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Abstract: Light trapping micro-nano structures have been widely used to optimize the function of
solar cell devices, especially microlens arrays (MLAs). In this article, we first prepared composite
films by using sol-gel technology and the spin coating method, and then constructed heteromorphic
MLAs on the surface of the composite films by using thermal reflow and UV nanoimprint technology;
the substrate used was the silicon solar cell. Finally, the performance of the cells was improved.
Optical transmission properties and surface morphology of the organic-inorganic hybrid films were
detected by using a UV-Vis spectrometer and atomic force microscopy, respectively; it was revealed
that the hybrid films had relatively excellent optical transmission performance in the visible light
range. Surface structure of the hybrid film MLAs were detected by using SEM. At the same time,
the optical imaging capabilities of MLAs were studied by using optical microscopy. Besides, the
contact angles of the MLAs were also measured. It can be clearly seen that the prepared MLAs have a
regular arrangement, clean appearance, and good imaging capabilities (from the actual test results).
Finally, the various parameters of the silicon solar cells with hybrid film MLAs were studied. In
addition, the power conversion efficiency (PCE) values increased by about 10.48% for the silicon solar
cell with circular MLAs, compared to the silicon solar cell without a structure. The results show a
concise and effective method to prepare organic—inorganic hybrid film MLAs on silicon solar cells,
with significant improvement in photoelectric conversion efficiency.

Keywords: MLAs; silicon solar cell; organic-inorganic; hybrid films; UV imprint

1. Introduction

Solar energy plays an increasingly important role as a clean energy source [1].
In order to meet the global demand for energy, different types of solar cells have been
developed—amorphous silicon cells [2], single crystalline silicon cells [3], gallium arsenide
cells [4], and perovskite cells [5-7], among others. Silicon solar cells offer the advantages of
long life, reliable performance, low price, and extensive applications in the photovoltaic
field [8,9]. In recent years, micro-nano structures such as microlens arrays (MLAs) [10,11],
inverted pyramid [12,13], nanowires [14], nano-gratings [15], micro/nanocones, and bion-
ics [16], have been built on the surface of silicon solar cell devices to improve photoelectric
conversion efficiency.

Among all the micro-nano structures, MLAs have been widely applied to improve the
quality of solar cell devices. For example, Lin et al. reported a circular lens in epoxy polymer
state to enhance the power conversion efficiency (PCE) of silicon solar cell devices, resulting
in output power improvement by about 8.6% [17]. Ha et al. prepared a dye-sensitized solar
cell device with a polymer lens, improving the maximum output power by about 50.2% [18].
Tseng et al. proposed an optical film with a cylindrical MLAs structure, increasing PCE by
3.3% [19]. Li et al. applied nanoscale nipple arrays deposited on the surface of cylindrical
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lens arrays to solar cell devices and reported PCE increase by 4.95% [20]. The above studies
show that MLAs have broad prospects and extremely high popularity in improving the
quality of solar cells.

In this paper, different MLAs were constructed on organic-inorganic hybrid film
surfaces using UV nanoimprint technology. The hybrid film MLAs were then attached to
silicon solar cell devices. In addition, the optical and structural features of both the hybrid
films and the MLAs were studied. At the same time, the hydrophobic and diffraction
properties of the MLLAs were also characterized. Finally, photovoltaic performances, includ-
ing the current voltage and power of the silicon solar cells with hybrid film MLAs were
investigated. It was revealed that the PCE of silicon solar cell device with circular MLAs
increased by a maximum of 10.48%. It should be emphasized that the improvement here
refers to a relative percentage gain. Thus, we have shown a concise and effective method
for organic-inorganic hybrid film MLAs to be applied to silicon solar cells.

2. Materials and Methods
2.1. Design of MLAs Masks

Figure 1 describes the design of MLAs masks. It can be seen that circular and hexagonal
MLAs are designed as a honeycomb shape, and the square MLAs are designed as a square
shape. D; and D3 are the side lengths of the MLAs, D; is the diameter, and dj, dy, and
dj3 represent the pitch. It should be emphasized that the distance between two pattern
centers of the MLAs are 65, 42, and 45 um for the hexagonal, circular, and square MLAs,
respectively. The values of the detailed parameters, including the diameter and space of
the MLAsS, can be found in Table 1.

(A) B) ©)

Figure 1. Design of MLAs masks with different arrangement shapes: (A) hexagonal combination
arrangement, (B) circular combination arrangement, and (C) square combination arrangement.

Table 1. Specific values for the MLAs.

