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It has been a key issue for photovoltaic (PV) cells to survive under mechanical impacts by tiny dust. In
this paper, the performance degradation and the damage behavior of PV cells subjected to massive
dust impact are investigated using laser-shock driven particle impact experiments and mechanical
modeling. The results show that the light-electricity conversion efficiency of the PV cells decreases
with increasing the impact velocity and the particles’ number density. It drops from 26.7 to 3.9%

with increasing the impact velocity from 40 to 185 m/s and the particles’ number densities from 35

to 150/mm?, showing a reduction up to 85.7% when being compared with the intact ones with the
light-electricity conversion efficiency of 27.2%. A damage-induced conversion efficiency degradation
(DCED) model is developed and validated by experiments, providing an effective method in predicting
the performance degradation of PV cells under various dust impact conditions. Moreover, three
damage modes, including damaged conducting grid lines, fractured PV cell surfaces, and the bending
effects after impact are observed, and the corresponding strength of each mode is quantified by
different mechanical theories.

Thin-film multi-junction photovoltaic (PV) cells made from the compounds of III-V materials have been widely
adopted due to their high light-electricity conversion efficiency and low areal mass density"?. Among all possible
candidates, the monolithic triple-junction cells (GaInP/GalnAs/Ge) are extensively used because of their high
resistance to thermal degradation®. PV modules are often installed in the harsh outdoor environment and thus
tend to suffer several kinds of faults, causing unexpected safety issues, power losses, and even fire hazards*.
Actually, not only will the transport of the PV modules but also their storage and unsuitable handling during
installation lead to performance reduction or potential faults”. Dust is an unavoidable factor that affects solar
PV module performance and is considered as one of the major factors that contribute to the formation of hot
spots®® in a PV module. Dust impact loadings such as windy, sandy deposition, and debris impact, which can
significantly reduce the efficiency of PV cells in an intrinsically coupled pattern and even lead to ultimately
failure®'°, posing great challenges in their application in-field use.

There will be inevitable impact or deposition of dust that can be induced by human activities (i.e. industrial
emissions, construction debris, highway activities and so on) or natural environment (i.e. sandy weather, desert
storms, volcanic eruptions and so on)'’. The previous study for the impact of dust mainly focused on the power
output and efficiency change. The wind-tunnel experiments'? and in-situ observations in real environments are
generally designed to realize the impact behavior of particles to evaluate the effects of dusty and sandy environ-
ments on ground-based PV panels. Ahmed and Israa'® investigated the impact of dust on the performance of a
PV system in Sharjah desert, showing significant deterioration of efficiency because of the dust accumulation.
A linear relationship between the dust density and the normalized PV power with a drop of 1.7% per g/m, was
observed for a period over 5 months. The study by Pavan et al.'* showed that the efficiency of polycrystalline
silicon PV panels decreased by approximately 5% after 12-month exposure to dust pollution. Javed et al.!* inves-
tigated the dust characteristics and accumulated rate over various exposure periods. They concluded that the
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dust particles tended to agglomerate for a longer exposure time. The results by Chen et al.!® indicated that the
dust reduced the PV output power by 7.4% for one week in East China. Memiche et al.'” investigated the effects
of dust and weather conditions on the PV system performance in a Saharan environment, and it showed that
the electrical power loss was about 30% in desert regions. The research conducted by Gholami et al.'® showed
that the dust impact and accumulation caused a 21.47% reduction in the power output for a 70-day experiment
in Iran. Alnaser et al."” recorded a 10% degradation when the PV modules were exposed to the local outdoor
environment for 100 days. Frage et al.” investigated the reduction of peak power and the results showed that
approximately 13.7% degradation during 23 days in Minas Gerais, Brazil. It is indicated that the effects of dust
on the degradation of PV module’s performance would waste the natural resources severely.

The micro dust with diameters of sub-millimeter is generally more destructive for PV cells since they are hard
to be detected and excluded, causing more irradiance loss. It is, therefore, of great significance to evaluate the
effects of mechanical impact from micro-particles on the performance of PV cells in the laboratory to optimize
the cell design and enhance its durability with the ultimate goal of reducing the use of natural resources. How-
ever, the small scale of a single PV cell puts forward a serious issue to realize the controllable impact tests in the
laboratory. It remains challenging to accelerate micro-particles in a laboratory setting as well as impinge them
on the PV cells with controllable velocity. Furthermore, compared with the high-speed impact experiments with
relatively volumetric cells, in-situ observation of the impact from micro-particles poses additional difficulties in
experimentally validating the impact resistance of the single PV cell?!.

