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A B S T R A C T

Ultra-thin crystalline silicon (c-Si) solar cells have the advantages of flexibility and light transmittance. The
surface etched texture structure for reducing reflectivity usually sacrifices the flexibility of the solar cells. In this
work, a kind of polydimethylsiloxane (PDMS) film with Moth-eye nanostructure was introduced to the surface of
flexible ultra-thin c-Si solar cells, which was proved to enhance the flexibility of the solar cells besides reducing
reflectivity and improving conversion efficiency. The finite element method was used to study the photoelectric
and mechanical properties of the solar cells, the results show that the PDMS film has good flexibility to protect
the ultra-thin c-Si surface, resulting in a 33.4% reduction in surface stress. At the same time, the refractive index
of PDMS film with Moth-eye nanostructure has gradient change in the direction of incident light and is between
that of air and c-Si. The PDMS film with Moth-eye nanostructure, as the antireflective layer on c-Si surface,
reduces the reflectivity by 46.4% and improves conversion efficiency of ultra-thin c-Si solar cells by 42.3%. This
work provides a method for other flexible solar cells to improve flexibility and reduce reflectivity.

1. Introduction

Silicon (Si) solar cells have already achieved the highest share in
commercial applications due to their high conversion efficiency, mature
technology and excellent stability (Luque and Hegedus, 2011). How-
ever, Si solar cells are usually about 200 μm thick, which consume a lot
of Si materials, increase the cost of materials and weight, and limit
application of the solar cells in portability (Han et al., 2019; Yang et al.,
2016, 2018; Yoshikawa et al., 2017). The ultra-thin crystalline silicon
(c-Si) solar cells reduce the thickness, effectively save the use of Si
materials, and reduce the cost of materials and weight of the solar cells
(Dai et al., 2019). At the same time, due to the change of thickness
scale, ultra-thin c-Si solar cells have the advantages of light transmit-
tance and flexibility (Li et al., 2016; Zhang et al., 2017). For actual
demand, flexible ultra-thin c-Si solar cells can be applied to glass cur-
tain walls, agricultural greenhouse, portable emergency chargers, etc.

The light absorption efficiency is an important factor, which de-
termines the ability of solar cells to capture energy. According to the
Yablonovitch limit, c-Si solar cells must be thick enough to achieve
good light absorption (Eli and D, 1982; Green, 2002; Yablonovitch,
1982). However, the thickness of flexible ultra-thin c-Si solar cells is

only tens of micrometer, and the light absorption efficiency is weak.
Surface texture structures, such as pyramid, nano column, nano pore,
etc., can increase incident light path and enhance the light absorption
(He et al., 2017; Jeong et al., 2014, 2012; Jiang et al., 2016). These
etched structures change the distribution of surface stress and destroy
the flexibility of ultra-thin c-Si solar cells (Hwang et al., 2018). The
flexible film with texture structure can achieve good light trapping,
protect the surface and enhance the flexibility of ultra-thin c-Si solar
cells. The polydimethylsiloxane (PDMS) material has good flexibility,
stability, plasticity and self-cleaning (Dong et al., 2019; Dudem et al.,
2016). It has suitable refractive index and low extinction coefficient,
simple process and low cost, which can be used to prepare light trap-
ping structure (Chattopadhyay et al., 2010; Choi et al., 2010; Gupta
et al., 2019). PDMS films with different surface structures can be
equivalent to the gradient change of refractive index in the direction of
incident light according to the formula of effective medium approx-
imation, and obtain good light trapping effect in different kinds of solar
cells (Aspnes, 1982; Duan et al., 2016; Dudem et al., 2016; Khezripour
et al., 2018a; Kim et al., 2019; Tavakoli et al., 2015; Xi et al., 2007; Xu
et al., 2015; Zhao and Green, 1991; Khezripour et al., 2018b). Moth-eye
nanostructures have been proved to be excellent light trapping
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structures, which can be prepared on the surface of PDMS films by
solution method. The surface of the Moth-eye nanostructures can be
adjusted flexibly to adapt to required equivalent refractive index and its
small scale can be applied to thinner films (Hashimoto and Yamamoto,
2018; Jang et al., 2017; Kang et al., 2016; Kim et al., 2019).

