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ABSTRACT  
The degradation of plastic-encapsulated silicon HIT solar cells (156 × 156 mm2) with Ag and Cu metallization  was 
studied under mechanical load with a soft rod with a radius of 25 mm (Ball-on-Ring) up to a maximum 400 kPa. 
Local 2D photo- and electroluminescence, as well as measurements of dark and light current-voltage 
characteristics were used. Three phases were detected: (1) an increase in power by 2 – 4 % due to a decrease in 
leakage currents with pressures up to 125 kPa, (2) accumulation of deformations completed by the avalanche-
like formation of a volumetric defect in the substrate with a radius of up to 10 µm with a drop in power by 3 – 5 %, 
(3) formation of a system of cracks with a width of < 1 µm, with an increase in their total length during under 
maximum mechanical load to 4000 ÷ 4100 mm and a decrease in of solar cell power to 12 ÷ 16 %. 
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Introduction 

An important area of long-term forecasting of silicon solar cell (SC) technology 

development is to increase their service life. In the next 10 years, according to M. Fischer, 

Annual report ITRPV for PV 2023, 40-year module technical lifetimes are expected. When 

studying the SC degradation, we will consider the following circumstances: 

1. The importance of accelerated testing of materials and various devices is noted [1].  

In particular, 7-day bench tests can accelerate the rate of degradation by 30 times 

compared to their climatic tests [1]. There is a so-called scientific direction Service Life 

Prediction (SLP) [2], aimed at developing new test methods for testing with an applied 

engineering (commercial) task to guarantee the quality of products (goods), in particular, 

solar modules [3]. 

2. According to [4], as SLP parameters become more stringent, studies can be divided into 

two groups: training and testing samples, which are prototypes of standard industrial 

standards (GOST) [5] and more detailed specialized test methods [6], respectively. 

3. Among more than 50 existing SC degradation mechanisms [7], 14 % of failures occur 

under mechanical load and about 35 % with thermal cyclic deformations, i.e. in total, this 
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is almost half of the SC failures due to the mechanical damage of substrate and contact 

system. 

4. Cracking processes are usually studied using a Ring-on-Ring bending test [8], 3 or 4 

point bending tests [9]. 

5. Flexible silicon SC were chosen for following reasons: 

5.1. They are the most widespread in the long term [7]. 

5.2. The market for flexible SC is expected to increase to 25 % of all SC [10]. 

5.3. For more effective research, it is necessary to conduct them at large deflections, as 

well as in the presence of SC mechanically strong protection. 

Thus, standard and accelerated strength studies of SC degradation are an important 

stage in substantiating the reliability of their long-term forecasts. The methods must 

reproduce the actual operation of the solar energy system. 

 

Materials and Methods 

To obtain silicon HIT-type SC, (100) wafers (156 × 156 mm2) of Cz-silicon produced by 

LONGi were used with an oxygen concentration of 8⋅1017 cm–3, carbon ~ 5⋅1016 cm–3, and 

a dislocation density of 500 cm–2. The SС technology included: cleaning, pyramidal 

texturing, PECVD deposition of amorphous silicon, conductive electrodes (indium tin 

oxide) and the formation of Ag or Cu fingers by screen printing or electrochemical 

deposition, respectively [11,12]. Double-sided lamination was used with CVF film based 

on polyolefins (DNS company), thickness ~ 600 μm and the formation of layers of 

polyethylene terephthalate (PET), thickness ~ 350 ÷ 400 μm (Fig. 1). 
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Fig. 1. Cross-section structure of HIT-

type silicon SC and protective layers 

Fig. 2. Power dependences of two SC on the 

bending pressure PB. The point of an avalanche-like 

drop in the power of SC with Ag fingers is marked 
 

The dimensions of the laminated SC with protective layers were 

~ 220 × 220 × 2.2 mm3. They were placed in the corners on 4 supports with a soft layer 

thickness of 1.5 cm and an area of 2 × 2 cm2, with a diagonal 180 mm distance between 

the supports. The test design followed a combination of the previously used Ball-on-Ring 

and Ring-on-Ring methods [8,11]. Static axial load in the range PB = 0 ÷ 400 kPa was 

applied at the geometric center to the plate through ∆t = 200 h to maximum PBM and  

tM = 3325 h. SC power degradation were measured on HalmcetisPV-Moduletest3 

equipment at AM 1,5 (Fig. 2). 
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Results 

EL and PL measurements  

The SC were monitored at room temperature by 2D photo- and electroluminescence  

(PL and EL). When studying EL, external direct displacement was used. PL studies were 

carried out on the LumiSolarCell System (Fig. 3), and EL on the MBJ SolarModule EL-

quickline 4.0 (Fig. 4). 

