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Stretchable solar cells are of growing interest due their key role in realizing many applications
such as wearables and biomedical devices. Ultra-stretchability, high energy efficiency,
biocompatibility and mechanical resilience are essential characteristics of such energy
harvesting devices. Here, the development of wafer-scale monocrystalline silicon solar cells
with world-record ultra-stretchability (95%) and effieicency (19%) is demonstrated using a
laser-patterning based corrugation technique. The demonstrated approach transforms
interdigitated back contacts (IBC) based rigid solar cells into mechanically reliable but ultrastretchable cells with negligible degradation in the electric performance in terms of current
density, open circuit voltage and fill factor. The corrugation method is based on the creation of
alternating grooves resutling in silicon islands with different shapes. The stretchability is
achieved by orthogonally aligning the active silicon islands to the applied tensile stress and
using a biocompatible elastomer (Ecoflex) as a stretchable substrate. The resulting mechanics
ensure that the brittle silicon areas do not experience significant mechanical stresses upon
asymmetrical stretching. Different patterns are studied including linear, diamond and triangular
patterns, each of which results in a different stretchability and loss of active silicon area. Finally,
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finite element method based simulation is conducted to study the generated deformation in the
different patterned solar cells.
1. Introduction
The rapid and substantial progress in the development of different stretchable electronics has
recently stimulated strong research interest. Examples include wearables,[1-2] artificial skin,[3-4]
stretchable displays,[5-6] and so on. In particular, mechanically deformable energy-harvesting[78]

and energy-storage[9-11] devices are crucial for achieving efficacy and portability. Unlike

flexibility which can be achieved by thinning down the material such that the generated strain
is below its fracture limit, stretchability may involve out-of-plane deformation and reversible
change of material size and thus should be tackled differently.[12] The early demonstrations of
stretchable energy devices such as batteries[13] and supercapacitors[14] are based on the
dispersion of electronic components in inherently elastic materials such as elastomers. Bao et
al. reported the first intrinsically stretchable solar cell using organic materials which can
accomodate reversible strains up to 27% with a power conversion efficiency of ~2%.[15] The
development of different organic-based elastic photovoltaics followed, however, the major
drawbacks lie in their environmental instability and low efficacy (below 8%).[16-18]
In contrast, semiconductor based solar cells show higher efficiencies, however, they are
inherently rigid and brittle. To overcome these constraints, various forms of shape engineering
were developed such as serpentine, wavy and stiff-island structures[19-21] which can achieve
stretching due to different mechanisms such as out-of-plane deformation, buckling and
twisting.[22] The first inorganic semiconductor-based stretchable solar cell was reported by
Rogers et al. where single junction GaAs microcells (3.6 µm-thick) were transferred onto a
prestrained elastomer with downward buckled interconnects resulting in an efficiency of ~13%
with strains up to 20%.[23] In a follow-up work, the authors used ultrathin and geometrically
structured dual junction GaInP-GaAs microcells to achieve 60% stretchability and 19%
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efficiency at the expense of a 33% loss of active area.[24] However, all of the demonstrated
inorganic semiconductor based stretchable photovoltaics necessitate an aligned transfer printing
of the ultra-thin and patterned inorganic material from a crystalline wafer onto a prestrained
elastic substrate with good adhesion and low alignment mismatch.[25] Previously, we
demonstrated a deep reactive ion etching (DRIE) based linear-corrugation technique to convert
rigid solar cells with interdigitated back contacts (IBC) into one-directional flexible cells
(perpendicularly to the IBC grid) with no degradation in the efficiency.[26] Here, we demonstrate
the transformation of commercial, wafer-scale and IBC-based rigid silicon solar cells into ultrastretchable ones by simply coating the cells with a biocompatible elastomer followed by
applying a corrugation technique.[26] Different corrugation patterns including linear, diamond
and triangular patterns are studied to minimize the strain experienced by the brittle silicon areas
upon asymmetrical stretching, parallel to the IBC grid. The demonstrated approach thus enables
the stretchability of the rigid and thick solar cells (~170-µm-thick) with negligible degradation
in the original electrical performance. Finally, it is worth to note that the highest reported
silicon-based photovoltaics efficiencies (> 25%) used the IBC architechture,[27-32] thus the
proposed approach contributes towards the development of ultra-stretchable silicon solar cells
with the highest efficiencies.