In this work, a kind of PDMS film with Moth-eye nanostructure is
applied to the surface of ultra-thin c-Si solar cell to enhance the flex-
ibility besides reducing reflectivity and improving conversion effi-
ciency. The PDMS film can protect the surface of ultra-thin c-Si solar
cells, and the surface stress is reduced from 53.58 to 35.85 N·m−2.
Meanwhile, it has a good antireflective effect over the wavelength
range of 300–900 nm, which increases the total light absorption of the
flexible ultra-thin c-Si solar cell from 433 to 618 W·m−2. Finally, the
conversion efficiency of the flexible ultra-thin c-Si solar cell with the
PDMS film increased by 42.3%.

2. Simulation approach

Mechanics, optics and electricity of flexible ultra-thin c-Si solar cells
are studied separately by COMSOL Multiphysics 5.4 software, which is
based on the finite element method. First, mechanical calculations of
ultra-thin c-Si solar cells were performed. Fig. 1(a) shows the me-
chanical simulation diagrammatic sketch. The thickness and length of
ultra-thin c-Si are set as 10 μm and 1 mm respectively, whose left side is
set as fixed constraint and right side is set as boundary load of
0.1 N·m−2. Texture structures are set at the position as shown in
Fig. 1(a), and smooth surface, pyramid, inverted Moth-eye and Moth-
eye nanostructures are simulated respectively. Their geometry para-
meters are shown in the Supporting Information Table S1. Then, the

optical calculations of ultra-thin c-Si solar cells were carried out.
Fig. 1(b) is a schematic diagram of an optical simulation, and the period
of optical simulation is 1000 nm, which is composed of perfect
matching layer (PML), air, PDMS film with different texture structures,
10 μm thick c-Si and silver electrode. The refractive index of air is set to
1, and that of other materials is based on the existing research data
(Green, 2008; Gupta et al., 2019; Johnson and Christy, 1972). The di-
rection of the incident light is opposite to the y-axis, and its polarization
is along the x-axis. The geometrical parameters of the optical model are
shown in Fig. 1(b), where d is the opening length of the Moth-eye. In
the end, the electrical calculations of ultra-thin c-Si solar cells were
carried out, which are based on the optical calculation results. We use a
one-dimensional solar cell model with carrier generation and Shockley-
Read-Hall recombination. Poisson equation and drift-diffusion equation
are solved by software default solver. The thickness of ultra-thin c-Si
solar cell is 10 μm, and its structure is shown in the Fig. 1(c), where the
doping concentration of n-Si is 1016 cm−3. The Gaussian distribution
far away from the boundary is used in p-Si with a junction depth of
0.25 μm, where the doping concentration in surface is 1019 cm−3. The
electrical connections to the front and back surfaces are done with two
Metal Contact features.

3. Results and discussion

The texture structure etched on ultra-thin c-Si changes the surface
stress distribution, which has a great influence on the flexibility.
According to the principle of elasticity, the surface stress analysis of
ultra-thin c-Si wafer can be approximately equivalent to the thin plate
mode. The bending process of ultra-thin c-Si can be regarded as the

Fig. 1. The mechanical, optical and electrical simulation structure diagrams of ultra-thin c-Si solar cells. (a) Mechanical, (b) optical, (c) electrical simulation structure
diagrams of ultra-thin c-Si solar cells.

Z. Gao, et al. Solar Energy 205 (2020) 275–281

276



small deflection bending of thin plates, whose stress can be solved by
Eq. (1) (Xu, 2006).
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where σx and σy are components of normal stress, τxy is the component
of shear stress, E is the elastic modulus, kx, ky and kxy are the curvature
radius components of deformation, G is shear modulus and v is dis-
placement component. From the three equations, it can be found that
the stress is proportional to the elastic modulus and curvature radius,
and the point of ultra-thin c-Si surface with curvature radius corre-
sponds to larger stress. The elastic modulus is determined by the ma-
terial itself. Even if the surface of PDMS film has texture structure, it has
better flexibility than ultra-thin c-Si because of its small elastic mod-
ulus.

