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A B S T R A C T

As the solar photovoltaics power system sees rapid growth in installed capacity and plays a significant role in the future global energy mix, its reliability becomes a 
crucial factor in maintaining the stability of the electricity supply. Manufacturing imperfections and harsh operating environments may compromise the module’s 
structural integrity, leading to performance deterioration and power loss. Therefore, nondestructive inspection becomes an indispensable part of the quality 
assurance or maintenance program to detect defects at any stage of the module’s lifecycle. Ultrasound is an essential method for material inspection, and ultrasonic- 
guided waves have been long explored as a flaw detection technique on plate-like structures, taking advantage of its long-range detection that yields an efficient 
inspection process superior to the conventional pulse-echo technique. Inspired by the same idea, this work assesses the prospect of harnessing ultrasonic guided 
waves, particularly Lamb waves, to detect cracks, as they exist in an actual module. However, unlike the commonly investigated plates, solar photovoltaic modules 
contain stacks of a-few-microns-thick layers of different materials that add complexities to the structure. The investigated specimen is a thin film photovoltaic module 
with cracks caused during transportation and handling. It, therefore, represents a real-life research case that may occur in situ. Numerical and experimental methods 
are performed to reveal various Lamb modes that propagate in the structure, where the results of both methods are mutually confirmed. Unlike other works, this 
investigation is not confined to the utilization of the non-dispersive mode but attempts to find the defect-sensitive mode that can be used to detect cracks. An analysis 
of the experimental results reveals the mode most sensitive to cracks, while numerical simulations explain the corresponding phenomena.   

1. Introduction

Solar photovoltaics (PV) has grown exponentially as a clean energy
source in recent decades [1]. It has been proven a practical solution to 
generate electricity on various scales, from powering a single electronic 
appliance to being an alternative means of electricity production in 
remote locations and a source to supply grid systems. It offers flexibility 
for installation, be it in a dedicated area such as a solar farm, as an 
additional building feature, or in any other modes of installation, either 
fixed or equipped with a solar tracker. This versatility leads to an opti-
mistic projection of the future solar photovoltaics module (SPVM) 
installation. Commercial SPVM generally falls into silicon crystalline 
and thin film technology, where the latter currently attracts growing 
attention due to its low production cost potential [2–4]. Furthermore, 
there still exist many areas open for improvement in the field of thin film 
solar cells. Besides the standard silicon-based cells, other thin film 
technologies with improved efficiency are undergoing progressive 
development, such as gallium nitride (GaN) cells, passivated emitter and 

rear contact (PERC), and the III-V semiconductors. Although their effi-
ciency is relatively lower compared to the crystalline type modules, the 
cost-effectiveness of thin film SPVM due to less material usage becomes 
one of its major selling points in the market. With continuous innovation 
in thin film technology that tunes up the efficiency of thin film cells, the 
demand for this type of SPVM is also expected to grow. 

As the contribution of PV power generation increases in the future 
global energy mix [5], the reliability of PV systems becomes a crucial 
factor in supporting grid stability. Among the efforts to maintain the 
reliability of PV systems is structural health monitoring (SHM) of indi-
vidual SPVM. Mechanical defects in the front glass panel may lead to 
power loss by obstructing sunlight transmission into the cells or 
damaging the cells and electrical contacts. In addition, the presence of 
crack may also serve as a precursor to other kinds of defects as it allows 
moisture to penetrate the solar cell, leading to delamination, corrosion, 
broken circuit, discoloration, or short circuit [6]. Therefore, besides 
keeping a check on the module’s structural integrity, the results of the 
SHM inspection on SPVM are valuable concerning the module’s 
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performance deterioration. Electroluminescence (EL) and infrared (IR) 
thermography have been the widely used methods for SPVM inspection, 
mainly for finding hotspot, faulty cells and circuitry [7]. Those two 
methods are effective for cell inspection since their working principles 
are based on phenomena occurring in the cells, for instance heating (IR) 
or photons emissions due to carrier recombination (EL). That way, their 
capability to detect defects on the other module’s components outside 
the electric current path, like the glass, back panel and encapsulant, is 
limited. Those methods detect cell cracks, yet it may not be able to 
resolve the overall condition of module’s layers. For mechanical defect 
inspection of the whole structure, ultrasonic technique is more appro-
priate than the previously mentioned methods because it can detect 
structural flaws not only in the cells but throughout the module, which 
includes delamination, air voids and crack [8]. In addition, ultrasonic 
technique does not require the module to be energized during 
inspection. 