2. Results and Discussion
2.1. Ultra-Stretchable Solar Cell Design and Development
The stretching mechanism is demonstrated on wafer scale (25 inch2), commercial and
rigid monocrystalline silicon solar cells with IBC. The front side of the rigid solar cells was
initially coated with a 160-µm-thick Polydimethylsiloxane (PDMS) polymeric material as a
hard mask followed by its patterning using CO2 laser while the back side is coated with an
elastic biocompatible elastomer (Ecoflex, 200-µm-thick). The sample is then inserted into a
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deep reaction ion etching (DRIE) system where the exposed areas are completely etched until
the IBC is reached (Figure 1a). The silicon microcells are aligned along the IBC orthogonally
to the applied tensile stress to enable the stretching of the structure while minimizing the strain
in the silicon areas. The grooves between the microcells are ~140 µm wide (Figure 1a, inset)
while the spacing between two consecutive lines of silicon cells is 1 mm. Figures 1b and 1c
show the pre-stretched and stretched wafer-scale solar cell when an asymmetrical tensile stress
is applied near its center orthogonally to the IBC. As a result, the elastomer absorbs most of the
applied strain while the silicon and IBC experience negligible strains, as shown in the Figure
1b (insets), where the elastomer is stretched by more than ~120% while the complete structure
with linear grooves is stretched by ~33%. The demonstrated approach enable out-of-plane
stretching which is required for different applications such as stretching and wrapping around
curved objects or robotic joints (Videos S1-S3). However, it should be noted that due to the
linear structure of the IBC, only uniaxial stretching perpendicularly to the IBC is possible in
this case. However, the demonstration in this work shows that designing the IBC with different
fractal designs could enable a multi-axial stretching capability. Different patterns are also
studied to allow for a higher asymmetrical stretchability including diamond and triangular
patterns with different spacing. In fact, when an asymmetrical tensile stress is applied across a
specific area, the surrounding silicon islands experience a compressive strain which, above a
critical value, result in diagonal cracks (Figure S1). Thus, patterned islands assist in minimizing
and relieving the compressive strain experienced by the surrounding islands when larger
asymmetrical tensile stresses are applied across a specific region.
2.2. Electrical and Mechanical Characterization
The electrical performance of the different patterned stretchable solar cells in terms of
current density-voltage (J-V) and power density-voltage (P-V) characteristics are studied under
1 sun under a solar simulator in air (spectral mismatch correction is conducted at room
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temperature, standard test conditions). The measured J-V and P-V characteristics (Figures 2ab), normalized to the active silicon area, confirm that the applied corrugation technique enables
the transformation of rigid solar cells into stretchable ones with negligible degradation in the
performance where the measured Jsc=38.75 mA/cm2, Voc= 0.63, FF=75% and efficiency
Ƞ=18.8%. The DRIE recipe is optimized (low flow rate of SF6, high flow rate of C4F8 and low
pressure,[33] see experimental section) to minimize sidewall damage during the process as
confirmed by the observed negligible overall degradation in efficiency. Moreover, three effects
in the demonstrated corrugated cells can counteract the DRIE damage effect. First, the C4F8 gas
during DRIE results in the deposition of a fluorocarbon-based polymer on the sidewalls, which
contributes in passivating the silicon sidewalls and thus reduces potential surface
recombination.[34] Moreover, the exposure of sidewalls/junction increases photons absorption
and light-generated current.[35] Finally, the corrugated solar cell with fin-like architecture
enhances the thermal dissipation in solar cells due to the increased surface area-to-volume
ratio.[36] The Ecoflex transparency is also studied and shown to be dependent on its thickness
where the transmission characteristic of around 200-µm-thick elastomer is comparable to that
of PDMS (Figure 2c). This characteristic becomes critical for applications of semi-transparent
solar cells such as greenhouse roof application to enable sunlight to enter the greenhouse for
plant photosynthesis.[37]
The stretchability of the different studied patterns shows that using the same design but
with larger spacing, a higher asymmetrical stretching can be achieved due to the larger
elastomer area which can absorb higher strains. For instance, the diamond patterned solar cells
with 1 mm and 2 mm spacing show 51% and 75% stretchability, respectively (Figure 2d),
however, this comes at the expense of a higher loss of active silicon area (12% for 1 mm vs
17% for 2 mm spacing). Nevertheless, using different patterns that allow the relief and
minimization of the generated strain during the applied tensile force enable higher asymmetrical
stretching for the same or lower loss of active silicon area. For instance, when comparing the
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triangular patterned solar cell with 1 mm spacing and the diamond patterned solar cell with 2
mm spacing, it can be seen that the former option results in a 95% stretchability with 13.5%
loss of silicon area while the latter design allow a 75% stretchability with 17% loss of active
silicon area (Figure 2d). It is worth to mention that the triangular pattern combines the linear
pattern with the diamond one. The performance of the triangular patterned stretchable solar
cells and the resistance across a single IBC are also studied when stretched up to 65% and up
to 500 cycles (with 30% stretching). The results confirm that the corrugation technique results
in mechanically robust stretchable cells (Figures 2e-f), which is an essential characteristic for
applications such as wearables and biomedical devices.
The different patterned solar cells before and after applying an asymmetrical tensile
stress are demonstrated in Figure 3. The strain is mostly absorbed by the elastomer where it is
stretched by ~1050% to enable a 95% stretchability of the complete solar cell with triangular
corrugation (Figure 3). Even when the asymmetrical stretching is applied closer to the positive
or negative terminals of the IBC grid, a high stretchability can still be achieved (Figure S2) in
addition to possible out-of-plane deformations (Figure S3). As a result, the presented stretchable
solar cells are promising for robotic joints application (Video S3). The stretchability, efficiency
and area of the previously reported stretchable solar cells are summarized in Figure 4. It is
worth to note that using GaInP-GaAs dual junction solar cells, the achieved efficiency was 19%,
however, at the expense of a 33% loss of active area (effective power conversion efficiency is
12.5% when total area is taken into consideration instead of active area). In the demonstrated
stretchable silicon solar cells, 19% efficiency was obtained with a 13% loss of active area
(effective power conversion efficiency of 16.5%), as a result, the actual power output for the
same area is higher with the stretchable monocrystalline silicon cells.
Finally, to confirm the effect of the different patterns and spacing on the stretchability
of the solar cells, the deformation contours in the different corrugated solar cells (linear,
diamond and triangular with 1 mm spacing) are studied using Finite Element Methods (FEM)
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based simulations using COMSOLTM where the same stretching of 0.6 mm is imposed at the
edges of the solar cells with the same area. The results show that the triangular patterned cells
enable higher deformations and thus higher motion of the islands compared to the diamond
cells (Figure 5). In contrast, for the diamond corrugated cells case, the free motion is
constrained by the surrounding rigid islands which limits its stretchability. Moreover, the linear
corrugated cells show higher strain due to the larger size and shape of the rigid rectangular
islands (Figure S4). It is also worth to note that increasing the spacing between the silicon
islands reduces the strain experienced by the cells (Figure S5), as a result, a higher stretchability
can be achieved.

