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Abstract  —  High efficiency, lightweight and low cost flexible 

solar cells have attracted a growing interest in the last decades 
due to their increased applications. Here, we show high-efficiency 
(19%) and large scale (5 × 5 inch wafer) monocrystalline silicon 
solar cells with multi-directional flexing capabilities. The flexing 
of rigid solar cells with interdigitated back contacts is achieved 
using a photolithography-less corrugation technique. Results 
show that linear patterns enable flexibility in one direction with a 
minimum bending radius of 5 mm while diamond patterns result 
in multi-directional flexibility with different minimum bending 
radii and robust electrical performance.  

I. INTRODUCTION 

Flexible solar cells technology has paved the way for many 

applications ranging from wearable electronics and robotics to 

unmanned aerial vehicles and space applications [1-4]. Till 

today, the dominant material for photovoltaics remains silicon 

(under its various crystalline forms) due to its abundance, low 

cost and good efficiency [5-6]. However, fabricating 

lightweight and flexible silicon solar cells comes with trade-

offs in terms of efficiency and robustness [6].  

In this work, we transform high-efficiency rigid 

monocrystalline silicon solar cells with interdigitated back 

contacts (IBC) configuration into flexible solar cells with no 

degradation of the original electrical performance. The process 

is based on a photolithography-less corrugation technique 

where grooves with no silicon [7] and different patterns are 

created across the solar cell using a plasma etch process. 

Previously, we have demonstrated flexible solar cells using the 

corrugation technique with linear patterns which resulted in 

one directional flexing capability and loss of active area of 

13.3% [8]. In this work, we reduce the area loss in the linear 

corrugated flexible solar cells to 5.6%; in addition, we show 

that different patterns, such as diamond corrugation, enable the 

solar cells to be flexed in multi-directions. The effect of 

different corrugated patterns (linear and diamond patterns) on 

the electrical characteristics, flexing directionality and 

minimum bending radius of the resulting flexible solar cells 

are studied. 

II. EXPERIMENTAL METHODS 

The corrugation process - a photolithography-less process - 

was applied on 5 × 5 inch2 commercial monocrystalline silicon 

solar cells with 240 µm thickness and IBC. First, the solar 

cells are spin-coated with positive photoresist PR 9260 on 

both sides, followed by the application of Kapton tape of the 

top side of the sample. Next, the Kapton is patterned using a 

CO2 laser and the exposed photoresist is removed using 

oxygen plasma. Finally, the exposed silicon areas are etched in 

a deep reactive ion etching (DRIE) system using the Bosch 

process until the IBC are exposed. This results in 135-µm 

wide grooves in the silicon. Finally, the remaining Kapton is 

lifted off using acetone. Fig. 1a shows an illustration of the 

corrugation process with the different directions of the bending 

axes (Fig. 1b). 

 

 
Fig. 1. (a) Illustration of the corrugation process of the solar cells. 
(b) Direction of bending axes. 



 

III. RESULTS AND DISCUSSION 

A. Area Loss in Corrugated Architectures 

The area loss in the corrugated silicon solar cells (linear and 

diamond) is calculated by considering a unit cell in each of the 

structures and measuring the reduced area due to the etching of 

silicon. The linear architecture results in an active area loss of 

5.6% compared to the rigid one, while the diamond 

architecture results in 6.25 % area loss. The measured weight 

of the rigid sample (12.by 2.5 cm2) is 2.44 g, while 2.3 g for 

the linear corrugated sample and 2.28 g for the diamond 

corrugated sample which agrees well with the calculated area 

loss percentages. The weight loss of the flexible solar is 

beneficial for applications where the weight is a critical factor. 