Conventional ultrasonic scanning technique works by sending ul-
trasonic signal into the material towards its thickness-wise direction and 
has two kinds of measurement methods: pulse-echo and transmission. In 
pulse-echo method, the analyzed signal is the echo coming back to the 
transducer. On the other hand, transmission method observes the signal 
received by another transducer at the other side of the structure. Ul-
trasonic C-scan method collects point-by-point measurements over a 
given area, producing a map of that enables inspector to locate the exact 
position and determine the characteristics of the defects. It is a mature 
and proven method to detect micro-scaled flaws in materials as prac-
ticed in various fields. Nevertheless, the inspection process with this 
conventional ultrasonic bulk wave C-scan method is slow since it needs 
to examine numerous points to generate a high-resolution image. Hence, 
the technique is impractical for many SPVM-related use cases, such as 
final inspection on a fast-moving production line or periodic inspection 
on a large-scale solar PV power plant. 

A promising alternative acoustic method to detect mechanical de-
fects in SPVM is by employing ultrasonic guided waves (UGW). In a 
plate-like structure, UGW travels in the direction parallel to the plane of 
principal surfaces, guided by the structure’s boundaries, as opposed to 
the bulk waves that propagate in the thickness-wise direction. Unlike the 
conventional C-scan method that measures in a point-by-point manner 
as outlined before, this method benefits from UGW’s ability to travel a 
long distance, interrogating greater area at each measurement which 
reduces inspection time. Investigators have been using this method to 
detect discontinuities in plates of various materials, including compos-
ites [9–11], hence encouraging the authors to adopt the method for 
inspecting SPVM, which is essentially a multilayered plate that re-
sembles the structure of composites. Nevertheless, an SPVM has a 
unique structure that differentiates it from other composite materials. In 
SPVM, multiple thin layers of different materials are sandwiched by 
substantially thicker plates. Meanwhile, in most laminated plates or 
composites, the thin layer between two primary plates is a single ma-
terial, like an adhesive layer. To this end, literature surveys can bring 
insights since the study of UGW in multilayered plates has been pub-
lished by many researchers [12–14]. Still, further investigation is 
necessary to understand the characteristics of UGW in a particular plate 
constructed with a typical combination of materials and layer thickness, 
as found in SPVM. 

In this paper, we aim to understand the characteristics of UGW in a 
thin film SPVM with a vision toward its utilization for a non-destructive 
evaluation technique. Here, our study focuses on how the UGW interacts 
with cracks as a significant defect that directly affects structural integ-
rity. This investigation combines numerical simulation and experi-
mental methods to describe the propagation characteristics of UGW in 
the SPVM specimen and the phenomena associated with the interaction 
of waves with cracks. 

2. Sample description

The SPVM investigated in this work is a thin-film type solar cell
manufactured by SHARP (model NA-E135-L5). As stated in the product 
datasheet, this model features a tandem structure of amorphous and 
microcrystalline silicon layer. Fig. 1 shows the specimen under a 5-axis 
scanner arm in our laboratory. The specimen is a full-size module 
measuring 1401 mm × 1001 mm with an overall thickness of 6.58 mm. 
A closer look from the front side of the module, as depicted in Fig. 2, 
shows that solar cells are assembled in a stripes-like pattern that runs in 
the lengthwise orientation of the module. The bright lines visible from 
the front side, uniformly spaced at 10.5 mm, are portions of rear metal 
electrodes that protrude through the thin film layer. 

