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A unique method is proposed to encapsulate solar cells and improve their power conversion efficiency by using a
millimeter-sized cylindrical lens array concentrator. Millimeter-sized epoxy resin polymer (ERP) cylindrical lens array
concentrators are fabricated by the soft imprint technique based on polydimethylsiloxane stamps. The photovoltaic mea-
surements show that millimeter-sized ERP cylindrical lens array concentrators can considerably improve the power conver-
sion efficiency of silicon solar cells. The validity of the proposed method is proved by the coupled optical and electrical
simulations. The designed solar cell devices with the advantages of high-efficiency and convenient cleaning are very useful

in practical applications.

Keywords: millimeter-sized cylindrical array concentrator, silicon solar cells, high-efficiency, soft imprint

method
PACS: 88.40.hj, 88.40.fr, 42.79.Ek

1. Introduction

Photovoltaic (PV) technology is considered to be one of
the most promising alternatives to fossil fuels, as it provides a
source of energy that is both sustainable and environmentally
friendly. The PV market has experienced a rapid growth over
the past two decades.!'™* The crystalline silicon (c-Si) solar
cell, which was over 90% of the market in 2014, 2 represents
a cost effective, environment-friendly, and proven renewable
energy resource. Industrially manufacturing of c-Si solar cell
has now matured in terms of efficiency and cost. Wafer-based
c-Si solar cells are produced from slices of either single-crystal
silicon (sc-Si) or multi-crystalline silicon (mc-Si), boosting
a market share of 35% or 55% respectively in 2014.12) On
the other hand, since technology advances and government-
oriented policy support through feed-in tariffs,[*! the price of
silicon PV cells has decreased from $76 per watt in 1977 to
$0.3 per watt at present.

One of greatest technology advances in c-Si PV technol-
ogy is the textured structure of silicon solar cell, which is
useful in improving the efficiency of solar cells. Ideally, a
solar cell should absorb all useful photons. However, more
than 33% of incident light is reflected back from the flat sur-
face of c-Si solar cells. The surface of silicon in current
high-efficiency c-Si solar cells has a complex surface structure

such as pyramid,>® inverted pyramid,!”~*) biomimetic,'"!

[11-14] 15-17

subwavelength grating, nanowire array,! I and other

[15,18-20

nano/microstructure. I The micro/nano structure sur-

face of Si PV layer needs to be permanently protected by
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encapsulation, for providing and maintaining a transparent
physical isolation from the exterior environment.>!?>) The
plane protective transparent film encapsulation is generally
unable to substantially improve the photoelectric conversion
efficiency of solar cells.?>2#1 Many researches have focused
on the improving efficiency of Si solar cells encapsulated by
antireflective coating (AR) with complex micro/nanostructure

e.[25-291 1t is well known that dust accumulation is one

surfac
of the natural phenomena, which adversely affects the perfor-
mance of solar cell devices.?Y Therefore, the surface of so-
lar cell device has to be cleaned termly to maintain the solar
cell performance undegraded. Micro/nanostructures are frag-
ile and vulnerable in cleaning the dust particles, which might
lead to the serious degradation of the micro/nanostructures
AR performance and lower the output power of solar cell de-
vice. On the other hand, the fabrication process of the mi-
cro/nanostructure AR coatings is complex and the cost of fab-

2529311 which is incompatible with indus-

rication is high,!
trial mass production of solar cells.

In order to overcome the disadvantages of mi-
cro/nanostructure AR coatings and enhance the applica-
tion ability of solar cell devices outdoors, we propose the
millimeter-sized cylindrical array concentrator to encapsulate
Si solar cells. The transparent epoxy resin polymer (ERP),
which has a high light transmittance of 92% more in 350—
1800 nm solar PV wavelength range and strong stiffness
(Yung’s modulus is 3.43 GPa),[3>31 is chosen as experimen-
tal material of fabricating millimeter-sized cylindrical array

concentrators, for lowering the cost in this experiment. Fur-
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thermore, a milli-scale pattern of template can be facilely
transferred to ERP film by using a simple soft stamp method,

r.134 The millimeter-

which has been used in our previous pape
sized ERP cylindrical array concentrators are fabricated by the
two-step soft imprint stamp method and their effectiveness in
improving the power conversion efficiency (PCE) of solar cells
is measured and analyzed by the optical and electrical sim-
ulations. The theoretical and experimental results show that
the absorptivity of PV Si layer increases and consequently the
PCE of solar cells encapsulated by the ERP array concentrator

is substantively improved.

