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Cracking is a common problem encountered during the fabrication of crystalline silicon photovoltaic

(PV) cells. In this study, electronic speckle pattern interferometry (ESPI) is developed as a tool for rapid

identification of cracks in PV cells. Thermally induced cell deformation of defect-free and defect-bearing

PV cells was first modeled with numerical simulations and then experimentally studied by optical

configuration for ESPI measurement of out-of-plane deformations. Both numerical and experimental

results indicate that the speckle patterns imparted during thermal deformation of a cell allow for

simultaneous quantification of crack size, location and type in both single- and poly-crystalline PV cells.

Speckle patterns near defects were manifested as continuous, chevron-shaped, and broken fringes for

scratch, surface cracks, and through cracks, respectively. For comparison to other existing techniques,

full field electroluminescent images were also provided for every defective PV cell. Electroluminescent

imaging is capable of detecting cracks, but unlike ESPI, is unable to distinguish between the different

types of cracks. Because the amount of heating needed to induce out-of-plane deformation resolvable

by ESPI is small (o0.5 1C) and because ESPI is sensitive to crack type, the ESPI-based imaging study

presented here can potentially be developed into a rapid, non-destructive inspection tool for the

structural integrity of solar cells at any point within the manufacturing process.

& 2011 Elsevier B.V. All rights reserved.
1. Introduction

The photovoltaic (PV) industry has rapidly developed new
technologies in recent years. Crystalline silicon, and particularly
polycrystalline silicon, is now used in 80–90% of PV cells pro-
duced worldwide. Crystalline silicon cells are expected to remain
the dominant technology in the PV industry for at least the next
decade due to their high current average efficiency and excellent
stability. Manufacturers of PV cells and modules tend to focus on
electrical performance rather than on mechanical strength. How-
ever, manufacturing flaws are common in crystalline silicon PV
cells, particularly those that require several fabrication steps.
Although the new manufacturing procedures enable production
of silicon wafers thinner than 120 mm, which provides good
flexibility [1], crystalline silicon PV cells remain hard and brittle
in thickness near 200 mm. Photovoltaic cells and systems must be
capable of operating in harsh environments when the thickness is
reduced. Unexpected cracking not only reduces yield but is a
major cause of catastrophic failure during production and opera-
tion. Assessing solar cell integrity before or during module
processing is therefore essential for minimizing production costs.
ll rights reserved.
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in).
Most mechanical defects in thin PV cells are surface cracks
initiated from scratches during fabrication. It has previously been
shown that the lowest strain energy release rate required for
crack growth in single crystal silicon occurs in the {111} plane [2].
In an X-cut single-crystalline silicon wafer, crack propagation
takes place along the /110S direction with cleavage plane
inclined to the wafer plane. In polycrystalline wafers, however,
the crack propagation is irregular and tends to zigzag. In both
polycrystalline and single-crystalline solar cells, crack propaga-
tion in the depth direction typically terminates or is strongly
reduced at the interface between the silicon layer and the porous
Al contact back layer because an Al–Si eutectic layer, with a high
fracture toughness [3,4], is generated at this interface during
contact-firing. An example of a surface crack in a crystalline
silicon PV cell is shown in Fig. 1. However, crack propagation
can be enhanced if the cell undergoes bowing or flexing. Cell-
bowing is a common problem related to the mismatch of thermal
expansion coefficients between the Si layer and Al back contact
layer, and as a consequence, cell-bowing can occur during the
contact-firing fabrication process as well as during operation
because solar cells are subjected to strong diurnal-nocturnal
variations in temperature [5]. The generation of strong thermal
stresses within the solar cell could promote crack branching and
even propagation through the Al–Si eutectic layer, generating a
through crack. While cell-bowing is generally easy to identify
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using common optical procedures, the depth-extent of the cracks
is not so easily detected.