The cross-sectional anatomy of the SPVM specimen received from 
the manufacturer is illustrated in Fig. 2. It is a multilayered structure 
with glass plates sandwiching the solar cell assembly. Note that the 
illustration is not to scale since the physical dimension of the solar cell 
assembly is much thinner than the glasses. Underneath the upper glass is 
a layer of TCO (transparent conductive oxide) coating, followed by sil-
icon layers and rear metal electrodes. EVA (ethylene vinyl acetate) is an 
encapsulant to seal the cells, prevent moisture ingress, and bond the 
back glass to complete the module assembly. The solar cell itself is of a 
tandem type; thus, the Si part is a micromorph that consists of micro-
crystalline Silicon (μc-Si) bottom cell and amorphous Silicon (a-Si) top 
cell. 

Our specimen contains defects that occurred due to transportation 
and handling activities. There are cracks of varying severity and density 
throughout the front glass plate. In some areas, there is also delamina-
tion visible from the front side. Since the defects are caused by real- 
world activities instead of artificially induced damages, this investiga-
tion is expected to deliver results that are more pertinent to the actual 

Fig. 1. The solar module specimen under the 5-axis ultrasonic scanner.  

Fig. 2. Anatomy of the module with details of solar cell structure, materials, 
and thickness. Notice that the metal portion that protrudes into the Si layer are 
the lines visible from the front side through the TCO (the schematic is drawn 
according to the information from SHARP Energy Solutions Europe). 



operations of the SPVM. However, there exist consequences of these 
actual defects, i.e., their randomness in shape and size, since they 
occurred in an uncontrolled manner. Therefore, it is essential to obtain 
the dimensional detail of defects, in this case, the cracks under scrutiny. 
This task, presented in the result section of this paper, was accomplished 
by employing Scanning Acoustic Microscopy (SAM). Cracks were 
observed through SAM imaging with a 400 MHz transducer that scanned 
an area where a crack exists at a resolution of 2.5 μm. 

3. Numerical simulations of the UGW dispersion in the structure

A model of a multilayered plate was numerically simulated to pro-
vide preliminary information on the behavior of UGW prior to experi-
ments and to verify the results of experimental data processing. 
DISPERSE, a dispersion curves calculator software was employed for this 
task. The simulated model was a multilayered plate mimicking the 
structure of the investigated SPVM specimen in terms of materials and 
thickness of the layup, except that the model is a stack of infinite plates. 
The infinite character of the model was approached in the experiments 
by measuring in areas away from edges to alleviate the reception of edge 
reflection. In addition, all measurements were made in the direction 
parallel to the visible lines, representing cell assembly patterns, since the 
received wave was intended to have traveled along a uniformly flat 
structure. Otherwise, the waves would have encountered a periodic 
structure of solar cell patterns along their propagation path in a line 
between transducers. 

Although the types of glass, TCO, and rear electrodes are undisclosed 
by the manufacturer, shortlisted materials commonly used in commer-
cial SPVM can be selected to build the model. The typical solar panel 
front cover material is soda lime float glass [15]. The actual thickness 
measurement of our specimen’s glass panels is 3.2 mm, consistent with 
the standard thickness figure of industrial glasses available in the mar-
ket. As the transparent conductive oxide, FTO (fluorine-doped tin oxide) 
is the widely chosen material in the market owing to its low-cost 
[16–18]. For the rear electrode, Cu, Ag, Al, and Mo are some of the 
suitable metals. When simulating the model with those metals as the 
rear contact layer, there was no noticeable difference in the Cu, Ag, and 
Mo dispersion curves. The Al showed different curves where one higher 
frequency mode deviated off the position of the same mode in other 
metals’ dispersion curves. Of those three possible metal choices, Mo is 
more favorable in CIGS or perovskite solar cells [19–22]. Meanwhile, 
our module is based on Si solar cells. Thus, it can be assumed that the 
metal in our specimen is either Cu or Ag, both being standard materials 
for Si-based solar cell rear electrodes [23,24]. The simulations showed 
that selecting any of those two metals as the element of the simulated 
model does not make any difference in the resulting dispersion curves. 
Table 1 describes the constituents of the specimen with their corre-
sponding mechanical properties as input values for calculating disper-
sion curves in DISPERSE. 