In the present work, a novel acceleration experimental method based on the previous results of Lee et a
and Hassani-Gangaraj et al.>*** with repeatable and controllable impact velocity in the laboratory is developed
to investigate the effects of the windy and sandy environment on the performance change of a typical type of PV
cells. Considering the superposition effect, a scenario of a single impact with a relatively high-velocity of micro-
particles is designed to approximately simulate the low-velocity long-term impacts in the real environment. This
experimental method can provide the possible performance change of PV modules before the manufacture and
installation of integrated PV modules and support the factory to optimize the design of PV cells. Here, the sandy
environment is simulated by laser-shock-driven massive particle impact. The light-electricity performance of the
damaged PV cells after impact is measured and compared with those of the intact ones. The damage-induced
conversion efficiency degradation (DCED) model is also developed to quantitatively capture the effect of dimen-
sionless damage-degree and impact area on the conversion efficiency degradation. The key parameters, such
as the particle diameter, the number density of the particles, and the strengths of PV cell materials, which may
affect the damage-degree of the PV cell, are taken into account. Besides, the impact-induced damage behavior,
which is observed by Optical Microscope (OM), Scanning Electron Microscope (SEM), and Energy-Dispersive
X-ray Spectrometer (EDS), is classified into three damage modes. Meanwhile, the related failure mechanisms are
discussed based on mechanical models to further evaluate the impact resistance ability of the PV cells.

l. 22

Results and discussion
Impact process of micro-particles. Considering the superposition effect, a scenario of a single impact
with relative high-velocity of micro-particles is designed to simulate the low-velocity long-term impacts in-field
measurement. The impact velocity, v;, could be measured from the images captured by the high-speed camera.
Figure 1 shows the impact history of a cluster of particles on a PV cell, where the spatial distribution of the par-
ticle cluster profiles is depicted by the orange lines, and the average velocities at different sections are measured
and marked by the orange data. For this study, PV cells for different particles density are tested. The velocities of
particles impinging on the targets vary within the range of 40 ~210 m/s. The spatial profile of the laser follows
Gaussian distribution, and therefore the velocities along radial direction could be regarded as Gaussian distribu-
tion. The Weibull and Gamma distributions are also used to fit the velocity profiles (see Supplementary Fig. S1).
It can be seen that the Gaussian distribution gives the best fitting results with the smallest mean square error
(MSE). The massive particles with number densities varying from low to high are undertaken in the experiments
to roughly represent the uncertainty of mass densities of dust in field measurements. In the present study, the
average particle number densities of about N; =35/mm?, N, =80/mm?, and N;=150/mm? are employed by con-
sidering the diversity of the environment.

Figure 2a-c show the typical macroscopic morphologies and damaged region distribution of the PV cells
at N;=35/mm? and v, =65+ 10 m/s, N,=80/mm? and v,=122+13 m/s, and N;=150/mm? and v;=158 +8 m/s
after being impacted, respectively. The enlarged impact damage region is marked by the green circle. It is clearly
shown that the damage density and the damaged area increase with increasing the particles number density and
the impact velocity.

Light-electricity conversion performance. Damage-degree would affect the light-electricity conver-
sion efficiency during usage. The typical electrical output curves for the PV cells before and after impact are
shown in Fig. 3, and the corresponding light-electricity conversion performance degradation in our experiments
are listed in Table 1. Figure 3a shows the I-V curve and output electrical power of the intact PV cell for refer-
ence. Generally, the accuracy of the I-V test is a little inferior to the external quantum efficiency (EQE)* and
SolTrace tools* in experiments. However, it is easier to implement in experiments and the cost is much lower
when compared to the other methods, and the accuracy of the I-V test is generally acceptable in engineering.
The open-circuit voltage of the PV cell decreases from 4 to 10% and the peak output power decreases from 17
to 73% with increasing impact velocity from 100 to 150 m/s compared to the intact ones. The tendency of short-
circuit current dramatically decreases with the increase of the impact velocity and the number density of the
particles as shown in Fig. 3¢c,d. As shown in Table 1, the light-conversion efficiency decreases from 27.1 to 3.9%
with increasing the impact velocity from 40 to 185 m/s and the particles’ number densities from 35 to 150/mm?,
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Figure 1. Impact history of particles on the PV cell. It is clearly shown that the radial distribution of velocities
of the particles is nearly in Gaussian distribution (The unit for velocities: m/s).