Due to the ultra-thin c-Si with a smooth surface, the curvature ra-
dius of each point on the surface is approximately equal when ultra-thin
c-Si is deformed. The surface stress of the ultra-thin c-Si with smooth
surface is even, which is 53.58 N·m−2 as shown in Fig. 2. When the
ultra-thin c-Si surface with pyramid structure deforms, the deformation
at the bottom of pyramids is smaller, and the deformation at the
junction of pyramids is larger. This means that the curvature radius at
the bottom of pyramids is small and the curvature radius at the junction
of pyramids is large. The stress is mainly concentrated at the junction of
pyramids, which is 168.22 N·m−2, three times larger than that of the
ultra-thin c-Si with smooth surface, greatly reducing the flexibility of
the ultra-thin c-Si wafer. Under the same deformation of the PDMS film
on the ultra-thin c-Si surface, the surface stress of PDMS film is much
smaller than that of ultra-thin c-Si because of its small elastic modulus.
The stresses of the ultra-thin c-Si surface with the inverted Moth-eye
and Moth-eye nanostructures PDMS films are 35.85 N·m−2 and
35.86 N·m−2 respectively, about 33.09% lower than that of the ultra-
thin c-Si with smooth surface. Therefore, the PDMS film with texture
structure also has good flexibility, which can protect the surface of the
ultra-thin c-Si.

According to Fresnel formula, when light is incident from one
medium to another, the greater the refractive index difference between
the two mediums is, the higher the reflectivity is. The ultra-thin c-Si
with smooth surface has a strong reflectivity because its refractive index
is between 3.4 and 7 as shown in Fig. 3(a), which is much higher than

that of air. Building a refractive index with multiple gradient changes
between air and the c-Si can reduce reflectivity and increase light ab-
sorption of the c-Si (Xi et al., 2007). The red line in Fig. 3(a) is the
refractive index of PDMS film, which is between that of air and the c-Si,
and can be used as antireflective material on the c-Si (Gupta et al.,
2019). We have studied PDMS films with inverted Moth-eye and Moth-
eye nanostructures for the ultra-thin c-Si.
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where f1 and f2 are the ratio of volume filling of Moth-eye nanostructure
PDMS films and air, respectively, NPDMS, Nair and Neff are refractive
indices of PDMS, air and equivalent layer, respectively(Duan et al.,
2016). The inverted Moth-eye and Moth-eye nanostructure PDMS films
can be equivalent to multiple layers with gradient refractive index by
effective medium approximation Eq. (2), and the trend of that is shown
in Fig. 3(b) and (d) (Khezripour et al., 2018a; Kubota et al., 2015;
Noboru et al., 2011; Khezripour et al., 2018b). It is found that the
variation trends of refractive index corresponding to the two structures
are different, which will result in different reflectivity. There is a large
step change in refractive index from PDMS to c-Si, resulting a con-
siderable amount of reflected light from Si to PDMS. However, this
reflected light does not transmit completely from the PDMS film to the
air due to the gradient refractive index. It can be concluded that the
reflectivity of solar cells will be greatly reduced by adding PDMS film
with Moth-eye nanostructures.

According to the Yablonovitch limit, the light absorption is mainly
related to the extinction coefficient and the thickness of material (Eli
and D, 1982; Green, 2002; Yablonovitch, 1982). Fig. 4 shows the si-
mulation results of reflectivity of 10 μm thick ultra-thin c-Si solar cells
without rear electrode and with rear electrode. It is found that the re-
flectivity of light with wavelength greater than 900 nm is higher. The
extinction coefficient of the c-Si is relatively low in this wavelength
range. The light absorption of ultra-thin c-Si solar cells in this wave-
length range is weak, and part of the reflectivity is caused by the rear
electrode reflection escaping from the front surface. In order to improve
the total light absorption capacity of ultra-thin c-Si solar cells, it is
necessary to ensure the light absorption within the wavelength range of
300–900 nm with large extinction coefficient of c-Si. The PDMS film
with nanometer Moth-eye structure has obvious antireflective effect on
the wavelength range.

Compared with the reflectivity of ultra-thin c-Si solar cells without

Fig. 2. Surface stress distributions of 10 μm thick flexible ultra-thin c-Si wafer. (a) Smooth surface, (b) pyramid, (c) inverted Moth-eye and (d) Moth-eye nanos-
tructures PDMS films.
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PDMS films, that of the solar cells with texture structure PDMS films is
significantly reduced in the wavelength range of 300–900 nm. There
are differences in reflectivity spectra of two different Moth-eye nanos-
tructures in PDMS films, as shown in Fig. 5. In the inverted Moth-eye

nanostructure, the main changes of reflectivity spectra are in the middle
wavelength range. With d increasing, the reflectivity of the solar cells
increases in the wavelength range of 300–400 nm, and decreases in the
wavelength range of 400–700 nm. The total reflectivity of the solar cells
with inverted Moth-eye structure PDMS film reduces by 37.4% com-
pared with that of the reference. While the solar cells have the Moth-eye
nanostructure PDMS film, the main changes of reflectivity spectra are in
the short and long wavelength ranges. With the d increasing, the re-
flectivity of solar cells first decreased and then increased, especially at
the wavelength of 970 nm. The difference of reflectivity between the
two structures is due to the opening direction of Moth-eye. While the d
of Moth-eye nanostructure is 800 nm, the total reflectivity is the lowest,
which reduces 46.4% compared with the reference.