 

     
 

Fig. 3. (a) PL image after the occurrence of an avalanche at PB = 125 kPa in sample with Ag fingers;  

(b) accumulation of cracks up to PB =125 kPa in the Cu sample by fingers; (c) accumulation of cracks in 

the Cu sample by fingers at PBM = 400 kPa. The red disk is the pressure area 
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Fig. 4. Intensities EL, reduced to initial values, on the bending pressure PB.  

The point of an avalanche-like drop in EL intensity of SC with Ag fingers is marked 

 

Comparing Fig. 2 and 3 it can be seen that on the sample with Ag fingers 3 phases 

were detected: 

1. increase in power with pressures up to 125 kPa; 

2. the increase power in this sample will end with an avalanche-like appearance of a 

volumetric substrate defect with a radius of up to 10 μm; 

3. formation of a system of cracks appearance with a width < 1 μm, and an increase in 

their total length at PBM up to 4000 mm, and a decrease in power. On Cu finger sample, 

even at small PB values, cracks appear with an increase in its total length to a slightly 

larger value of 4100 mm. 

(a) (b) (c) 
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From Fig. 2 and 4 can be seen that for both samples their powers and EL intensities 

converge at large PB, which indicates a common mechanism of SC degradation - the 

occurrence of cracks in the substrate. 

 

Current-voltage characteristics measurements  

According to [13], to describe degradation processes under conditions of significant 

changes in the current-voltage characteristics (CVC), a single-diode electrical model with 

series RS and parallel RSH resistances can be used. The first value will be associated with 

the degradation of the contact grid, and the second with parasitic leakage currents 

through the volume of the SC. It is obvious that measurements are necessary in both the 

light and dark states of SC due to significant differences in their nonlinearity. Programs 

for calculating dark CVC [14] and light CVC [15] have been developed using Python.  

In particular, dark CVCs are described by the implicit equation: 

𝐼 = 𝐼0 {𝑒𝑥𝑝 (
𝑞(𝑉−𝑅𝑆𝐼)

𝑘𝑇
) − 1} +

𝑉−𝑅𝑆𝐼

𝑅𝑆𝐻
. (1) 

Measurements of load and dark CVC were carried out before and after exposure to 

mechanical loads. The calculation results of CVC measurements are shown in Table 1. 

 
Table 1. Power PW (W), its changes ∆PW (%), fill factor FF (%), RS (ohm) and RSH (ohm) SC with Ag and Cu 

fingers for load and dark CVC. PB (kPa) values are indicated 

Finger 

metals, 

pressure 

PW FF ∆PW 

Load CVC Dark CVC 

Rs RSH Rs RSH 

Ag 

PB=0 4.88 73.6 0,0 0.0182 0.82 0.313 10600 

PB=100 5.04 
76.36 

72.34 

+3.40 

-0.40 
0.0177 

1.13 

0.73 
0.327 

12600 

156 

PB=PBM 4.09 67.1 -16.1 0.0227 0.53 0.420 29.25 

Сu 

PB=0 4.74 74.0 0.0 0.0184 0.87 0.316 52.46 

PB=100 4.68 73.6 -1.24 0.0174 0.80 0.320 66.09 

PB=PBM 4.18 69.4 -12.0 0.0211 0.60 0.320 57.96 

 

Discussion 

A discussion of the experimental results on the type and dependence of the number of 

cracks on pressure is carried out in the following sequence. 