Figure 2. PV cells after impacted by particles with number densities of (a) N, =35/mm?, v,=65 m/s, (b) N,=80/
mm?, v;=122 m/s and (¢) N;=150/mm?, v;=158 m/s. The major damaged sites in the local enlarged figures were
marked by green circles.

showing a reduction up to 86% when compared to the intact one with the light-electricity conversion efficiency
of 27.2%. The complete failure occurs when the velocity exceeds 185 m/s.

It should be pointed out that the conversion efficiencies do not drastically decline until the impact veloc-
ity exceeds 100 m/s for the particles’ number density 35/mm? (as shown in No.2, No.3, and No.4), indicating
a threshold impact velocity for light-electricity performance degradation in such a single impact that will be
illustrated in next section. The crack morphologies of the damaged PV cells are simply illustrated in Table 1,
including the damaged grid line, the partly peeled-oftf PV cell materials, some apparent cracks in the PV cell,
and total fragmentation. The damage behavior affects the performance of PV cells in field usage. Obviously,
more severe degradation of electricity performance will be triggered with higher impact velocity and number
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Figure 3. Electrical outputs of (a) an intact PV cell, and damaged PV cells impacted by massive particles
with (b) N, =35/mm?, v;=100 m/s (i.e. corresponding to No.3 in Table 1), (¢) N,=80/mm?, v;=135 m/s (i.e.
corresponding to No.6 in Table 1), (d) N;=150/mm?, v,=150 m/s (i.e. corresponding to No.8 in Table 1). The
I-V curves are tested by Keithley 2400 source meter under the illumination of AM 1.5, 100 mW/cm? by an Ivtest
Station 4000AAA solar simulator.
Test no. Particles number density | Impact velocities | Short-circuit current change | Output electrical power change | Conversion efficiency | Crack morphologies
No.1 0/mm? 0m/s 0 0 27.2% Intact
Ilji(;jre 7(b) 35/mm? 40 m/s - 1% - 0.4% 27.1% Damaged grid line
Iljigire 7(b) 35/mm? 100 m/s -6.7% - 1.8% 26.7% Damaged grid line
No.4 80/mm? 100 m/s -7.2% - 6.3% 25.5% Damaged grid line
No.5 35/mm?* 135 m/s Increase slightly -21% 21.5% Damaged grid line
No.6 80/mm? 135 m/s Increase slightly - 36.8% 17.2% Partly peeled-off
No.7 150/mm? 135 m/s Decrease sharply —43.8% 15.3% Partly peeled-off
No.8 150/mm? 150 m/s -32% -77.6% 6.1% Obvious cracks
No.9 80/mm? 185 m/s - 69% -85.7% 3.9% Obvious cracks
No.10 80/mm? 204 m/s - - 0 Totally damage
No.11 150/mm? 210 m/s - - 0 Totally damage

Table 1. Light-electricity conversion performance of the PV cells before and after impact.

densities of particles. The degradation of conversion efficiency is also supportive to understand the role of the
mechanical impact. Such degradation will cause a dramatic drop in efficiency, leading to huge economic loss.
One phenomenon is that we found a 32% drop of short circuit current and 77.6% reduction of output power
as shown in Fig. 3d and No. 8 in Table 1 when N=150/mm?, v;=150 m/s. This discrepancy is probably due to that
particles impact contributes to the destruction of the P-N junction inside the PV cells, leading to the decrease
of conversion capability of impacted units. The open-circuit voltage, the peak output power, and the conversion
efficiency degrade with the increase of impact velocity. According to the previous study, the output power reduc-
tion could reach about 2.5% ~ 3.4% after two weeks, 3% ~ 4% after three weeks, and 34% ~ 43% after six months
for monocrystalline, polycrystalline, and amorphous silicon panels under the outdoor exposure environment?’.
The laser-shock-driven massive high-velocity short-term particles experiment in the laboratory can somewhat
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Figure 4. (a) Efficiency reduction versus impact velocity of massive particles. (b) Schematic of the evaluation
model for predicting impact-induced damage of the PV cells by massive particles.

reflect the reduction of output power in field measurements for a different period. The scaling law of the dam-
age behavior between the short-time high-velocity micro-particles impact in the laboratory and the long-term
low-velocity dust impact in field test might be established based on the total impact kinetic energies, which will
help evaluate the performance degradation of PV cells in a practical environment and optimizing the structure
design of PV modules in the laboratory.