Because the quality of solar cells can be seriously fractured by
hairline cracks, the PV industry requires a fast and precise on-line
method of crack detection and characterization. Instead of visual
inspection, which is time-consuming and often overlooks very
thin cracks, various techniques and approaches have been used to
detect defects in silicon wafers and PV cells. Electroluminescence
(EL) [6,7] and photoluminescence (PL) [8] imaging have been used
to detect defects by taking advantages of the fact that electrical
performance is reduced at defects, thereby reducing lumines-
cence efficiency. Although those luminescence methods can
detect fractures, they cannot clearly distinguish between surface
scratches and cracks. Another imaging method is illuminated
lock-in thermography [9,10], in which heat radiation from a
sample is imaged by an infrared camera. However, even though
this approach obtains high resolution imaging of defects, the lock-
in integration needed to improve signal-to-noise ratio is extre-
mely time consuming. Yet another method is resonance ultra-
sonic vibrations (RUV) [11], wherein silicon wafer quality is
assessed using changes in the resonant frequency and bandwidth
of the sample. This method, however, is only sensitive to bulk
properties and cannot be used to identify crack density or
geometry. In summary, each of these inspection methods has
specific advantages in the individual manufacturing process of
solar cells. None of these methods provides both rapid and
detailed information on crack type and geometry.

An alternative approach is electronic speckle pattern interfermo-
etry (ESPI), which is an effective non-contact method of measuring
deformation based on correlation of speckle interference patterns
Fig. 1. SEM image of a surface crack in cross-sectional view within crystalline

silicon PV. Surface is shown on the right. Al–Si eutectic layer is shown on the left.

Crack appears to have initiated at the surface and propagated into the Si layer, but

terminates at the Al–Si eutectic layer.

Table 1
Material properties used for calculation.

Elastic modulus (GPa)

Polysilicon 160

Single silicon Ex¼169, Gyz¼79.6

Ey¼169, Gzx¼79.6

Ez¼130, Gxy¼50.9

Gridline and busbar (Ag) 72

Al layer 43
produced by real-time subtraction of sequential speckle images
captured before and after an imposed deformation. Unlike tradi-
tional holographic interferometry, the interferometric fringe pat-
terns of ESPI are recorded by CCD camera, which eliminates time-
consuming chemical development and therefore speeds up the
process. ESPI has been used for measuring thermal deformation in
small electronic power devices [12] and large structural components
[13] as well as for nondestructive inspection of cracks on metal
plates [14].

This paper presents a method of rapidly detecting cracks in PV
cells with ESPI to measure out-of-plane deformation induced by
small thermal perturbations. The method relies on variation of
strain distribution due to thermal deformation in the solar cell
caused by discontinuities in material properties or the crystal
lattice. The former is related to differences in thermal expansion
coefficients between the Si layer and Al back contact layer while
the latter is imparted by defects, such as cracks. In defect-free
sample, the deflection of the cell due to mismatch in material
properties of the Si and Al layers represents the background strain
distribution. However, in the presence of cracks, the strain field
becomes strongly localized. For example, the stress field around
crack tips will be manifested in mixed modes [15], resulting in in-
plane and out-of-plane perturbations to the background strain
field. The out-of-plane displacement field is of interest in this
study because cracks exhibit larger deformation caused by bend-
ing than by tension in a thin plate. ESPI should in theory be highly
sensitive to small out-of-plane displacements, and the presence of
cracks should be manifested in the form of discontinuous dis-
placement fields, which would be evident in the shape and
continuity of interference patterns. Below, we first perform
numerical models to test the feasibility of this method. We then
verify this method by performing actual experiments on solar
cells. We also compare the ESPI approach to that of EL to assess
whether this method may be a more effective inspection tool for
structural defects in PV cells.
2. Feasibility tests using FEA models

We carried out a feasibility study of ESPI inspection for various
defects in PV cells using numerical models based on a commercial
finite element analysis (FEA) code ANSYS 13.0 (ANSYS Inc.,
Canonsburg, PA, USA). The models assume polycrystalline silicon
cells with the dimension 156�156�0.2 mm and single crystal-
line silicon solar cells with similar dimensions but with the corner
reduction up to 15�15 mm. Each PV cell model contains silicon
of 170 mm thickness, an aluminum back contact layer of 30 mm
thickness and regular metal contacts (gridlines and busbars).
Table 1 lists the material properties used in the calculation
[16–18]. The displacement field around a flaw is of greater
interest than stress distribution near the crack tip in this study.
We adopted the 8-node isoparametric solid elements SOLID45 in
ANSYS instead of crack elements at the crack tip in computation.
The meshed model is composed of at least 3 elements in the
Density (g/cm3) Poisson’s ratio CTE (ppm/K)

2.33 0.28 2.6

2.33 nyz¼0.36 3.6

nzx¼0.28

nxy¼0.064

10.5 0.28 18.9

2.7 0.35 3.7 for poly-Si

5.5 for single Si



Fig. 2. Zoomed imaged of calculated out-of-plane displacement contours for 25 mm long (a) scratch, (b) surface crack, and (c) through crack initiated at one-quarter

periphery off the center of left edge in a polycrystalline silicon solar cell. The marked circular regions are the initiating point of crack extension, and the rectangular is the

scratch area. Each contour increment is 266 nm.
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thickness direction, and 115,806 elements in the plane of
the wafer.