 

SC with Ag fingers at PB < 125 kPa  

There is an improvement in its efficiency by 3.49 %. The positive effects of heterogeneity 

of impurities in semiconductors are known from the work on Si p-n junctions by 

Goetzberger and Shockley [16] and solar silicon by Kvedera [17]. Improvements in 

parameters under bending loads [18], in the presence of radiation effects on GaAs [19] 

and Si [20], during current forming of PERC [21] and light-induced other [22,23] solar 

cells are also known. The ambiguity of the short-term improvement of the latter in [24] 

is associated with the presence of a starting "infant" stage of operation, in particular at 

this stage there is a rapid significant drop in power up to 5 % [7].  
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SC with Ag Fingers at PB ~ 125 kPa 

The appearance of a large dendrite-like [7] or cross-like [25] crack system can be 

explained by the presence of elastic energy accumulation stag and its avalanche-like 

release. A volumetric substrate defect with a radius of up to 10 μm is formed with a 4 % 

power drop. Only the mechanism of internal avalanche corrosion is possible [26] due to 

two reasons: 1) under our experiment conditions, the so-called Sustained-load cracking 

or delayed fracture (pressure is applied and a significant delay with its subsequent 

increase) [27,28], 2) experimental temperatures are much lower than Si brittle-to-ductile 

transition temperatures (~ 550 °C) [29]. This mechanism was also previously observed 

during the embrittlement of metals with hydrogen [27], in brittle solids [30], and in Si at 

high temperatures [31]. 

 

SC with Cu fingers at PB  from 0 to PBM , SC with Ag fingers at PB > 125 kPa and up to PBM 

As can be seen from Fig. 3(c), two areas can be distinguished: near the pressure 

application contour and at its periphery. Usually, images of curved and rounded cracks 

are observed [7,32], and much less often cases are observed with a change in the angle 

of their growth by 90° [33], which is associated with the anisotropy of the potential at 

the end of the crack [34]. The presence of this anisotropy is probably important for the 

formation of the small rectangular shapes that we observed, but for the large rounded 

squares, a more likely reason is the corresponding symmetry of the strain 

distribution [35]. In general, the length of the cracks and the nature of their growth as 

the pressure increases are fully consistent with the Sustained-load cracking and brittle 

fracture of metals methods described and consisting of 3 stages [36,37]: the occurrence 

of cracks, their growth and destruction of the sample. At the same time, for SC, the 

presence of a large number of cracks and a power drop of up to 10 % for several solar 

cells in a module is considered quite acceptable in conditions of mass industrial 

production [38–40]. 

 

Conclusion 

The usefulness and reliability of the results of studies of SC degradation mechanisms is 

largely determined by their methodology and its proximity to real operating conditions. 

The following circumstances are important: 

1. carrying out accelerated degradation in accordance with the concept of Service Life 

Prediction (SLP) [3]; 

2. testing in a wide range of external influences; 

3. conducting strength tests because in total, this is almost half of the SC failures due to 

the mechanical damage of substrate and contact system; 

4. for more effective research is necessary to conduct them on flexible SC. 

The following results were obtained: 

1. Three phases of power changes were detected: (i) an increase in SC power by 2–4 % at 

low pressure, (ii) accumulation of deformations completed by the avalanche-like 

substrate damage with a drop in power by 3–5 %, (iii) formation of crack system with an 
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increase in their total length at PBM to 4000 ÷ 4100 mm and a decrease in of SC power to 

12 ÷ 16 %. 

2. The ambiguity of the short-term SC power improvement is associated with the 

presence of a starting "infant" effect. 

3. The appearance of a large dendrite-like or cross-like crack system can be explained by 

the presence of elastic energy accumulation stage and its avalanche-like release. 

4. For both SC samples with Ag and Cu fingers their powers and EL intensities converge 

at large PB, which indicates a common mechanism of SC degradation - the occurrence of 

cracks in the substrate. 

5. The factor for accelerating degradation (AD) by ML using developed method can be 

calculated within the range AD = 25 ÷ 50. 

6. Combined Ball-on-Ring and Ring-on-Ring scheme made it possible to carry out 

accelerated degradation of solar cells parameters by 12 ÷ 16 % in 140 days, close to 

corresponding degradation values over 10–20 years of their operation in natural (field) 

conditions. 

7. The use of local 2D photo- and electroluminescence methods, measurements of dark 

and light (load) current-voltage characteristics make it possible to fully describe the 

degradation processes of both the SC electric contact grid and the volume of the active 

photovoltaic part of the SC. 
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