DCED model. To quantify the effects of impact parameters on the conversion performance of the PV cells,
a damage-induced conversion efficiency degradation (DCED) model is developed. The relationship between
impact-induced degradation of light-electricity conversion efficiency versus peak impact velocity is shown in
Fig. 4a. The conversion efficiency of the intact PV cell is about 27.2+0.3% as indicated in Fig. 4a, which can
be regarded as the case with zero impact velocity. With the increasing impact velocity from 135 to 204 m/s
under the same number density N, =80/mm? corresponding to Fig. 3¢, the light-electricity conversion efficiency
declines from 17.2 to 0%. The degradation of conversion efficiency after impact can be estimated by considering
the non-linear relationship between the damaged area and the conversion efficiency of PV cells as depicted in
Fig. 4a. The density, number density, and diameter of particles in the damaged area as well as the impact velocity
are taken into account. The conversion efficiency of the PV cell after impact can be regarded as the summation
of contributions from both the intact and the impact regions as follows,

Epy = EPVO . (1 - (Sdamaged/sa.ll)) + EPV1 : (Sdamaged/sall)
= EPVO . (1 - (Sdamaged/sall)) + EPVo -(1-D)- (Sdamaged/sall) (1)
= Epv, - (1 -D- Sdamaged/sall)>

where Epy, is the efficiency of the intact PV cell, Epy denotes the total efficiency of the PV cell after
impact, and Epy, represents the efficiency of the damaged area of the PV cell. The total area of the PV cell
Sat =L x W =281 mm%L =9 mmand W = 9 mm are the in-plane dimension of the PV cell, Sdamaged Stands
for the total damaged area, D denotes a dimensionless parameter® with a value in a range of 0-1 representing the
average damaged degree of the impacted area. The dimensionless damage-degree of the impact region is depend-
ent on the impact area (area density of particles) and the overloading condition in the impact area (ratio between
the impact-induced hydrodynamic pressure and the ultimate strength of the PV cell) and construct as follows,

D=o- [(N : n(d/z)z)/sdamaged] : // rP (Vz - V%)/Gsds /Sdamaged > (2)

damaged

where N is particle number, d denotes average particle diameter, and v represents particle’s impact veloc-
ity in the damaged area Sgamaged- 0P is the density of particles, os is the strength of the PV cell material, o
denotes a dimensionless constant, vy denotes threshold velocity for the PV cell to generate damage. In Eq. (2),
n=(N-m(d/2)*)/ Sdamaged Tepresents the area density of the massive micro-particles in the damaged area and
[op (v* — v2) /o | represents the ratio between the impact-induced hydrodynamic pressure and the ultimate
strength of the PV cell, implying the damage-degree of the PV cell. It is to be noted that there should be a lower
limit of impact velocity vjimit, for the PV cell to fail completely, i.e. Epy=0for v > vjjnjr. When the impact radius
approaches zero, D=0.
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Based on this impact scenario, the particle impact is laser-induced, the energy density of which follows
Gaussian distribution. So, theoretically, the particle speed should also follow the Gaussian as well. Besides, the
physical mechanism of impact and the actual shape of particles indicates a nearly symmetrical distribution as
indicated by Fig. 1. The velocity distribution function is defined as a Gaussian function according to the experi-
mental observation,

V(X) = Vmax - €512, 3)

where viax denotes the peak velocity of the Gaussian velocity distribution. The threshold velocity vy v, for the
PV cells to generate damage is

2
VT = Vmax - €7 /2, (4)
where r represents the radius of the impact-induced damaged area, and

r = /2In (Vmax/vT). (5)

The damaged area can be written as

Sdamaged = 7_“,2 =2rln (Vmax/VT)> (6)

here 0 < vr < Viax-
Thus, the damaged degree D can be rewritten as

D= (O‘n/sdamaged) // [Pp(V2 — V%)/Gs] ds

Sdamaged

= [amop/ (0sSdamagea)] / / (v = 12)ds

Sdamaged

r (7)