3. Conclusions
In conclusion, we have demonstrated a corrugation approach to transform wafer scale
rigid solar cells with IBC into ultra-stretchable ones with negligible degradation in the electrical
performance. A world record stretchability (95%) and efficiency (19%) are obtained. The
stretching technique does not require aligned transfer printing of a patterned inorganic material
onto an elastomer as reported by previous works, instead, the elastomer is simply coated on the
backside of the rigid solar cell followed by patterning the silicon active area into islands which
are readily interconnected using the IBC. The results show that, by orthogonally aligning the
rigid areas to the applied stress, the strain is mostly absorbed by the elastomer while the brittle
silicon areas experience negligible strain. The demonstration also shows that different shapes
of islands allow the relief of the generated strain during the application of the tensile force, as
a result, higher stretchabilities can be achieved with lower losses of active silicon area. The
patterned solar cells are simulated using COMSOL which confirmed the larger deformation
with the triangular patterns compared to the diamond and linear patterns where the free motion
of the islands is constrained by the surrounding silicon areas. Stretchable solar cells with higher
efficiencies (>25%) can be obtained by applying the demonstrated approach on the recently
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demonstrated IBC based solar cells with improved electrical performance. Finally, multi-axial
stretching capability can be achieved in solar cells using IBC structures with different fractal
designs.