2. Experimental and simulation modeling de-
tails

2.1. Experiments

Figure 1 shows the schematic diagram illustrating the fab-
rication procedure of a milimeter-sized cylindrical array con-
centrator of the ERP film and the encapsulation procedure
of the mc-Si solar cell. In process 1 of Fig. 1, to fabricate
polydimethylsiloxane (PDMS) stamps with cylindrical con-
cave lens array, the silica glass master mold with cylindrical
plano-convex lenses consisting of periodic pattern array was
used. The silica glass mold was formed by gluing cylindri-
cal plano-convex lenses side by side. The curvature radius
and bottom width of the silica glass cylindrical plano-convex
lens were 2.5 mm and 4 mm respectively in the experiment.
In consideration of the purchased solar cell with the 2 mm
spacing between finger electrodes, we purchased the cylin-
drical convex lenses with 4 mm in width from the business
company (Lianyungang Haisheng Quartz Tech. Co., China).
A PDMS film was employed as the soft imprint stamp due
to its excellent formability. The PDMS solution prepared by
mixing the prepolymer of Sylgard 184A with the copolymer
of Sylgard 184B at a weight ratio of 10:1 was poured on the
silica glass mold and then cured at a temperature of 80 °C
for 2 h in air. The PDMS film was carefully peeled off from
the silica glass mold, creating the PDMS imprint stamp with
cylindrical concave lens array pattern. Some bare multicrys-
talline silicon solar cell sheets with a 20 mmx20 mm area,
which were purchased from the business company (Taizhou
Zhonglai Photoelectric Tech. Co., China), were cleaned with
alcohol and subsequently dried in a flowing nitrogen gas. In
process 2, a cleaned bare solar cell sheet was pasted onto a
substrate with ethylene vinyl acetate copolymer (EVA) adhe-
sive. The ERP solution, which was prepared by mixing the
prepolymer purchased from Shenzhen Jinhua Electronic Ma-
terials Co. of China with the copolymer at a weight ratio of
2:1, was poured on the cleaned solar cell inside the container.
The PDMS stamp was gentle placed onto the ERP solution
and was followed by vacuumizing at 0.1 Pa to expel the air

between the PDMS and the ERP. The supporting layer height
was controlled to be smaller than the focal length, and the cen-
ter line of each lens is projected into the middle area between
finger electrodes to avoid the shading losses. After 8 h curing
at 100 °C, the PDMS stamp was carefully peeled off from the
ERP surface and finally an ERP-encapsulated mc-Si solar cell

with a cylindrical convex lens array front surface was formed.
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Fig. 1. (color online) Schematic diagram illustrating fabrication proce-
dure of ERP-array-concentrator mc-Si solar cell. Process 1: Fabricating
PDMS stamp from glass master mold. Process 2: Fabricating ERP lens
array concentrator and encapsulation of the mc-Si solar cell.

2.2. Simulations

For millimeter-sized lens array concentrators, optical
simulations were performed by using the rays-trace method in
TracePro software. [ Figure 2 shows the simulation model,
where the structure parameters of cylindrical lens are the same
as the corresponding parameters indicated in Subsection 2.1.
The other structure parameters approximately are those that
were used for replicating a realistic mc-Si solar cell, which are
presented in Table 1. The refractive indexes of Si (PV layer),
SiN (passivation layer), Ag (front contact), and Al (back con-
tact) used in these calculations were cited from the Database in
PV lighthouse.?®! The refractive index of the used ERP film
was measured by using the ellipsometer (HORIBA UVISEL
2), which is fitted in a range of 350-1200 nm wavelengths as

n=1.5565+0.007280354 2 +0.000221012A~*. (1)

In this range of wavelength, the extinction coefficient of the
ERP is negligible.>3] The absorption spectra in PV Si layer
were obtained from the report of luminous flux in the Trace-
Pro, and the absorptivity distribution, P(A,7), was obtained
from the irradiance map for exiting flux of the observation sur-

face scanned in PV Si layer.
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Fig. 2. (color online) Cross-section schematic illustrating ERP-array-
concentrator encapsulated mc-Si solar cell structure.

Table 1. Geometry structure parameters of solar cell.