:[anpp/(o'ssdamaged)} / (Vrznax : e_xz - V%) - 27 xdx
0

= [anopT Vipay/ (0sSdamaged) | (1 - e,,z) — [(anpp) /os]ve
= [omop (Vinax = v4)]/ (05Sdamagea) — [(e10p) /0] 1.
With Eq. (7), we obtain
Epv = Epv, - [1 = (@npp (Viray — v1))/(05Sa) + ((@n9p) /(05Sa)) V1 - 27 In (Vmax /v1)]. (8)

Equation (8) can be rewritten as

Epy = Epy, - [1 — A+ (Vi — B?) + 2AB* - In (vimax/B)]. 9)
where A = ompprr/assau, B=vr.
Therefore,
Lv=<vyr
Epy = ¢ Epy, - [1 —A- (anax - Bz) +2AB? - In (Vmax/B)] » VT < V < Viimit- (10)

0, v > Viimit

By fitting the experimental data as shown in Fig. 4a based on Eq. (10), we obtain A = 4.8 x 107> s?/m?and
B = 89.6 m/s, indicating that the threshold velocity vt is about 89.6 m/s for the PV cells to generate damage.
Below this impact velocity, the efficiency reduction of the PV cell is negligible. Besides, the limiting velocity
Vlimit can be determined in a range of 190 ~ 205 m/s according to the fitting results as shown in Fig. 4a. Once the
impact velocity higher than vjimit, the PV cells will fail completely. Between vt and vjimit, the efficiency of the
PV cells decreases quickly with higher impact velocity. The threshold velocity vr, the limiting velocity vjin;, and
the efficiency reduction obtained from the analysis model are consistent with the experimental results, which
validate the proposed model for predicting the massive particles impact-induced conversion efficiency reduc-
tion, providing an effective method for performance degradation prediction of PV cells under various massive
micro-particles impact conditions.

Characterization of the PV cells afterimpact. The damage morphologies for the three cases with dif-
ferent particle number densities are characterized by OM, as shown in Fig. 5. The results indicate that impact
with high particles number density leads to severe damage in the PV cells as shown in Fig. 5a-c, where the green
arrows indicate the apparent damages. The number of impact-induced damage regions in the whole PV cell and
the center is counted and presented in Fig. 5d, clearly showing that the more severe damage is introduced by
denser particle impact.
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Figure 5. Three damaged patterns of the PV cells impacted by particles with (a) low, (b) medium, and (c) high
particles number densities. (d) Relationship between damaged number and impact particles’ number density.

The typical damage patterns of the PV cell samples after impact are characterized by SEM as shown in Fig. 6.
Figure 6a shows the impact indentation with a few particles left after impact, and most of the particles drop
out of view. The diameters of the residues of the particles as depicted by the arrows are approximately 110 pm,
which is slightly smaller than the original diameter of the particles. Besides, the grid line on the PV cell sample
is also damaged as depicted by the green arrow in Fig. 6a. Figure 6b shows the broken of the grid lines made by
Au after impact, which can definitely reduce the carrier collection ability and therefore decrease the efficiency
of the PV cells. It is noteworthy that the inner GalnAs junction has been exposed to air after being impacted,
indicating that the top GaInP junction is peeled-off and the structure of the triple-junction (GaInP/GalnAs/Ge)
cell is destroyed. The residual particles can also be found in Fig. 6¢c-e with diameters of 40 um, 56 um, and 72 um.
Among the tested samples, all the residues are smaller than the size of the original particles of 120+ 40 um as
measured in Fig. 6f, indicating that the particles are not fully melted during the impact.

Furthermore, the element composition of the residual particles is recognized by EDS, operating at a pri-
mary voltage of 10 kV. Figure 7 shows the elements of the PV cells after the impact and the original particles.
Figure 7a,b show the elements (e.g. Zr, Cu, Ni, and Al) of the amorphous alloy, which has been left on the PV
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Figure 6. SEM images. (a) The residual particles and damage modes I and III. (b) The damaged PV cell sample
and damage mode II. (c-e) The residual particles with different size after impact. (f) The original particle.