Three kinds of defects were considered. The first is a scratch,
which represents a superficial flaw on the surface of solar cell.
Scratches were simulated by removing the material occupied
within a volume of 25 mm in length, 0.6 mm in width, and
0.01 mm in depth from the cell surface. The second is a surface
crack, which we define to be a crack that has propagated through
the silicon layer but not through into the aluminum layer. This
surface crack was simulated as a vertical planar flaw extending
from cell surface and terminating at the underlying Si layer. The
third type of crack considered is a through crack, which we define
as a crack that penetrates the entire solar cell, from the surface
through the Al layer. Fig. 2 shows a comparison of calculated out-
of-plane displacement contours for the 25 mm long scratch,
surface crack, and through crack initiated at the lower quarter
point of the left periphery in a polysilicon solar cell. The contours
in the vicinity of the defects are continuous, chevron-shaped, and
broken for scratches, surface cracks, and through cracks, respec-
tively. The contour intervals are 0.266 mm similar to one-half
wavelength of the DPSS green laser used in the ESPI measurement
for out-of-plane displacement.

In through crack modeling we found that the displacement
field strongly varies in the vicinity of cracks when the cell model
was subjected to heating. The predicted ESPI contours appear
broken on both sides of the crack due to a discontinuity in out-of-
plane displacement (Fig. 2(c)), suggesting that through cracks in
solar cells should be easily detectable during in ESPI inspection. In
Fig. 3, we plot vertical displacement along a crack in response to
different increases in temperature. Two edge initiated cracks are
shown. One is centered at the mid-point of the edge (Fig. 3(a)),
falls along one of the symmetry lines of the square-shaped solar
cell. The other (Fig. 3(b)) falls off one quarter periphery from the
mid-point of the edge and represents a more general through
crack. In both cases, vertical displacements of 1–3 mm can be
seen. In the centered crack, displacements on both sides of the
crack are identical and hence symmetric. In the more general case
of off-centered cracks, displacements differ on opposite sides of
the crack. Maximum displacements are seen where the crack
initiated, and reduced displacements are found near crack tip
(Fig. 3(b)). Importantly, the generally asymmetric vertical dis-
placement fields appear to be a distinctive feature of through
cracks.

In surface crack models, we assume that crack depth is equal
to the Si-layer thickness. Unlike the asymmetric displacement
field around through cracks, out-of-plane displacements are
always identical on both sides of the crack at a given position
along the crack. Fig. 4 shows the out-of-plane displacement with
respect to length of the surface cracks for the same boundary
condition as shown in Fig. 3. The out-of-plane displacement rises
from crack tip to the location of the crack initiation and corre-
sponds to total vertical displacement of 2 mm. For the contour
interval of 0.266 mm, this displacement field should produce
numerous contours near the crack as shown in Fig. 2(b).

In Fig. 5, we overlay these crack displacement fields with the
background displacement field for a defect-free solar cell for 0.41
of heating. First, it is found that in both types of cracks, vertical
displacement fields are distinct enough from the background
displacement field to be identified by ESPI. Second, it can be seen
that surface cracks result in the largest amount of vertical
displacement and show symmetric displacement around the
crack. Third, the through cracks show intermediate net displace-
ments, but are asymmetric in the displacement field. To assess
how diagnostic these displacement fields are, we also examined
the deflection angle of contours across a crack as a function of
relative penetration depth, which we define as the ratio of crack
depth d to layer thickness h (Fig. 6). It is shown in Fig. 6 that
below a crack depth ratio d/h o50–60%, there is no contour
deflection, when d/h460% measurable deflection angles are
observed. The contour spacing can be calculated by the crack length
divided by the number of contours passing through the crack line.
From Fig. 4(a), we estimate the tolerance of measuring crack length
to be about 2.65 mm for a 25 mm long centered crack. We
consider this the minimum threshold for detection of a crack by
this approach.