MLAs Shape Diameter/Side Length (um) Height (um) Space (um)
Hexagonal 30 10 5
Circular 30 10 12
Square 30 10 15

2.2. Fabrication Process of Hybrid Film MLAs Built on Silicon Solar Cells

The flowchart of the fabrication procedure of the hybrid film MLAs built on silicon
solar cells is shown in Figure 2. There are mainly two steps: First, the original MLAs
templates were prepared by combining photolithography and photoresist thermal reflow
method, as shown in Figure 2A-D. Second, the organic-inorganic hybrid film MLAs were
prepared on silicon solar cells by using the ultraviolet nano-imprint technique, as shown in
Figure 2E-H. The detailed fabrication process is provided below.
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Figure 2. Experimental flowchart of MLAs built in bare silicon solar cells. (A) Spin-coating of
photoresist thin films on a silicon substrate; (B) the photoresist films are placed under the irradiation
of ultraviolet light with a mask; (C) thermal reflow process; (D) photoresist MLAs template; (E) slowly
dumping the PDMS precursor over the MLAs template; (F) gently removing the PDMS to obtain the
MLAs soft mold; (G) the PDMS mold is tightly attached to the hybrid films’ surface deposited on
silicon solar cells; (H) exposing the sample to UV light for solidification; and (I) silicon solar cells are
obtained with organic-inorganic hybrid film MLAs.

2.3. Preparation Process of Organic-Inorganic Hybrid Films

This process mainly includes the preparation process of three mixed solutions. Solution
I: 4 mol of ethanol was mixed with 1 mol of 3-glycidoxypropyltrimethoxysilane (GLYMO),
4 mol of deionized water, and 0.05 mol of hydrochloric acid; the liquid mixture was stirred
continuously for 60 min. Solution II: 4 mol of acetylacetone was dissolved in 1 mol of tetra-
butyl titanate (TPOT); the liquid mixture was then stirred continuously for 60 min. Solution
III: 4 mol of deionized water was mixed in 1 mol of 3-methacryloxypropyltrimethoxysilane
(MEMO), 4 mol of isopropyl alcohol, and 0.05 mol of hydrochloric acid, and then stirred
continuously for 60 min. The three solutions were mixed at a certain molar ratio—TPOT:
GLYMO: MEMO = 0.3: 0.2: 0.2. Finally, the liquid mixture was placed at 25 °C and stirred
continuously for 48 h; this was done to allow the solution to fully dissolve and react. It
should be mentioned that 2,4,6-trimethylphenyl with 3 wt.% was added as a photo-initiator
in the above liquid mixture half an hour before the solution was used. Organic—-inorganic
hybrid films were then prepared on silicon solar cells or a glass surface using the spin
coating technique at 1800 rpm for 1 min. The thickness of the films was measured to be
about 10 um.

2.4. Preparation of the MLAs Templates

The MLAs templates were prepared by using photolithography and photoresist ther-
mal reflow methods, as shown in Figure 2A-D. First, photoresist (AZ-1500) films were
spin-coated on a clean silicon substrate surface at 1500 rpm for 1 min. Second, the photore-
sist film was baked at 100 °C in an oven for 10 min to remove excess moisture and solvents.
Third, the photoresist film samples were placed under UV light for 1 min using a Ge mask.
After treatment with the alcohol solution, the photoresist sample was placed on a hot plate
at 150 °C for 60 min. Finally, photoresist templates with MLAs were fabricated.

2.5. Hybrid Film MLAs Built on Silicon Solar Cells

The organic—inorganic hybrid film MLAs were fabricated on silicon solar cells with the
ultraviolet imprint technique, as shown in Figure 2E-I. At first, a PDMS monomer (Sylgard
184) and cured adhesive were mixed at a mass ratio of 10:1 in a small beaker. The mixture
was slowly placed on the MLAs templates” surfaces, after the sample then transferred to a
vacuum drying apparatus and heated at 80 °C for 60 min. A PDMS soft mold with MLAs
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pattern was obtained when it was removed from the templates. Second, the PDMS soft
mold was imprinted onto organic-inorganic hybrid films deposited on the silicon solar
cells at a spinning speed of 1800 rpm for 1 min. The experimental samples were placed
under ultraviolet light (365 nm) for 30 min to solidify the organic-inorganic hybrid films.
In the end, the PDMS soft template was slowly removed, obtaining silicon solar cells with
MLAs. It should be mentioned that the pristine silicon solar cells were purchased from
Shanghai Suiying Photovoltaic Technology Co., Ltd. (Shanghai, China)