(b) 1800 |- . [ Spectrum 1
1600 - l
1400 | P
Ga

1200

1000

eps (eV)

800
600
400

200

0.0 25 5.0 75 10.0 125 15.0
Energy (keV)

50 um - 50 um T=

Figure 7. EDS mapping results. (a) PV cell after impact. (b) Distribution of elements in the PV cell sample after
impact. (c) Distribution of elements in original amorphous alloy particles.

cell samples after impact. In addition, the elements of the PV cell are also mapped. It shows that the particles
damage the epilayer of the PV cell and the GalnAs layer is exposed to air, which is consistent with the results as
given in Fig. 7b. Figure 7c shows the elements of the original amorphous alloy particles, i.e. Zr, Cu, Ni, and Al
The chemical elements of the particles used in the impact experiment are simpler when compared to the real
dust particles, which have more complicated elements like earth’s crust element (e.g. Al, Ma, Ca, and K) and
metals elements (e.g. Zn, Mn, Ba, Cu, Ni, and Cr). However, as an impact event, it is reasonable to assume that
the basic damage characteristics of the PV cell impacted by the particles in experiments can be extrapolated to
the cases of real dust impact conditions in the natural environment.

The damage modes in the PV cells.  The performance degradation of the PV cells should be ascribed to
the impact-induced damages. Therefore, it is crucial to characterize the mechanical damages due to particles’
impact on the PV cells to further reveal the mechanisms of performance degradation. The damage behavior of
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the PV cells in such an impact environment can be classified into three modes. The first damage mode, denoted
by Mode I, is the rupture of the conducting grid lines by impact loadings as depicted by the green arrows in
Fig. 6. The critical stress (o7) for the damage of the grid lines can be determined by the strength of Au, the mate-
rial of the conducting lines. According to the test results in the literature?, regarding the material Au as elastic-
perfectly plastic material, the strength of Au is

oAy = o1 = 120 MPa. (11)

If assuming the particles as a liquid during impact®, the threshold velocity, vr, for the failure Mode I can be
estimated as

ppv%/Z = OAu. (12)

As a result, the estimated vy for the failure Mode I is about 111 m/s, which is close to the experimental
observation, and the modeling results, indicating that the failure process of the PV cell might be initiated with
the failure Mode I.

The second damage mode, denoted by Mode II, corresponds to the damage of the PV cells as depicted by
the white arrow in Fig. 6b. The damaged stress (o71) of the PV cells can be estimated by the classical elastic stress
wave theory. For brittle materials such as the PV cells, the highest tensile stress dominates the fracture behavior
of materials, which is the main damage mechanism. As a result, the maximum tensile stress criterion is applied
for analyzing the fracture process of the material. The homogeneity is assumed for the PV cells to simplify the
problem. According to the theory of one-dimensional stress wave?®!, a compressive stress pulse is generated under
impact and propagated towards the PV cells. The compressive stress and the hoop stress arising within the PV
cells at instantaneous contact approximately are*

limo = o = —vi - [ppcppcce/ (Ppep + pecc)], (13)

Oy = —UcOIl, (14)

where pp and p. denote the density of the particles and the PV cell, respectively. v; is the impact velocity of the
particles and v, is Poisson’s ratio of the PV cell. ¢, and c. are longitudinal wave velocities of the particles and the
PV cell, respectively, which can be calculated as follow,

cp = /Ep/pp = 4130m/s, (15a)
cc = \VEc/pc =3090m/s, (15b)

where Ej, and E, are elastic modulus of the particles and the PV cells, respectively.

Here,vi = 40 m/sandv; = 171.3 m/satt = 28 yus are adopted in the calculation according to the high-speed
camera results. The Poisson’s ratio v. = Cj2/(C11 + C12) = 0.3297, the elastic constants C;; = 1.22 x 10° MPa
and Cj, = 0.60 x 10° MPa are used in the analysis by linearly interpolation from the values for InP and GaP®.
Therefore, the damaged stress ofy, and the tensile hoop stress oy, across the impact region for Mode II could be
determined as 0.41 GPa and 0.14 GPa for v; = 40m/s, 1.74 GPa and 0.57 GPa for v; = 171.3 m/s, respectively,
during the impact.