Finally, an important conclusion of our feasibility test is that
small thermal loads generate sufficient deformation to be inves-
tigated by ESPI. The ability to monitor deformation using small
thermal loads is ideal because the time needed to heat the thin
crystalline silicon solar cell is of short duration. These small
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thermal loads do not in themselves cause further cracking or
damage to the cell.
3. Experiments

For our test specimens, we used mass-produced crystalline
silicon PV cells with dimensions of 156�156�0.2 mm. We also
used single-crystalline silicon solar cells of similar dimensions but
with corner reduction up to 15�15 mm. The front surface of the
test specimen was coated with a dark blue anti-reflection film
(0.08–0.1 mm thick), which was spread to the standard metal
contacts. The back surface was screen-printed with a 30–35 mm
thick Al paste.

The ESPI was setup as shown in Fig. 7. The specimen was
clamped at its four corners. The coherent light source was a DPSS
laser with a 532 nm wavelength. The entire specimen surface was
illuminated by passing an expanded laser beam through a spatial
filter, which revealed deformation in the full-size cell. The
reflected beams from the specimen and reference plane crossed
each other through the beam splitter and were projected onto a
CCD sensor with 2448�2050 pixels. A temperature-controllable
planar heater was used to apply a heat flux to the specimen. The
heater temperature was measured with J-type thermocouples
through a NI-9213 module (National Instruments Corporation). A
series of specklegrams for temperature increments were captured
by the high resolution CCD camera. The ESPI image was taken
from the back of the solar cells because ESPI is more suited for
detecting rough rather than smooth surfaces. The image from the
camera was controlled by LabVIEW and recorded on a personal
computer.

Initial flexural deflection is difficult to fully suppress in single-
or polycrystalline silicon solar cells because the thermal expan-
sion coefficients of the screen-printed contacts on the front and
back of the cell differ from that of the substrate. Flexural
deformation is induced by thermal mismatch in the cell when it
is uniformly heated. Speckle images were therefore captured
between 30 and 50 1C in increments of 0.2 1C. The speckle
interference patterns were determined by subtracting two pic-
tures recorded at different temperatures. The fringe pattern
corresponds to a topographic map similar to the out-of-plane
displacement contours of the specimen surface. The contour
interval is l/2 per fringe order [19], where l is the wavelength
of illuminating source. The fringe sensitivity of the current
detecting system is 0.266 mm. The ESPI method identifies surface
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deformation by analyzing the fringe pattern of the specimen. The
fringe patterns vary for different boundary conditions as shown in
our FEM models. Fringe density corresponds to total magnitude of
displacement, which depends on the difference in temperature
between two recorded images. The larger the temperature rise,
the denser the fringe patterns for a fixed contour interval.
However, excessively dense fringe patterns must be avoided.
A 0.4 1C temperature increase from 32 to 32.4 1C is optimal for
recording speckle images since, as shown above, it reveals
sufficient fringe densities around cracks but does not further
propagate or initiate new cracks.

In order to compare to more traditional methods of assessing
the structural integrity of solar cells, we also present EL images
even though the EL method cannot quantify the nature of defects
in polycrystalline silicon cells. The EL images of all defective and
non-defective specimens were acquired with a MT-EL-H1708M EL
tester (Scientek Corp., Taiwan). Cracked solar cells excited with
1.5 A current and 3 V were measured at a resolution of
1392�1040 pixels. Our EL images, however, represent the mirror
image of the ESPI image because the former was taken from the
front of the solar cell.

In our experiment, we explored thermally induced displace-
ment fields near cracks starting at the edge of the specimen and
extending inward as well as cracks located in the inner area of the
specimen. These cracks were pre-formed in the specimens by
applying pressure with a small pyramid-shaped diamond inden-
ter attached to a Matsuzawa digital Rockwell-type hardness
tester. For reasons already discussed above, most of these pres-
sure-induced cracks generate surface cracks, which terminate at
the Al–Si eutectic layer. In order to create through cracks in the
solar cells, we used a pencil eraser to apply a light force at the
crack tip. This increases the length of cracks, causing them to
propagate through the entire PV cell.
4. Results and discussion

