sample. Data analysis is also similar to that 
for shadow moiré. 
Since the camera needs to resolve the projected 
fringes on the sample surface for data analysis, a 
thicker and more uniform coat of white spray paint 
was applied onto the sample surface to increase the 
signal-to-noise ratio. A 151 line per inch grating 
was used for both samples, resulting in an out-of-
plane resolution of 3 µm. The PBGA images were 
990 × 950 pixels and the PCB BGA site images 
were 971 × 968 pixels, both giving an XY imag-
ing resolution of approximately 70 pixels/mm. At 
high magnifications, the optical paths of both the 
projected and observed fringe pattern are subject to 
distortion by air density variations due to convec-
tive currents. An external fan was used to reduce 
convective air currents between the camera lens and 
oven window to reduce this effect.
The out-of-plane resolution of this technique is 
dependent on the grating pitch and the ability to 
project the fixed grating lines onto a certain sample 
Field of View (FOV). The smaller the grating pitch 
and/or the smaller the FOV, the finer is the out-of-
plane resolution. When sample size drops to 10 mm 
or smaller, out-of-plane resolution is comparable to 
shadow moiré and its XY imaging resolution is sig-
nificantly better. 

Digital Image Correlation

Digital Image Correlation, or DIC, is an optical 
method for measuring both in-plane and out-of-
plane displacements of an object surface [5]. A high 

contrast, random speckle pattern is applied to the 
surface of interest. Two cameras are mounted above 
the oven, viewing the sample from different angles 
as shown in Fig. 4. Two simultaneous images from 
both cameras are digitized. Software identifies the 
same point on the surface from both perspectives, 
using pattern recognition of the speckles within a 
small pixel window. Using the principle of stereo tri-
angulation, the spatial position of the pixel window 
relative to the cameras is determined in 3D space. 
Stepping the pixel window across the sample, the 
warpage of the surface can be mapped out.

In our experiment, the samples were prepared with 
a thin uniform coat of high temperature white spray 
paint, followed by black spray paint throttled to 
create a random speckle pattern. A stereo angle of 
approximately 20 degrees was set between the two 
cameras. The FOV was adjusted to be 45 × 34 mm2, 
leading to an out-of-plane resolution of 1 µm. The 
14 × 14 mm2 sample areas comprised 434 × 434 pix-
els. A 21 × 21 pixel window was set for the PBGA 
component, setting the effective XY imaging reso-
lution as 1.5 pixels/mm, while a 9 × 9 pixel window 
was set for the PCB BGA site, setting the effective 
XY imaging resolution as 3.4 pixels/mm. An exter-
nal fan was also used to reduce convective air cur-
rents during heating and cooling.

Achieving optimum performance from DIC mea-
surements is critically dependent on the size distri-
bution of the speckles and pixel window size. Speck-
les should be 3 to 5 pixels in diameter and random in 
position. Larger or smaller speckles can add noise to 

Fig. 3: Fringe Projection Configuration

Fig. 4: Digital Image Correlation Configuration
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the measurement. Pixel window size must be large 
enough so that unique pixel configurations can be 
obtained. However, the positional coordinates are 
averages over the pixel window, which reduces XY 
imaging resolution of this technique.

Experimental Results and Discussion

Warpage variation with temperature was qualita-
tively similar for all three techniques. Fig. 5 shows 

warpage along the diagonal cross-sections for the 
PBGA top surface, concave at room temperature 
and convex at 250 ºC. Fig. 6 shows the coplanar-
ity vs. temperature for the three techniques for the 
PBGA and PCB, respectively. The PBGA warpage 
shows an inversion of the warpage around 200 °C, 
with minimum coplanarity around this temperature. 
The PCB shows relatively little effect below 250 ºC, 
above which it grows approximately 10 µm more 

Fig. 5: Diagonal Plots of a 14 mm BGA at 26 °C and 250 °C
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concave. In both cases, the curves show a range of 
coplanarity values of about 10 µm.

The problem in comparing results across techniques 
lies in the definition of the coplanarity gauge. 
Coplanarity is the difference between the highest and 
lowest displacement values in the full-field data set, 
with respect to a least-squares fit reference plane. 
As a result, it is extremely sensitive to statistical 
extrema in the data set. Coplanarity includes con-
tributions from the substrate warpage, surface fea-
tures, and noise. In practice, many procedures for 
routine calculation of coplanarity call for filtering 
or truncation of statistical outliers in the data set, in 
order to achieve acceptable levels of reproducibil-
ity.

The presence of surface features, such as copper 
traces and solder pads (as well as extraneous fea-
tures from surface damage and coating defects), 
contributes to the coplanarity value, to the extent 
that the XY imaging resolution of the technique 
does not average out these features. Fig. 7a shows 
the shadow moiré results for the PCB component 
land site at room temperature, with a complex pat-
tern of solder pads and other features. To illustrate 

the effect of XY imaging resolution, Fig. 7b and 7c 
show the central portion of this pattern as measured 
by fringe projection and DIC, respectively. Fringe 
projection shows much finer resolution of the pat-
tern, as expected, which should translate into higher 
coplanarity values since the height of the fine struc-
ture is subject to less spatial averaging.

Fig. 6: Thermal Warpage of a 14 × 14 mm2 PBGA (a) and 
of a 14 × 14 mm2 PCB BGA Site

Fig. 7: 3D Surface Plots of a 14 mm PCB BGA Site at 
Room Temperature 
(a) Shadow Moiré, Full View 
(b) Fringe Projection, Zoomed View 
(c) Digital Image Correlation, Zoomed View
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Conclusions

Experiments on the 14 mm samples in this paper 
demonstrate that all three techniques have the 
capability of measuring temperature-dependent 
warpage. While the technical specifications de-
scribed are characteristic to our experimental con-
figurations, each technique has general strengths 
and weaknesses that may make it optimal for indi-
vidual applications. 

Shadow Moiré
+ Robust
+ Out-of-plane resolution independent of field of 

view
- Magnification limited by grating line resolution
- Adjacent grating affects sample thermal behavior

Fringe Projection
+ Better XY imaging resolution
+ Variable grating pitch possible
- Out-of-plane resolution scales with field of view
- More sensitive to vibration and thermal air cur-

rents

Digital Image Correlation
+ In-plane strain measurement capability
+ Simple hardware with high speed data acquisi-

tion
- Out-of-plane resolution scales with field of view

- Poorer XY imaging resolution
- Sample preparation more complex
This summary suggests some favorable applica-
tions, e.g. shadow moiré for large samples, fringe 
projection for small samples, DIC where in-plane 
strain is important. However, all three techniques 
are expected to be widely used for a wide variety 
of samples, making full consideration of specific 
technique characteristics critical to the interpreta-
tion and comparison of results.
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Remark
The TherMoiré PS400 system will be on display at Productronica 2007.
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