The third damage mode, denoted by Mode III, represents the bending effects indicated by the red arrow in
Fig. 6a,d. The bending stress oyy; in the PV cell could be calculated by the bending theory of clamped beams
under a concentrated force F**, as determined by F = pnrﬁ, where p = ppv?/2 (determined as 4.45 MPa for
vi = 40 m/s and 81.58 MPa for v; = 171.3 m/s) is the dynamic pressure during impact, and r is the radius of the
distributed pressure that is considered as equal to the radius of the particles,

Omax = 4pr} (3 — 2rp/R) /(6Hpy ), (16)

where 7, = 60 um and R = 5.08 mm are the radius of the particle and the equivalent radius of the PV cell,
respectively. Substituting these values into Eq. (16) would yield F = 0.05N, oy = 2.13 MPa for vi = 40 m/s,
and F = 0.92 N, o111 = Omax = 40.47 MPa for v; = 171.3 m/s, respectively. It should be noted that when a clus-
ter of particles impacts the PV cell, these values should be linearly superposed to obtain the realistic bending
behavior of the PV cells.

The bending effect with no obvious cracks but residual particles on the PV cells results in the bending stresses
and the residual stresses in the PV cells. Lee et al.** investigated the effect of mechanical load on the PV modules
by simulation and the results indicated the cell near the center experienced residual tensile stresses with the
highest value of 207.6 MPa under uniformly distributed loading with an amplitude of 5.4 kPa. Ojo and Paggi'
proposed a novel 3D coupled thermo-visco-elastic shear-lag model to determine the stress distribution in the
PV modules after lamination. The results showed the compressive stresses with amplitudes of 40 ~ 65 MPa and
140 MPa were introduced along the edges of the Silicon cells and in the mid-portion of the laminate, respec-
tively. The bending stress in the PV cells of the present study is comparable to that obtained by Lee et al.** and
Ojo and Paggi'’.

It is noteworthy that the aforementioned three damage modes in the PV cells will affect the light-electricity
conversion efficiency and other electrical performance through different mechanisms. Those effects are gener-
ally mixed as indicated by the I-V curves in Fig. 3. In brief, the breakage of the grid lines (Mode I) will decrease
the carrier collection efficiency due to a reduction in effective conductance. The fracturing of the cell material
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Figure 8. (a) Structure sketch of the PV cell used in experiments®. (b) Optical photo and cross-sectional SEM
image of the triple-junction GaInP/GalnAs/Ge thin film.

(Mode II) will decrease the performing area of the PV cell, and the residual stresses resulted from all of the failure
modes (Mode I, Mode II, and Mode III) in the PV cells will influence the energy band in a rather complex way
and change the overall performance of the PV cells. In addition, the local impact-induced dents on the surface
of the PV cells can also change the light irradiation angles and therefore decrease the conversion efficiency. In
the future, we will try to investigate the individual effects of each damage mode on the light-electricity conver-
sion performance. The single impact event of the cluster particles with high velocity should be able to somewhat
reflect the damage accumulation effects of the PV cells under long-term but relatively low-velocity impacts in
the service environment. The scaling law on the degradation effect of the PV cells between the laser-induced
short-time high-velocity impact and the long-term low-velocity impact in the service environment exposure
will be investigated in the future. In addition, we will engage in studying more types of PV cells in the future for
the reason that the current study is focused on a particular type of PV cells.

Conclusions

In this paper, the mechanical damage modes and the degradation behavior of PV cells subjected to massive
particles impact with high velocity are studied by experimental and modeling approaches. The main conclusions
can be summarized as follows.

1. A well-controlled laser-driven micro-particles impact experimental method is built with particle diameters
ranging from several to hundreds of micrometers and impact velocities ranging from tens to hundreds of
m/s for PV cells, providing a practical method to investigate the impact-induced performance degradation
of PV cells in the laboratory.

2. The performance degradation behavior of the PV cells under various impact velocities is observed. The
conversion efficiency sharply decreases with impact velocity increasing. The critical impact velocities for
the initiation and total failure of the PV cells are determined.

3. A physical model based on massive impact-induced damage mechanisms is developed and validated by
experiments, providing an effective method for performance degradation prediction of PV cells under vari-
ous massive micro-particles impact conditions.

4. 'Three damage modes are observed including damaged conducting grid lines, fractured PV cell surfaces, and
the bending effects after impact. The corresponding strength of each model is comprehensively quantified
by mechanical theory.