In order to explore the influence of geometrical parameters of two
Moth-eye nanostructures on the reflectivity, we selected three special
wavelengths, including 500, 900 and 970 nm, to calculate the electric
field distribution. Different shapes can modulate the electric field dis-
tribution, there are different types of electric field distribution between
the inverted Moth-eye and Moth-eye nanostructures. It can be dis-
covered from the Fig. 6(a) that the Moth-eye nanostructures have a
convergence effect on light, such as the effect of concave mirror. The
structure of the inverted Moth-eye has a two-way converging effect, the
opening has a converging effect on the electric field in the air, and the
boundary of period has a converging effect on the electric field in the
PDMS film. In the Moth-eye nanostructure, there is only an obvious
converging effect on the electric field in the PDMS film. At the

Fig. 3. Refractive indexes of the c-Si, PDMS, PDMS film with inverted Moth-eye and with Moth-eye nanostructures. (a) The complex refractive indexes of c-Si and
PDMS film, the refractive indexes of PDMS films with (b) inverted Moth-eye and (c) Moth-eye changes in the height direction.

Fig. 4. The reflectivity of smooth surface ultra-thin c-Si solar cells without
electrode and with electrode.

Fig. 5. The reflectivity of ultra-thin c-Si solar cells with inverted Moth-eye and Moth-eye nanostructures PDMS films, the reference is ultra-thin c-Si solar cells with
smooth surface and rear electrode. The reflectivity of the solar cells with (a) the inverted Moth-eye and (b) Moth-eye nanostructures PDMS films with different d.
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wavelength of 900 nm, the reflectivity of the two structures is obviously
different. The reflectivity of the inverted structure is close to that of the
reference, and the reflectivity of the positive structure is higher than
that of the reference. From the analysis of electric field distribution, the
intensity of interference fringes in c-Si with inverted Moth-eye nanos-
tructure is lower than that in c-Si with Moth-eye nanostructure. When
the wavelength is 970 nm, the reflectivity of the inverted Moth-eye
nanostructure changes little, and that of the Moth-eye nanostructure
first decreases and then increases with the d increasing. We can get the
trend of change that is familiar with the reflectivity in Fig. 6(c). As the d
increases, the intensity of interference fringes in c-Si with inverted
Moth-eye nanostructure is basically same, that in c-Si with Moth-eye
nanostructure first increases and then decreases. The influence of spe-
cific shape on electric field distribution should be considered in the
antireflective structure.

The total light absorption of ultra-thin c-Si solar cells is an im-
portant factor determining the output current. We make statistics on the

absorbed light energy density and photon flux density, and the formulas
are as follows:

= ×A R T I d[1 ( ) ( )] ( ) (3)

= ×
hc

R T I dI ¦ [1 ( ) ( )] ( ) (4)

where Aτ is the absorbed light energy density, R(λ) is reflectivity, T(λ)
is transmissivity, I(λ) is spectral irradiance of AM 1.5G, Фτ is the ab-
sorbed photon flux density, λ is wavelength, h is the Planck constant, c
is the speed of light in vacuum (ASTM G-173, 2003). The statistical
results are shown in Fig. 7, in which the light absorption energy density
and photon flux density of ultra-thin c-Si solar cells with electrode and
without texture structure PDMS film are 433 W·m−2 and 1.39 × 1020

m−2·s−1, respectively. The ultra-thin c-Si with electrodes and without
texture structure were used as a reference for comparison with other
light trapping structures. When the d is 1000 nm, the light absorption of

Fig. 6. Electric field distributions of ultra-thin c-solar cells. Electric field distributions of ultra-thin c-Si solar cells with inverted Moth-eye and Moth-eye nanos-
tructures PDMS films at wavelength of (a) 500 nm, (b) 900 nm and 970 nm.
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ultra-thin c-Si solar cells with inverted Moth-eye is the highest, and the
energy density and photon flux density are 582 W·m−2 and 1.85 × 1020

m−2·s−1 respectively, which are 1.32 times of reference. When the d is
800 nm, the light absorption of ultra-thin c-Si solar cells with Moth-eye
nanostructure is the highest, and the energy density is 618 W·m−2 and
photon flux density is 1.98 × 1020 m−2·s−1, which are 1.42 times of
reference. The light absorption of ultra-thin c-Si solar cells with Moth-
eye nanostructure PDMS films was significantly improved.