Parameter Value Parameter Value
thickness of Ag 20 um thickness of SiN 5 nm
width of Ag 100 um height of ERP film 1-4 mm
period of Ag 2 mm thickness of Al 200 um
thickness of mc-Si 200 pum

The coupling with electrical simulations of the solar cell
was carried out afterwards by using the finite element method
(FEM),37] which accounts for a wide variety of electronics
effects. 3] Continuity equations for electron and hole densi-
ties together with the Poisson’s equation for the electrostatic
potential were solved by the FEM charge simulator. The spa-
tially resolved carrier generation rate G(r), calculated from
the absorptivity distribution obtained from the TracePro, re-
lates optical simulation to electrical simulation, which is de-
fined as

1 Amax
Gr) =5 [, emMPALIIAIAL, @

where h = h/2m with h being the Planck constant, &, (A) is
the imaginary part of the permittivity, &m(A) = 2&n(A)x (1)

with n(A) being the real part of refractive index and x(A)
the extinction coefficient of Si, and r denotes the space co-
ordinate. In the FEM charge simulation, Shockley—Read—Hall
(SRH) recombination, radiative recombination of carriers, and
Auger recombination were considered in PV Si film. In ad-
dition to bulk recombination, surface recombinations at three
Si—Ag, Si—Al, and Si-SiN interfaces were also taken into ac-
count. Table 2 shows the parameters of materials and inter-
faces and Table 3 shows doping parameters of the solar cell in

electrical simulations.

Table 2. Parameters of materials and interfaces.

Parameter and description value
electron lifetime/s 3.3x107°
hole lifetime/s 4.0x107°
electron effective mass (m* /mg) 1.18

hole effective mass (m* /myg) 0.8098
radiative EHP capture rate/cm?>-s~! 1.6x10714
electron Auger recombination coefficient/cm®-s~1 2.8x1073!
hole Auger recombination coefficient/cm®.s~! 9.8x1073!
Si work function/eV 4.58

Ag work function/eV 4.26

Al work function/eV 4.28

Si permittivity 11.7

SiN permittivity 7.5
electron and hole surface recombination velocity at  1.0x10°

Si—Al interface/cm-s !

electron and hole surface recombination velocity at 1000
Si-SiN interface/cm-s !

electron and hole surface recombination velocity at  1.0x 107
Si-Ag interface/cm-s~!
simulation temperature/K 300

Table 1. Doping parameters of solar cell.

Doping region Type Concentration Junction thickness Thickness Distribution
background p 1.5x10'% ¢cm™3 - whole Si constant
front surface n 1.0x10'" cm™3 0.2 um 0.3 um erfc
back surface p 1.0x10'8 cm—3 0.3 um 0.2 um erfc

3. Results and discussion
3.1. Experiment results

Figure 3(a) shows the digital image of the PV perfor-
mance test system (Keithley 2420+ Newport Class3A solar
simulator+ the PVIV software package from Newport). Fig-
ure 3(b) shows the measured current density—voltage (J-V)
curves of the ERP-encapsulated mc-Si solar cells at 8 = 0°
and 7 = 3.75 mm, where 0 is the incident angle between in-
coming sunlight and normal direction of the cell and # is the
distance between the lens array and the front surface of the un-
encapsulated cell. It is found from Fig. 3(b) that the values of
open-circuit voltage V. of two ERP-encapsulated cells with
and without the cylindrical lens array concentrator (CLAC)
have no significant difference. The short-circuit current den-

sity Jy of the solar cell increases from 34.50 mA/cm? (without
the CLAC) to 37.84 mA/cm? (with the CLAC), the improve-
ment rate of Jy. being 9.68%, while the filled factor FF de-
creases from 72.35% to 70.91%, the decrease rate of FF being
1.99%. Since the PCE is proportional to the product of V.,
Jsc, and FF, the PCE of the solar cell at 4 = 3.75 mm is im-
proved from 15.33% to 16.45%, the improvement rate being
7.31%. There are two factors which lead to the efficiency im-
provement of the PV cells with a CLAC. One factor is that
the curved surface increases the effective optical path length
in PV active layer. The other factor is the focusing function of
the cylindrical lens. Under the focusing light incident onto the
PV material, the carrier mobility in mc-Si material increases

and the recombination of carriers decreases. 3%}
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Fig. 3. (color online) (a) Digital image of measurement setup and (b)
measured current density—voltage curves of ERP-encapsulated mc-Si
cell cells with and without lens array surface at 4 =3.75 mm and 6 =0°.

Owing to the existence of focusing convex cylindrical
lenses in solar cells with the CLAC, the photon utilization ef-
ficiency is dependent on the supporting layer height (4). Fig-
ure 4 shows the measured PCE improvement of the Si so-
lar cells with the CLAC according to % values ranging from
2.25 mm to 5.25 mm in steps of 0.5 mm. As A increases for
small values of & < 3.75 mm in Fig. 4, the PCE improvement
rate of the solar cell increases, reaching its maximum value of
7.50% at h = 3.75 mm with a focusing area ratio of 29.38%.
Although the light becomes more focused even with & exceed-
ing 3.75 mm, the PCE of the cell decreases.