2.6. Sample Characterizations

The roughness of the organic—inorganic hybrid films was measured by using an
AFM (Bruker Dimension Icon, Bruker, Karlsruhe, Germany). The light transmittance of
the organic-inorganic hybrid films was investigated with a UV-Vis spectrometer (USA
UNICO UV-28004, Shanghai Bayu Co., Ltd., Shanghai, China). The imaging capabilities of
the MLAs were surveyed using an advanced optical imaging instrument (Eclipse Ti2-A,
NIKON, Shanghai, China). At the same time, the profiles of the MLAs were observed by
using the step measuring instrument (Bruker D.T, Bruker Daltonics, Boston, MA, USA).
In addition, the contact angles of water on the MLAs were measured by using a contact
angle measuring instrument (JY-82B Kruss DSA, KRUSS, Hamburg, Germany). The surface
structure of the MLAs were detected by using a scanning electron microscope (Supra 55,
Bruker, Karlsruhe, Germany). The laser diffraction ability of the organic-inorganic hybrid
film MLAs constructed on glass substrates was observed by a homemade laser system. The
photovoltaic performances of the silicon solar cells with MLAs were measured by using a
solar workstation of AM 1.5 (SAN-EI, Hitachi, Tokyo, Japan).

3. Results and Discussion
3.1. Surface Roughness and Transmittance Characteristics

The optical properties of the organic—inorganic hybrid films were studied in this
research work. AFM imaging of the organic—inorganic hybrid films detected an area range
exceeding 5 pm x 5 pum size, as shown in Figure 3A. It needs to be emphasized here that
the film was prepared on a glass substrate surface at a spinning speed of 1800 rpm for
1 min and baked at 100 °C for 10 min. It can be clearly seen that the organic—inorganic
hybrid films have a clean and flat surface. The light transmission properties of these films
are shown in Figure 3B. Figure 3B shows that the organic-inorganic hybrid films have a
relatively high light transmission—the transmittance value is almost over 90% in the visible
light range of 350-800 nm, and the films show potential application value in the optical
field. We can also see from Figure 3B that the organic-inorganic hybrid films with MLAs
have good light transmittance properties.
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Figure 3. (A) AFM image of the organic-inorganic hybrid film baked at 100 °C for 10 min, and
(B) light transmission properties of the organic—inorganic hybrid film MLAs.
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3.2. Surface Morphology and Outlines of the Hybrid Film MLAs

The SEM images and outlines of the hybrid film MLAs built on silicon solar cells
are shown in Figure 4. It can be seen from Figure 4A—C that the hybrid film MLAs have
a regular arrangement without obvious defects. Additionally, it can be obtained from
Figure 4D-F that the values of the diameter or the side length of the MLAs are 47.5, 34.5,
and 37.5 um for the hexagonal, circular, and square MLAs, respectively. At the same time,
the height of the MLAs are 11.5, 10.1, and 10.2 pm, respectively. It is revealed that there
is some difference in the values of the fabricated MLAs, compared to those of the MLAs
mask, which is caused by the thermal reflow and imprint process.
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Figure 4. The SEM images and corresponding outlines of the (A,D) hexagonal MLAs, (B,E) circular
MLA and (C,F) square MLA built on the silicon solar cells” surface; the length of the red arrows in the
SEM images is 45.5 um.

3.3. Optical Imaging Capabilities

The optical imaging properties of the organic-inorganic hybrid film MLAs were
observed by using an inverted optical microscope system. It needs to be emphasized here
that the MLAs were fabricated on glass substrates and baked at 100 °C for 10 min. During
the measurement, the glass sample with MLAs was placed in the center of the carrier plate
and a small Intin-foil with the letter “T” was placed between the light source and the MLAs,
as shown in Figure 5A. By adjusting the relative position between the light source and
the carrier plate, the focus situation changed, and the imaging result of the letter “T” in
the system was obtained. It can be easily seen in Figure 5B-D that the MLAs have good
imaging performance, especially for the circular MLAs in Figure 5C.
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Figure 5. Diagram of the imaging system (A), and inverted images of a small Intin-foil with letter “T”
imaged by the hybrid film MLAs, (B) hexagonal MLAs, (C) circular MLAs, and (D) square MLAs.

3.4. Contact Angle and Laser Diffraction

Figure 6 shows the contact angle measurement results of the hybrid film MLAs built
on silicon solar cells. The contact angles are measured by dropping about 30 uL of water
onto the surface of the cells. Water droplets on the surface of MLAs can be observed with
an optical microscope and captured by a camera. It can be seen from Figure 6 that the
contact angles are 75°, 93°, and 98°, respectively, for the square, hexagonal, and circular
MLAs, showing good hydrophobic properties. Solar cells with a microlens structure have
good self-cleaning ability, thanks to the super hydrophobicity of the MLAs structure [21].