4. Experimental Section
Fabrication of the ultra-stretchable solar cells: The stretchable solar cells are fabricated using
a corrugation method consisting of laser patterning followed by DRIE etching. The stretching
mechanism is applied on commercial wafer-scale (5 inch by 5 inch) IBC-based monocrystalline
silicon solar cells and with high efficiency (19%). First, the Polydimethylsiloxane (PDMS)
encapsulant is spin coated on the front side of the solar cell and cured at a temperature of cured
at 60˚C for a duration of 2 hours to obtain 160 µm of PDMS hard mask. The PDMS is arranged
by mixing 10:1 base silicone elastomer (Sylgard 184):curing agent. A vacuum mixer is used
(THINKY Planetary Vacuum Mixer) to mix the PDMS for 4 minutes with a rotation speed of
700 rpm at a pressure of 1.1 kPa to remove any entrapped air. To pattern the PDMS hard mask,
a CO2 laser (Universal Laser Systems PLS6.75) is used, the speed of the laser was set to 40
mm/s, while the power was set to 24 W and the used z-height is 1 mm. The backside of the
solar cell was then coated with 200 µm EcoflexTM 00-30 using the spin coating technique. The
Ecoflex is prepared by manually mixing 1A:1B parts in a 1:1 weight ratio. The solar cell was
then heated up to 60 ˚C for 2 hours for the Ecoflex to cure. The exposed area on the front side
of the cell is then etched in a deep reactive ion etching system (DRIE) at -20˚C using sulfur
hexafluoride (SF6) with a flow rate of 5 sccm and 100 sccm for the deposition and etching steps,
respectively, and carbon fluoride (C4F8) with a flow rate of 100 sccm and 5 sccm for the
deposition and etching steps, respectively, at a pressure of 30 mTorr. The percentage of active
silicon area lost due to the corrugation technique was calculated using an image processing
software (KLONK). Scanning electron microscopy images are acquired using an SEM NOVA
system with an acceleration voltage of 5 kV and a current of 56 pA.
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Characterizations and measurements: The J–V and P-V curves are measured and calculated
using a solar simulator in air (Newport, Oriel Class A, Sol3A) connected to a source meter
(Keithley 2420‐C) under 1 sun illumination with intensity of 1000 Wm−2 (AM 1.5 G). The
calibration is accomplished using a silicon-based reference cell (Newport certified).
The J−V curves are measured and calculated along the reverse scan direction: 1 V to −1.2 V,
with a step voltage of 7.35 mV and scan speed of 82 mV s−1. The initial temperature of the
characterized solar cells was preconditioned at 21˚C before exposing them to 1 sun under the
solar simulator. Transmittance data on the PDMS and Ecoflex is measured using a Thermo
Evolution 600 UV-Vis system.
COMSOL simulations: Three-dimensional finite element method (FEM) analysis was used to
replicate the mechanical response of the studied designs. The geometries were first designed in
a CAD tool called SOLIDWORKS™. All of the dimensions i.e. thickness of the Si solar cell,
Ecoflex substrate, and metal contacts were comparable to the fabricated samples. Three patterns
are studied including linear, diamond and triangular corrugations with two different spacing: 1
mm and 2 mm. The 3D designs were then imported to the COMSOL™ software for mechanical
analysis. Mechanical deformation and induced principal strain as a function of imposed
displacement or stretching were mapped using the “Solid Mechanics” module. To compare the
experimental stretching of the samples, we prescribed the displacement at the edges of the
sample. It is worthy to mention that to impose the displacement, the selected region or area
taken was same for all of the designs. To accommodate the large deformation, “Geometric nonlinearity” was used. In order to ensure the solution convergence, a refined mesh was used.
Elastic modulus and Poisson ratio of Si, Cu, and Ecoflex were taken as to be 170 GPa, 120 GPa,
and 750 kPa, 0.28, 0.34, and 0.49, respectively.