Rate of PCE improvement/%
T I N - N

o

20 25 3.0 35 40 45 50 5.5
ERP supporting height h/mm

Fig. 4. (color online) Variation of measured rate of PCE improvement

with ERP supporting height of the Si solar cell with the CLAC at 6 =0°.

The incident angle of solar radiation is wide due to diffuse
light scattered by atmosphere and the positional variations of

the sun in a day and the seasons. Thus, the incident light angle-
dependent electrical characteristics of the Si PV cells are also
important. In order to study the incident angle-dependent per-
formance, the solar cell device is rotated around the axis of
cylindrical lens in a 6 range of 0°-60° while the solar simula-
tor is fixed in the tests. Figure 5 shows the measured PCE of Si
PV solar cells with and without the CLAC. Although the PCE
values generally decrease as 6 increases, the solar cell with
the CLAC exhibits a superior solar energy conversion per-
formance compared with the reference solar cell without the
CLAC in two angle ranges of 8 < 10° and 6 > 23°. However,
it is noted that the PCE of the solar cell with the ERP CLAC
is lower than with ERP slab encapsulation in an angle range
of 10°-23°. The explanations to this phenomenon are given
as follows. When light is incident on the solar cells with the
CLAC normally or at a large incident angle, they are focused
onto the area between finger electrodes and consequently the
PCE of the solar cell is improved due to the focusing effect
of lens. Since finger spacings of bought silicon solar cells are
fixed, a part of light is probably focused onto finger electrodes
when light are incident at an angle of about 10°-23° and con-
sequently the solar cell with the CLAC exhibits a lower PCE
than the solar cell without the CLAC. According to the mea-
sured data, we calculate the averaged PCE of the solar cell
with the CLAC, and the results show that it increased by about
10% (from 13.65% to 15.07%) over a broad 6 range of 0°—
60°, compared with the averaged PCE of the solar cell without
the CLAC. Thus, the use of the array concentrators can lead
to the improvement of solar power generation in PV cells in
a wide range of incident angle. If an optimised structure of
finger electrodes is designed and used in Si solar cells with
the CLAC, the shadowing effect can be lowered and the aver-
aged PCE of the solar cell can be further improved, which is of
significance for practically deploying the solar panels without

using a costly solar tracking system. [4°]

PCE/%

-o-ERP slab encapsulation
-o-ERP array-concentrator encapsulation

0

0 10 20 30 40 50 60
Incident angle 6/(°)

Fig. 5. (color online) Plots of measured PCEs versus incident angle of
solar cells encapsulated by the ERP array concentrator and by the ERP
slab at # = 3.75 mm.
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3.2. Simulation results and discussion

In order to explain the experimental results above, we
simulate the optical and electrical performance of solar cells
by using the optical and electrical simulations, in which the
optical absorptivities are calculated by using the TracePro soft-
ware and the electrical characteristics are simulated by use
of the FEM method to solve continuity equations for electron
and hole densities together with the Poisson’s equation. Fig-
ure 6(a) shows the absorption spectra of PV Si layer in solar
cells with and without the CLAC when 6 = 0° and & =2 mm.
It can be seen that the cylindrical lens array concentrator en-
hances the optical absorptivity of the PV Si layer in a very
wide wavelength range of 350-1100 nm. The integrated ab-
sorptivity over 350—1100 nm wavelengths is 58.46% for the Si
solar cell with the CLAC, which increases 5.12%, and is larger
than 55.61% of the device without the CLAC. Our explana-
tion for this is as follows. For the Si solar cell encapsulated
by the ERP slab with specular surfaces, the absorbance in the
Si film is equal to 1 —exp(—2aL), where « is the optical ab-
sorption coefficient of Si, L is the thickness of the Si film, and
the factor of 2 accounts for the double pass due to the reflect-
ing rear surface. For the ERP-lens-array-encapsulated Si solar
cell with the periodically curved top surface, normally inci-
dent light is deflected away from the angle of incidence at the
curved top interface and is trapped inside the Si material. The
light remains trapped until it either absorbed or scattered back
into the escape wedge for the two-dimensional structure. 4131
Consequently, the lens array curved surface structure results
in the increase of absorptivity within the PV Si layer. For the
milimeter-sized cylindrical lens array concentrator used, the
focusing effect of supporting layer height on absorptivity is
shown in Fig. 6(b). It is found form Fig. 6(b) that h has an
important effect on the absorptivity of Si solar cells with the
array concentrator. The calculated maximum value of Ajy is
equal to 61.79% at h = 3.5 mm in Fig. 6(b), which is increased
by 11% larger than that of the device without the array concen-
trator.