4. Experiment

We studied the characteristics of UGW in SPVM by observing
dispersion curves of the modes propagating in the structure. For this 
purpose, a setup as schematized in Fig. 3 was designed to experiment as 
Alleyne and Cawley [25]. It allowed the acquisition of signals from a 
series of equally spaced points which were then processed with a 2D 
Fourier transform procedure in MATLAB to plot dispersion curves in a 
frequency-wavenumber space. This setup used two contact transducers: 
one as a stationary emitter and another as a receiver mounted on a 
moving scanner arm. The arm of a 5-axis ultrasonic scanner (POLAR 
C-Scan) carried the receiver along a 100 mm line path while the system 
recorded a time-domain waveform every 0.25 mm. Thus, every run of 
the experiment registered waveforms from 400 points. The receiver 
started at 30 mm from the emitter, and the final distance between 
transducers at the end of the scanning stroke length was 130 mm. 

The emission signal was a 5-burst sinusoidal pulse of 500 kHz fre-
quency, generated by a waveform generator (Stanford Research Systems 
DS345), which then underwent a 10x amplification before reaching the 
emitting transducer. Both transducers (Panametrics V103) were of lon-
gitudinal wave type, positioned at normal incidence concerning the 
plane of the plate by placing the transducers’ face in contact with the 
front glass surface. Water was introduced as a couplant on both trans-
ducers, considering the practical reason that it is a standard substance 
for cleaning SPVM, thus ensuring the safety and possibility for future 
adaptation of the proposed technique to the regular module cleaning 
activities. 

During the experiment, the scanner was set to line scanning mode in 
the direction parallel to the solar cell strips. This direction was chosen to 
receive the waves that traveled in a uniformly flat structure between the 
transducers, undistracted by the solar cell’s strip patterns that the waves 
would bump into should they propagate towards other directions. 
Therefore, the condition of the received waves in the experiment could 
approximate that of the infinite flat plate geometry model on the nu-
merical simulation. Measurements were conducted on pristine and 
cracked areas to study the influence of cracks on the propagation of 
UGW in SPVM by comparing and analyzing the resulting dispersion 
curves. Areas with cracks of different severity levels were investigated in 
this work, as shown in Fig. 4: (b) one crack, (c) two cracks, and (c) a 
shattered area. In the case of investigating one and two cracks, trans-
ducers were placed such that the defect was located in the 30 mm gap 
between the transducers at the receiver’s initial position. 

5. Results

The crack image obtained from SAM presented in Fig. 5 shows a line
of one-pixel width. Since the resolution of the SAM is limited to 2.5 μm/ 
pixel, the crack can be of any width up to that size and is classified as a 
microcrack. In the SPVM defect terminology, any cracks less than 30 μm 
in width are microcracks [26,27]. From visual observation of the spec-
imen, the crack in the investigated areas penetrates through the entire 
front glass thickness. In contrast, the back panel glass is perfectly intact. 

Table 1 
Layers specifications of the specimen model for numerical simulations.  

Layer Material Thickness 
(mm) 

Density 
(g/cm3) 

Young’s 
modulus 
(GPa) 

Poisson’s 
ratio 

1 Glass (Soda 
lime) 

3.2 2.5 73 0.24 

2 TCO (FTO) 0.0015 6.8 150 0.33 
3 a-Si + μcSi 0.0020 2.3 181 0.22 
4 Rear 

electrode:     
Cu 0.0015 7.8 110 0.34 
– 0r –
Ag 0.0015 10 76 0.37 

5 EVA 0.175 0.94 0.02 0.45 
6 Glass (Soda 

lime) 
3.2 2.5 73 0.24  

Fig. 3. Schematic of the experimental setup to obtain dispersion curves.  



Recalling that our experimental setup involved contact transducers 
placed on the top glass surface and that the transducers were optimized 
for longitudinal waves, i.e., perturbation out of the element’s plane, the 
receiver would predominantly pick up vertical displacement of the 
surface. Therefore, in the experiment, we observed mainly Lamb waves 
by picking up out-of-plane motion. Accordingly, horizontal shear modes 

were either weakly probed or undetected in the received signals. 
DISPERSE calculation yielded 13 Lamb modes within the range up to 