 

B. Mechanical Flexibility 

The mechanical flexibility of the corrugated solar cells with 

linear and diamond patterns is studied by bending the solar 

cells and checking under an optical microscope if any cracks 

within the silicon are generated. The linear corrugated solar 

cells are found to provide flexibility in one direction (along the 

y-axis as shown in Fig. 2a with a minimum bending radius of 5 

mm. The diamond cell provides flexibility in 4 directions with 

a minimum bending radius of 5 mm along the u/v axes (Fig. 

2b) and 2 cm along x/y axes (Fig. 2d). Table I summarizes the 

measured bending radii of the two structures. 

 

 
Fig. 2. (a) Corrugated solar cell with linear patterns along the y-
axis. (b) Corrugated solar cell with diamond patterns bent along the 
u/v axes. (c) Corrugated solar cell with diamond patterns bent along 
both x/y and u/v axes. (d) Corrugated solar cell with diamond 
patterns bent along the x/y axes.  The dashed lines in the figures 
show the direction of the different axes. 
 

It is also worth to mention that the diamond patterned solar 
cells can be fixed in both x/y and u/v directions at the same 
time as shown in Fig. 2c. 

 

C. J-V Characteristics 

The J-V characteristics and power density of the rigid and 

corrugated samples (when flat) are measured and shown in 

Fig. 3a and Fig. 3b. The plot shows that the solar cells 

electrical performance is maintained after corrugation. 

However, the power output is reduced from 591.6 mW with 

the rigid solar cell with an area of 12.5 by 2.5 cm2 to 556 mW 

with the linear architecture and to 551 mW with the diamond 

architecture. This is due to the active silicon area loss after the 

corrugation process. The main characteristics of the solar cells 

are summarized in Table II (average taken for five 

characterized samples). In addition, the electrical performance 

of the solar cells is measured when mounted on curved 

substrates with bending radii of 4 cm and 5 cm. The projection 

area of the bent solar cells is taken into consideration when 

calculating the current and power density. As shown in Fid. 3c, 

the solar cells show robust performance at different bending 

radii (Fig. 3c). 

 

 

Finally, in terms of heat dissipation, the corrugated 

architecture of the solar cells resembles the finned architecture 

of heat sinks where the surface area to volume ratio is 

increased [9-10]. This will therefore help in increasing the heat 

dissipation by natural convection. Since silicon solar cells 

efficiency drops down by around 0.4% for every 1°C rise in 

temperature [11], the corrugated architecture of solar cells is 

TABLE I 

MINIMUM BENDING RADIUS OF FLEXIBLE SOLAR CELLS 

 Linear Diamond 

X-direction - 2 cm 

Y-direction 5 mm 2 cm 

U/V direction - 5 mm 

 

TABLE II 

SUMMARY OF RIGID AND FLEXIBLE SOLAR CELLS 

CHARACTERISTICS 

 Rigid Linear Diamond 

Area loss 0% 5.6% 6.25% 

Jsc 39.12 

mA/cm2 

38.93 

mA/cm2 
38.7 mA/cm2 

Voc 0.645 V 0.644 V 0.641 V 

ƞ 19.1% 18.96% 18.89% 

FF 75.9% 75.82% 75.77% 

Specific weight 780.8 g/m2 736 g/m2 729.6 g/m2 

 



 

expected to reduce the heat effect on the solar cells when 

compared to the rigid structure.  

 

 
 
Fig. 3. (a) J-V characteristics of the rigid and corrugated solar 
cells. (b) Power density-voltage characteristics of the rigid and 
corrugated solar cells. (c) Electrical characteristics of the solar cells 
when bent with 4 cm and 5 cm bending radii.  

IV. CONCLUSION 

Flexible monocrystalline silicon solar cells with high 

efficiency (19%) and multi-directional flexing capabilities are 

demonstrated. The flexible solar cells are fabricated using a 

lithography-less corrugation process based on DRIE. Different 

corrugated patterns (linear and diamond) show different 

flexing directionalities. The results show a robust electrical 

performance of the flexible and bent solar cells with no 

degradation of the original electrical characteristics. 
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