The spatially resolved carrier generation rate G(r)
(Eq. (2)) obtained by the ray-tracing simulation is considered
as a light source in the FEM charge simulation. Figure 7(a)
shows the simulated current density—voltage curves and PCEs
for two Si solar cells with and without the CLAC, respectively.
It is noted that the values of Jy., FF, and PCE obtained by theo-
retical simulation are larger than experimental measurements,
which is because the parasitic resistance, defects in Si, and
absorption in ERP are not considered in the theoretical simu-
lations. It is found from Fig. 7 that compared with the PCE
of the solar cell without the CLAC, the PCE of the solar cell
with the CLAC are improved by 6.3% in theory, which is close
to 7.5% obtained from experiment. The tendence of PCE im-
provement with the supporting layer height / in Fig. 7(b) is

similar to the experimental curve shown in Fig. 4. The non-
monotonic behavior of the PCE improvement with & can be
explained as follows. For a whole concentration solar cell, 4]
its PCE increases with concentration ratio (X) and the incre-
ment of PCE improvement can be expressed as!*”]

kg T
An = il

= Ve (D) InX, 3)

where V(1) is the open-circuit voltage at X = 1. For the stud-
ied local distributed concentrating solar cell encapsulated by
an ERP cylindrical array concentrator, however, there exist the
focusing high-intensity region and nonfocusing low-intensity
and/or shade region. The change in & affects the PCE by si-
multaneously changing two factors: (i) the concentration ra-
tio X and (ii) the ratio between the light highly focused area

31401 Larger X implies the

and lower-intensity or shade area.!
higher efficiency in highly focused area, but in unfocused low-
intensity area, the efficiency becomes lower. Therefore, for
the studied solar cells with cylindrical array concentrator, it is
necessary to have a delicate balance between light focusing in-
tensity and focusing area ratio by changing the height of 4. An
aggressive approach to improve one of them may lead to re-
ducing the device PCE without a proper value of 4. Figures 4
and 7(b) show that the balance point is close to 4 = 3.75 mm
with a focusing area ratio of 29.38%, at which the PCE reaches

its maximum value.

100

(a)

80F

60|

40

Absorptivity A(\)/%

20 —with array concentrator
—without array concentrator

0.4 0.6 0.8 1.0
Wavelength A\ /pm

Integrated absorptivity Ai/%

561 2 3 4 5

Supporting layer height h/mm

Fig. 6. (color online) (a) Absorptivity spectra of simulated solar cells
with and without the array concentrator at & = 0° and 2 =2 mm. (b)
Dependence of integrated absorptivity on height of supporting layer be-
tween array contentrator and surface of bare Si solar cell at 6 = 0°.
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Fig. 7. (color online) FEM simulations of electrical performance of Si
solar cells with and without a cylindrical array concentrator. (a) J-V
curves of solar cells under normal incidence and & = 3.75 mm, where
table in inset shows electrical parameters of solar cells. (b) Plots of PCE
of solar cell with an ERP array concentrator and its PCE improvement
relative to the solar cell with a plane ERP surface versus supporting
layer height.

4. Conclusion

A millimeter-sized cylindrical lens array concentrator is
proposed to improve the PCE of silicon solar cells. We have
both theoretically and experimentally investigated the absorp-
tion enhancement and PCE improvement of silicon solar cells
with the millimeter-sized cylindrical ERP lens array concen-
trator fabricated by a simple and well-engineered soft imprint
technique. The simulation and measurement results show that
the PCE of silicon solar cell with the ERP cylindrical array
concentrator is dependent on the supporting layer height and
the optimal supporting layer height is equal to 3.75 mm, at
which the PCE reaches its maximum value. Intriguingly, it
is discovered that the averaged PCE over the incident angle
range of 0°—60° is improved by 10%, compared with the aver-
aged PCE of the solar cell without the concentrator. It should
be pointed out that milli-scale lens arrays, unlike micro- and/or
nano-scale microlens arrays which are fabricated by costly and
complicated photo lithography or electron beam direct writing
system, can be obtained conveniently by simple equipment

and technique. Furthermore, the millimeter-sized lens array

AR coating facilitates cleaning the solar cells when they are
installed outdoor. In a word, this work provides a way to de-
sign and fabricate simple, practical, and mass-production op-

tical trapping structures of high-efficiency solar cells.
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