(A)

Figure 6. The contact angles of water on the (A) hexagonal MLAs, (B) circular MLAs, and (C) square
MLAs.

Figure 7 shows the laser diffraction properties of the organic-inorganic hybrid film
MLAs prepared on clean glass substrate surfaces. The laser diffraction imaging system
was constituted of an MLAs sample, a piece of clean A4 paper, and a laser pen. It should
be emphasized that the diameter of the laser was about 2 mm. During the process, a red
laser beam was passed through the hybrid film MLAs and irradiated onto the white paper;
photographs were taken to visualize the scattered light. It can be seen in Figure 7 that the
beam of laser light is scattered when it passes through the organic-inorganic hybrid film
MLAs, and a beautiful diffraction pattern is formed on the A4 paper. The most obvious
effect is seen on the circular MLAs (in Figure 7B). It should be mentioned that this scattering
causes the propagation direction of the light to change, and a shift from normal incidence
to incidence at a certain oblique angle, which can reduce the escape of light into air [22].
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Figure 7. Diffraction patterns of a laser beam passing through the hybrid film MLAs, (A) hexagonal
MLAs, (B) circular MLAs, and (C) square MLAs.

3.5. Transmission Mechanism of Light on Silicon Solar Cells

The as-prepared MLAs were built on silicon solar cells. The photographs of the silicon
solar cells (A) without the MLAs and (B) with the MLAs are shown in Figure 8A-B. The
square areas in Figure 8B are the MLAs. The size of the silicon solar cells is 2 cm x 1.5 cm.
Figure 8C-D shows the transmission mechanism of light on the silicon solar cell devices.
When the light is incident vertically on the bare silicon solar cell devices, it reflects back to
the original path, as shown in Figure 8C. If the light hits the surface of a silicon solar cell
with MLAs vertically, mainly three kinds of reflection paths (I, II, II) are noted, as shown
in Figure 8C. Lights I and II are completely dissipated in air, and light III can be absorbed
again by the silicon solar cells to improve the utilization of light energy. The local heat
received on the solar cell is different with varying types of MLAs. In addition, they can
receive more heat when exposed to more sunlight.

Figure 8. Photographs of silicon solar cells (A) without MLAs and (B) with MLAs and the transmis-
sion mechanism of light on (C) a bare silicon solar cell device and (D) a silicon solar cell device with
hybrid film MLAs.

3.6. Performance Characteristics

The photovoltaic performances, including current voltage and power of the silicon
solar cells with hybrid film MLAs, were compared with a bare cell device (shown in
Figure 9). It can be seen from Figure 9A that the open circuit voltages (V) of the silicon
solar cells have no significant difference. At the same time, the PCE of the silicon solar
cell devices with hexagonal MLAs, circular MLAs, and square MLAs can be calculated as
16.51%, 16.76%, and 16.41%, respectively. Obviously, there is a maximum PCE improve-
ment of about 10.48% for the silicon solar cell with circular MLAs. Finally, we can also
see in Figure 9B that the values of the maximum power (Pmax) of the silicon solar cells
with hexagonal MLAs, circular MLAs, and square MLAs are 41.62 mW, 42.25 mW, and
41.34 mW, respectively. It should be emphasized that the data obtained in the experiments
have been rounded to two significant figures. From the above results, it can be clearly seen
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that the MLAs are able to improve the performance of silicon solar cells, especially circular

MLAs.
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Figure 9. (A) I-V curves and (B) P-V curves of silicon solar cells with square MLAs, circular hexagonal

MLAs, and a circular MLAs structure, compared to those of a bare cell.
4. Conclusions

In conclusion, three types of MLAs were fabricated on organic—inorganic hybrid films’
surface by using UV nanoimprint technology, and the MLAs were applied on silicon
solar cells. The optical and surface morphology features of both the organic—inorganic
hybrid films and the MLAs were characterized. The test results revealed that the organic—
inorganic hybrid films have a smooth surface and a relatively high optical transmittance of
above 90% in the visible light range. In addition, the MLAs have a flat and clear surface
and relatively good optical imaging properties. Furthermore, the hydrophobic and laser
diffraction properties of the MLAs were also studied. Finally, photovoltaic performances,
including the current voltage and power of the silicon solar cells with hybrid film MLAs
were investigated, showing a maximum PCE improvement by 10.48% for the silicon
solar cell device with circular MLAs. The above results show that this is a simple and
effective method to fabricate hybrid film MLAs on silicon solar cells, resulting in significant
improvement in photoelectric conversion efficiencies.
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