1.5 MHz, plotted in frequency-wavenumber (f-k) and frequency-phase 
velocity (f-vph) diagrams in Fig. 6(a) and (b), respectively. Whatever 
mode is considered, it is not necessarily symmetric or anti-symmetric 
throughout its spectrum since the plate structure does not form any 
symmetry [28] in either geometry or material properties. Evidence of 
this is shown in Fig. 6(c), where mode 1 is symmetric about the hori-
zontal midplane at the low wavenumber region but anti-symmetric at a 
higher part of the curve, as demonstrated by the numerically simulated 
shape of plate displacement. This behavior also occurs in other modes, 
although some retain the shape throughout the curve. Therefore, to 
designate the modes in Fig. 6, plain numbers from 1 to 13 are assigned 
without mentioning any symmetric or anti-symmetric characteristic. 

There are multiple approaches to selecting the most appropriate 
mode in Lamb waves inspection techniques. A standard method is by 
exciting a mode in its non-dispersive frequency range, and another is by 
selecting a specific mode sensitive to particular defects [29]. By exam-
ining the f-vph curves in Fig. 6(b), it is evident that mode 2 is an excellent 
choice for the non-dispersive mode excitation method owing to its flat 
velocity profile over a broad frequency regime. It exhibits an insignifi-
cant velocity change (5523 m/s ± 0.6%) over a broad frequency band 
between 100 and 400 kHz. Being a lower frequency mode is also an 
advantage of mode 2, allowing it to travel greater distances. Moreover, 
by exciting mode 2 in the lower part of its non-dispersive band (100 
kHz–200 kHz), the occurrence of mode conversion, if any, will be 
evident since the only possible converted Lamb mode is unmistakably 
mode 1. Indeed, selecting and analyzing the first appearing modes at low 
frequency, or the fundamental modes, are the standard practice in Lamb 
waves-based inspection technique [30–32]. 

Although the technique of exciting pure non-dispersive modes is 
simple and mature, it is, for our purposes, insufficiently sensitive to 

Fig. 4. Conditions investigated in the experiments.  

Fig. 5. SAM observation: (a) The section containing a typical crack investigated 
in this work; (b) SAM image of the crack; (c) Further magnification of the SAM 
image showing the crack as a line of one-pixel width. 

Fig. 6. Plots of dispersion curves generated from DISPERSE simulation: diagrams of frequency versus (a) waveform and (b) phase velocity. The number corresponds 
to the nearby mode curve, and the red curves are the propagating modes appearing in the experiments. (c) Shapes of mode 1 at 100 kHz and 285 kHz demonstrate 
different symmetry behaviors within the same mode. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of 
this article.) 



minor defects due to the relatively long wavelength of the low frequency 
these fundamental modes have. This shortcoming is known and becomes 
the reason why researchers have explored techniques that exploit other, 
more sensitive modes [33,34], to detect microcracks in materials like 
metals and composites, although this far has not been explored in SPVM 
research. 

When such modes are used, a non-dispersive nature is no longer the 
primordial focus but rather the selection of modes that appear to un-
dergo substantial changes upon interaction with certain defects. Thus, 
any mode may be suitable, offering a wide range of frequency and 
wavelength choices. On the other hand, while selecting the non- 
dispersive modes requires a relatively straightforward analysis of the 
dispersion curves, discovering the damage-sensitive modes necessitates 
an extended effort. In this work, the approach to finding the sensitive 
modes was carried out experimentally. The modes of interest are those 
with sensitivity to cracks, under the focus of this paper, as stated in the 
introductory section. 

Dispersive nature of the propagating UGW in the SPVM specimen can 
be discerned from the change in time signal waveform shape at different 
distances, as depicted in Fig. 7. It shows the waveforms of UGW signals 
obtained experimentally from three distances between the emitter and 
receiver in the undamaged area. The amplitude is normalized to 

Fig. 7. Waveforms of signals on the undamaged area at three different emitter- 
receiver distances. 