Supporting Information
Supporting Information is available from the Wiley Online Library or from the author.
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Figures

Figure 1. a) Fabrication process flow of the stretchable solar cells. Inset shows SEM cross
section of the solar cell and the IC structures connecting two silicon islands. Optical image of
the stretchable solar cell b) before stretching and c) after stretching by ~33%. Insets show that
IBC structures on Ecoflex in between the islands before and after stretching, respectively.
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Figure 2. a) J-V characteristic of the different patterned solar cells (2.1 cm by 12.5 cm)
under 1 sun. Rigid cell represent the solar cell before applying the stretching technique, a
negligible degradation of ΔȠ~0.3% is observed. b) P-V characteristic of the solar cells
measured under 1-sun. The results are normalized to the area of active silicon, taking into
consideration the loss in the grooves. c) Transmittance characteristic of PDMS and Ecoflex
with different thicknesses. d) Stretchability of the different patterned solar cells with
different spacing and their correcpsonding loss of active silicon area. e) Measured efficiency
and resistance of the IBC when stretched up to 65%. f) Cycling test showing the efficiency
and resistance of the IBC when stretched by 30% up to 500 cycles.
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Figure 3. a) Linear patterned stretchable solar cells with 2 mm spacing. b) Diamond
patterned solar cells with 1 mm spacing c) Diamond patterend solar cells with 2 mm spacing
d) Triangular patterned solar cells with 1 mm spacing. e) Stretching of solar cell shown in
Figure 1a by 54% while the elastomer is stretched by 325%, f) Stretching of solar cell shown
in Figure 1b by 51% while the elastomer is stretched by 500%, g) Stretching of solar cell
shown in Figure 1c by 75% while the elastomer is stretched by 450%, h) Stretching of solar
cell shown in Figure 1d by 95% while the elastomer is stretched by 1050%.

Figure 4. Comparison between previously reported stretchable solar cells [15-18, 23-25] and this
work in terms of stretchability, efficiency and area. The solar cells using inogranic
semiconductor materials are mentioned.
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Figure 5. a) Linear b) Diamond and c) Triangular patterned solar cells with 1 mm spacing
simulated using COMSOLTM d) Simulated deformation contours in the structure shown in
Figure 5a, e) Simulated deformation contours in the structure shown in Figure 5b, and f)
Simulated deformation contours in the structure shown in Figure 5c, circled area shows
increased deformation and therefore larger motion of islands in the triangular corrugated solar
cell. A 0.6 mm displacement is applied for all three structures.
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Supplementary Figure 1. Asymmetrical stretching of the linear corrugated solar cells leads
to a compressive strain generation in the surrounding islands. As a result, a diagonal crack
in the silicon island is observed.
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Supplementary Figure 2. Asymmetrical stretching of the triangular corrugated solar cells
with 1 mm spacing at different positions from the positive/negative terminals a) stretchability
at 2.5 cm from the terminal, b) stretchability at 1.5 cm from the terminal.

Supplementary Figure 3. Out-of-plane stretching of the triangular corrugated solar cells
close to the positive/negative terminal, a) top view, b) side view. Scale bar is 6 mm.
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Supplementary Figure 4. Strain contours simulated using COMSOL in the different
patterned stretchable solar cells a) Linear patterned, b) Diamond patterned, c) Triangular
patterned solar cells. The linear distribution has 85% higher strain compared to the
diamond and triangular designs.

Supplementary Figure 5. The effect of the spacing between the rigid islands on the
deformation and strain contours is studied using COMSOL simulations. a) Simulated
structure showing diamond patterned cells with 1 mm spacing, b) Simulated deformation
contour in the struture shown in Figure S3a, c) Simulated strain contour in the struture shown
in Figure S3a, d) Simulated structure showing diamond patterned cells with 2 mm spacing,
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e) Simulated deformation contour in the struture shown in Figure S3d, f) Simulated strain
contour in the struture shown in Figure S3d. Larger spacings result in larger deformations
and lower strains due to the additional elastomer free area.

Supplementary video 1. Stretching of the linear corrugated solar cell with 2 mm spacing.
Supplementary video 2. Out-of-plane stretching and wrapping of the linear corrugated solar
cell with 2 mm spacing around a spherical object.
Supplementary video 3. Out-of-plane stretching of the triangular corrugated solar cell with
1 mm spacing around a joint (knee).
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