Specific interferometric fringe patterns were acquired by first
measuring out-of-plane displacement for an undamaged solar cell
specimen. Fig. 8(a) shows an out-of-plane ESPI image of an
undamaged crystalline silicon solar cell under thermal load. The
fringes were dense in the areas near the right and left edges of
specimen, indicating greater displacement on the edges than in
the central region. The dense fringe pattern with fine spacing in
the peripheral regions benefits the inspection of edge cracks. The
out-of-plane displacement distribution was also identified by
modeling shown in Fig. 8(b), and depicts the contours corre-
sponding to the experimental fringe patterns by ESPI.
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Fig. 9(a) displays defect patterns from a cracked solar cell
acquired by EL imaging. An around 38 mm crack is visible on the
edge of the polycrystalline silicon solar cell. Fig. 9(b) shows the
ESPI image for the same specimen as shown in Fig. 9(a). As
expected, the interferometric fringe patterns as well as the
contour distribution by FEM break across the crack line, substan-
tially differing from those in the background defect-free sample
shown in Fig. 8(a). Fig. 9(c) shows a simulated contour map of the
out-of-plane displacement caused by a through crack in a solar
cell with geometry and crack distribution identical to that in the
experiment. It can be seen that the contours break around the
crack, consistent with our experimental results.

Fig. 10(a) shows an EL image captured from the front surface
of a polycrystalline silicon solar cell. The dashed circle indicates a
22 mm long surface crack on the edge. Fig. 10(b) is an ESPI image
of the same specimen. The speckle patterns of the cracked solar
cell also differ from those of the undamaged specimen shown in
Fig. 8(a). The thermally-induced variation of displacement field
across the crack surface is discontinuous. Dense interference
fringes with chevron shaped patterns are generated near the
crack. Fig. 10(c) demonstrates a simulated contour map of the
out-of-plane displacement in a polysilicon solar cell with geome-
try identical to that of the experimental cell with a 22 mm long
surface crack. The contours are dense and exhibit abrupt changes
in orientation similar to the chevron shaped fringes we observe
by ESPI in the vicinity of the crack. Numerical analyses of the
displacement jump are thus consistent with the experimental
observations. In this ESPI experimental system, cracks shorter
than 10 mm were accurately detected, and the observable fringe
space depended on the resolution of the CCD camera but was
generally about 2 mm.

Cracks artificially made in the central region of the specimens
were examined in the same manner. The star-shaped cracks were
induced using a square-base pyramid-shaped diamond indenter,
which generated cracks radiating from a common point inside the
cell. Fig. 11(a) and (b) show the EL and ESPI images of the single
crystalline specimen with a 30 mm long star crack, respectively.
The center of Fig. 11(b) reveals a set of concentric polygons
bounded by closed fringes within the near crack field. The
diagonals connecting the opposing vertices indicate the branches
of the star-shaped cracks. Fig. 11(c) shows the simulated contour
map, again consistent with the experimental result (in these
simulations, the crack terminates at the Al–Si eutectic layer).
the edge: (a) EL image, (b) ESPI image in temperature range of 32–32.4 1C, and

rom �2.1 to 2 mm in increments of 0.266 mm.
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Fig. 10. (a) EL image (front view) for the 156�156�0.2 mm polycrystalline silicon solar cell with a 22 mm long edge crack, (b) fringe pattern (rear view) caused by
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5. Conclusion

A rapid, full-field, nondestructive method of inspecting cracks
in crystalline silicon PV cells was presented. This method uses
ESPI to map out-of-plane deformation (vertical displacement)
generated by thermally induced flexural deflection of the speci-
men. Experimental and numerical results demonstrate that,
under similar constraints and temperature rise, defect-free speci-
mens have similar background speckle patterns. However, in
flawed specimens, the interference fringes associated with heat-
induced deflection clearly differ from those captured in unda-
maged specimens, particular in the vicinity of cracks. Both
experiments and numerical simulations indicate that discontin-
uous speckle fringes and chevron shaped patterns characterize
the near-crack field for both through cracks and surface cracks
exceeding 60% of total thickness. In contrast, surface scratches
degrade electrical performance but do not substantially change
the displacement field under the thermal load. Thus, one advan-
tage of this method is that cracks can be distinguished from
surface scratches. Finally, the temperature increase required for
inducing moderate speckle fringe density near a crack is less than
0.4 1C, hence, only short duration heating is needed to impart
deformations large enough to be detected by ESPI. This method
may satisfy the immediate need for rapid quality assessment of
PV cells on the manufacturing assembly line.
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