The electrical simulations of ultra-thin c-Si solar cells were carried
out based on the optical calculation results to study the effect of the
PDMS film with Moth-eye nanostructure on the electrical performance
of the solar cells. In this electrical model, the generation rate (G) was
defined as:

=G z R i z d( ) ( )(1 ( )) ( )exp( ( ) ) (5)

=( ) 4 ( )
(6)

= I( )
hc

( ) (7)

where z is the coordinate in the direction of the incident light, α(λ) is
the absorption coefficient, k(λ) is the imaginary part of the refractive
index and Ф(λ) is the photon generation rate. Because the reflectivity
includes the surface reflection and the light escaping from the front
surface after the rear electrode reflection, it is approximately assumed
that light entering c-Si is absorbed after several times of reflection from
the front surface and rear electrode.

According to the total photon flux density absorbed by ultra-thin c-
Si solar cells, the electrical performance of four solar cells has been
studied, which are the solar cells without surface antireflective struc-
ture, with the planar PDMS film, with inverted Moth-eye and Moth-eye
nanostructure PDMS films. The reference is the solar cells without an-
tireflective structure, the d of the inverted Moth-eye nanostructure is
1000 nm and that of the Moth-eye nanostructure is 800 nm. It can be
found that the short-circuit current density (JSC) of ultra-thin c-Si solar
cells with Moth-eye nanostructure PDMS film is obviously increased in
the Fig. 8. Electric output characteristics of ultra-thin c-Si solar cells are
summarized in Table 1. Ultra-thin c-Si solar cells with the Moth-eye
nanostructure PDMS film display an open circuit voltage (VOC) of
565 mV, JSC of 21.11 mV·cm−2, and a fill factor of 81.83%, which yield
an efficiency of 9.76%. While the solar cells with a smooth surface
exhibit an efficiency of 6.86% with a VOC of 557 mV, a JSC of
15.06 mA·cm−2, and a fill factor of 81.78%. Its efficiency is about
29.7% lower than the solar cell based on ultra-thin c-Si with Moth-eye
nanostructure PDMS films, which d is 800 nm.

4. Conclusion

In summary, a kind of PDMS film with inverted Moth-eye and Moth-
eye nanostructures is applied to the surface of flexible ultra-thin c-Si
solar cells. We use the finite element method to study the mechanics,
optics and electricity of the solar cells, and prove that PDMS films can
increase the flexibility besides reducing reflectivity and improving
conversion efficiency of the solar cells. PDMS films with surface texture
structure can have good flexibility due to its small elastic modulus. It
can protect the flexible ultra-thin c-Si solar cells and the stress on the c-
Si surface is reduced by 33.4%. At the same time, the refractive index of
PDMS film with texture structure is between that of air and c-Si, which
can be equivalent to the refractive index with gradient change in the
direction of incident light according to effective medium approxima-
tion. Compared with the total light absorption of ultra-thin c-Si solar

Fig. 7. The energy density and photon flux density absorbed by ultra-thin c-Si solar cells with different antireflective structures.

Fig. 8. Current density-voltage curves of ultra-thin c-Si solar cells with different
surface light trapping structures, where the d of inverted Moth-eye is 1000 nm,
that of Moth-eye is 800 nm.

Table 1
Electric output characteristics of ultra-thin c-Si solar cells with different surface
light trapping structures.

VOC (mV) JSC (mA·cm−2) Fill actor (%) Efficiency (%)

Reference 557 15.06 81.78 6.86
Planar PDMS 560 17.36 81.85 7.95
Inverted Moth-eye 564 20.2 81.83 9.32
Moth-eye 565 21.11 81.83 9.76
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cells with smooth surface, that of the solar cells with inverted Moth-eye
nanostructure increased by 32.9%, and that of the solar cells with Moth-
eye nanostructure increased by 42.3%. The conversion efficiency of
ultra-thin c-Si solar cells increased from 6.86% to 9.76%, and the VOC

increased from 557 mV to 565 mV, when Moth-eye nanostructure
PDMS films with d of 800 nm were applied. This kind of PDMS film
with Moth-eye nanostructure can be used in other flexible solar cells for
both antireflective and flexibility.
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