Fig. 8. Dispersion curves of Lamb waves obtained from experiments on 4 areas with different conditions (refer to Fig. 4). Out of 13 theoretical modes according to 
DISPERSE simulation within 0–1.5 MHz range, four modes appear: modes 1, 2, 5, and 11. Although the dispersion curves obtained from the undamaged area (top left) 
and the area with one crack (top right) look similar, the color trace along Mode 11 is slightly weaker in the area with crack, indicating the decrease in the mode’s 
intensity. When the guided waves travel through two cracks, color trace along Mode 11 noticeably fades out, implying further suppression in its intensity (bottom 
left). In the shattered area (bottom right), Mode 11 is no longer visible in the diagram and even the intensity of Mode 5 is significantly reduced. (For interpretation of 
the references to color in this figure legend, the reader is referred to the Web version of this article.) 



emphasize the evolution of the waveform shape over the propagation 
distance due to the dispersive nature of UGW. At the emitter-receiver 
distance of 130 mm, the first arrival of the signal appears at 14 μs, 
which yields 9290 m/s of wave velocity. As the discussion proceeds, it 
will be shown that this velocity is within the range of the velocity of the 
fastest propagating mode in the specimen during the experiments. That 
mode lies in a higher frequency band beyond the fundamental modes. 

The experimental dispersion curves were plotted as a color-scaled 
diagram in MATLAB by performing a 2-D Fourier transform to the 
time-space matrix of waveforms acquired from a series of positions. Four 
diagrams of dispersion curves from the measurements on areas with 
different conditions are presented in Fig. 8. To enable comparison with 
simulation results, the curves generated by DISPERSE software are 
overlaid on the diagrams. Those diagrams demonstrate that there are 4 
Lamb wave modes excited in the experiments, as indicated by the high- 
intensity color traces, which coincide with 4 of the curves in Fig. 6(a): 
mode 1, mode 2, mode 5, and mode 11. The non-visible modes are either 
non-existent or considerably less dominant relative to the appearing 
modes, which can be related to the perpendicular angle of incidence of 
the emission signal. Changing the angle of incidence by placing the 
transducers in an oblique orientation will shift the dominance of and 
generate the invisible modes in the present experiments [33,35,36]. 
However, our work stayed as close as possible to real applications in 
which normal incidence is expected. Therefore, despite the absence of 
some theoretical modes, the plots in Fig. 8 still indicate that numerical 
results agree with the experimental counterparts, hence validating the 
methods employed in this work. 

The color plots in Fig. 8 show modes 1 and 2 consistently appearing 
in all cases, regardless of damage severity, inferring their insensitivity to 
crack types assessed in this investigation. The plots also demonstrate 
that the defects do not induce any mode conversion in all modes 
throughout the spectrum. In contrast to the first two modes, modes 5 and 
11 exhibits characteristic behavior as their intensity diminishes with 
increasing damage severity, with mode 11 being the most impacted. To 
quantitatively present this observation, the mean of pixel values in the 
high-intensity areas in Fig. 8 are calculated and plotted as bar charts in 
Fig. 9. The mean value is taken to represent the level of intensity 
strength around a select area. One can compare mode intensities at 
different cracking conditions by inspecting the charts. The areas in Fig. 8 
considered for the calculations are rectangles bounded vertically from 
wavenumber (k) 0.03/mm to 0.05/mm for all modes; and horizontally 
within the frequency (f) range of 30 kHz–80 kHz for mode 1, 150 
kHz–200 kHz for mode 2, 580 kHz–630 kHz for mode 5, and 1100 
kHz–1160 kHz for mode 11. Among those modes, mode 11 shows a 
consistent decline in intensity as the crack severity escalates. 

Common sense may lead to an argument that a higher frequency 
wave has a shorter wavelength which is indeed more sensitive to 
discontinuity. Nevertheless, due to the dispersive nature of Lamb waves, 
the wavelengths of higher-order modes are not necessarily shorter than 
that of the lower-order modes because the velocities vary throughout 

their frequency spectra. To prove that argument, a physical example can 
be taken from the frequency and velocity relation of the first arrived 
signal, as discussed earlier in Fig. 7. Among the four propagating modes, 
the relatively high velocity of 9290 m/s found in Fig. 7 at 130 mm 
emitter-receiver distance is only possible in mode 11 at 1.2 MHz, see 
Fig. 6(b). With that velocity and frequency pair, the calculated wave-
length is 7.7 mm, which is within the wavelength range of mode 5, a 
mode which lies in the frequency regime far below mode 11, see Table 2. 
The wavelength of each propagating mode in Table 2 is calculated by 
selecting the frequency range with a high-intensity color trace in Fig. 8. 
Then, the value of phase velocity at those selected frequency ranges is 
extracted from Fig. 6(b). The wavelength is calculated through the 
relation λ = vph/f. 