In the future, the experimental method will be improved to discern the effects of individual failure modes
on the PV cells. In addition, the scaling law based on the conservation of kinetic energy will be established to
bridge the gap between the short-time high-velocity impact in the laboratory and the long-term low-velocity
impact in the field.

Material and methods

PV cells. The structure of the triple-junction thin-film PV cells (GaInP/GalnAs/Ge) with Ge substrates used
in experiments (Fullsuns Company in Shanghai, China) is shown in Fig. 8a, where only the primary layers are
depicted. Figure 8b shows the optical photo of a sample cell and its cross-sectional SEM image taken from the
edge of the PV cell to exclude cutting damage. The in-plane dimension of the PV cell sample is 9.0 x 9.0 mm?
and its thickness is 170.2 pm. The effective density (p.) of the PV cell is 5.88 g/cm?. The conducting line is made
of gold and the antireflection film of TiO,/Al,O; on the top of the cell is covered by a glass layer (KFB120) with a
thickness of 120 £ 20 pm. A more detailed configuration of the PV cell can be found in Ref.**. It is to be noted that
the stability of the PV cells used in the present work is further enhanced through improving the lattice match®.

Experimental method. The method of laser-driven particles impact is developed to simulate the environ-
mental impact response of the PV cells. The schematic of the impact experiment is shown in Fig. 9. The laser-
shock-driven impact is performed with a Q-switch high power Nd: YAG pulsed laser, operating at a wavelength
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Figure 9. Schematic of the laser-shock induced particles impact on PV cells.

Parameters Values

Type TRIPLE-junction GaInP/GalnAs/Ge
Output tolerance 0~ +5%

Maximum voltage 243V

Maximum current 0.014 A

Maximum power, P, 0.034 W

Open circuit voltage, V,. | 2.63V

Short circuit current, I 0.0144 A

Test conditions 100 mW/cm?, AM 1.5 T=25C

Table 2. Electrical specifications of the PV cells used in this work.

0f 1064 nm and 2.5 ] output energy per shot. The temporal profile of the laser power density is nearly in Gaussian
distribution with a full width at half maximum (FWHM) approximately 10 ns*. The top-head spatial distribu-
tion of the laser power density is modulated to be nearly uniform*®”*. The initial diameter of the laser beam is
16 mm, which is focused on the aluminum foil by a lens with a focal length of 600 mm. The diameter of the
focused laser beam is about 3 mm.

A cluster of amorphous alloy particles (ZrssCusoNisAl,g, the density p,=5.56 g/cm?, the elastic modulus E, =95
GPa, diameter d=120+40 um) is propelled through fast-expanding plasma generated by the laser ablation on the
surface of a 60-pm-thick aluminum foil. The diameter of particles adopted in the experiments is corresponding
to the scale of real dust (i.e. smaller than 500 pm). Meanwhile, a 100-um-thick polydimethylsiloxane (PDMS)
layer is used to confine the ablation products, eliminate the temperature effect, and attenuate the shock waves to
further accelerate the particles. A 4-mm-thick overlay of K9 glass is fully-clamped without a cushion at the back
surface by a designed holder against the laser irradiation. The high-power density laser, the high-speed camera
(specialised-imaging SIMD16) with 5x 10’ fps, and two high power flashlights are triggered synchronously to
capture the impact process of the particles towards the PV cells. Additionally, the distance between the PV cell
and the initial position of the particles is about 10 mm to avoid the following impact of PDMS film as depicted
in Fig. 9.

Light-electricity conversion test. The I-V curves of solar cells are obtained by a Keithley 2400 source
meter (Keithley, USA) under the illumination of AM 1.5, 100 mW/cm? by an Ivtest Station 4000AAA solar
simulator (CrownTech, USA). In this case, the height of the lamp is adjusted to cover the whole surface of the
PV cells, which is calibrated by a standard luminometer to maintain the light intensity upon the specimen as
100 mW/cm?. I-V characterizer test performs a voltage sweep ranging from 0 to 2600 mV at a current limit of
7 mA. It is worth mentioning that the PV cells are selected as small size for simplicity and practical use in the
indoor experiment. The electrical specification of the PV cells used in this work is given in Table 2. It is worth
mentioning that the PV cells are selected as small size for simplicity and practical use in the indoor experiment.
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