Despite being within a similar wavelength range, modes 5 and 11 
have distinct characteristics regarding their propagation mechanism. 
Those modes have a different profile of power flow distribution that 
affects their sensitivity to defects on the plate layers. DISPERSE simu-
lation results, exhibited in Fig. 10, reveal that most waves’ energy is 
located at the lower layer in mode 5. Meanwhile, the opposite profile 
prevails in mode 11. Likewise, in terms of particle displacement in the 
direction normal to the surface, i.e., the motion to be probed by the 
contact transducer, mode 5 creates more dominant displacement in the 
lower portion of the structure. At the same time, the reverse applies to 
mode 11. 

All the cracks in our specimen exist in the upper glass, or the mod-
ule’s front panel, with the rear glass perfectly intact. Thus, in the case of 
mode 11, a more significant portion of the wave energy passes through 
the defective upper glass, scattered and attenuated, diminishing the 
transmitted energy at the other side of the defect. The portion of the 
wave energy that propagates in the lower glass, although being undis-
turbed by defects, only carries a low intensity. Therefore, even if the 
mode wave can reconstruct downstream of the crack, the wave’s overall 
energy intensity picked up by the receiver is substantially reduced. In 
addition, the middle layers contain soft EVA polymer with high acoustic 
absorption, suppressing energy exchange between the lower and upper 
parts of the structure. Eventually, discontinuities in the upper part of the 
structure, or the front glass panel of our investigated specimen, are more 
impactful to mode 11. Therefore, analyzing the behavior of this mode is 
appropriate for detecting front panel cracks, which is one of the critical 
failure modes in SPVM operations. From the practical point of view, 
utilizing this mode is also advantageous because the measurement is 

Fig. 9. The relative intensity of the bright areas in Fig. 8, in the range of k = 0.03 mm− 1 to k = 0.05 mm− 1, for mode 1 (30 kHz–80 kHz), mode 2 (150 kHz–200 kHz), 
mode 5 (580 kHz–630 kHz), and mode 11 (1100 kHz–1160 kHz). Error bars indicate standard errors from 3 experiments. Mode 11 demonstrates consistent intensity 
reduction with increased crack severity in the solar module’s front panel. 

Table 2 
Acoustic parameters of the propagating Lamb modes.  

Mode f (kHz) vp (m/s) λ (mm) 

1 20–200 2147–5538 10.7–277 
2 125–250 5545–5597 22.2–44.8 
5 530–700 5032–5443 7.2–10.3 
11 1100–1200 6300–29000 5.7–24.2  



made on the front side, where accessibility will not become an issue. 

6. Conclusion

This work demonstrates the selection of damage-sensitive Lamb
mode to detect cracks in the front glass of SPVM. Experiments were 
carried out to extract dispersion curves, and the results agree with nu-
merical simulations. This has validated the capability of the experi-
mental technique based on the 2D Fourier transform to capture the 
propagating modes in a structure with multilayers of micron-thickness 
films as in SPVM. It is beneficial from the perspective of nondestruc-
tive evaluation since the technique is based on an experimental 
approach familiar with NDT of plate structures in general and applied to 
SPVM. This method can be embedded in automated mechanisms or 
module-cleaning devices in prospective practical implementations. 

The identification of damage-sensitive modes involved analysis of 
the intensity of modes as they interact with defects of different severity 
levels. Results show that a mode undergoes remarkable intensity decay 
when the waves propagate through areas with increasing cracks. 
Therefore, that mode can be exploited as a damage indicator to detect 
cracks and gain information on their severity. Unlike the standard 
approach of Lamb waves-based inspection that utilizes the low- 
frequency fundamental modes, the selected damage-sensitive mode is 
located at the higher frequency band at 1.1 MHz–1.2 MHz. 
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