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Abstract

For highly efficient solar cell, it is necessary to understand all the light loss in the solar cell and
develop broadband light harvesting. This thesis reports a polydimethylsiloxane (PDMS) film composed
of random sized inverted pyramidal structure (RSIPS) fabricated by simple and cheap process that
displays excellent optical properties. The RSIPS-PDMS film shows high optical haze which increase
the light scattering and low reflection because of a linear grading of the effective refractive index
profile from the air to glass or silicon layer. By applying the RSIPS-PDMS on Si solar cell, the current
density and efficiency was improved (i.e., 35.9mA/cm? 16%) compared to those of reference device
(i.e., 33.1mA/cm? 14.9%). Also, a polymer solar cell (PSC) with RSIPS-PDMS film has improved
current density and efficiency. The RSIPS-PDMS film is suitable for an antireflection film of diverse

solar cells.
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|. Introduction

1.1 Background of Solar Cells

1.1.1 Development of Solar Cells

Increasing demands and global environmental concerns for energy, coupled with continuous progress
in renewable energy developments, are offering new opportunities for use of renewable energy
resources. Among the renewable energy resources (i.e., tidal power, solar energy, hydroelectric power,
geothermal energy, biomass), solar energy is the most inexhaustible, clean and abundant.® The solar
power obstructed by the earth is approximately 1.8x10™MW. It is a lot of times larger than current
rate of whole the consumption. Solar photovoltaic cell technology is one of the best ways to utilize the
solar power. Hence there is growing interest for the development of solar energy harvesting in solar
cells. Solar cells are robust and simple in design requiring little maintenance, and have greatest
advantages as a stand-alone systems that provides microwatts to megawatts of outputs. Thus, they are
used for power supplies, water pumpings, solar home systems, space vehicles, satellites, and even
megawatt scale power plants. With such enormous applications, the demand for solar power

generation is increasing every year.

1.1.2 Principle and Characterization of Solar Cells
Photovoltaic effect

Photovoltaic effect is the concept that a solar cell turns sunlight into electricity. The sunlight is
consisted of photons in solar energy. The photons include different amounts of energy corresponding
to different wavelengths. They can be absorbed or reflected, or they can pass right through when

photons collide a solar cell. The absorbed photons produce electricity.

Principle of Solar Cells

Process in the operation of a solar cell is that current flows while holes and electrons move in p-type

layer and n-type layer when sunlight enters a solar cell composed of p-type and n-type junction.



Under illumination, electron-hole pairs are generated by photons at p-n junction in device. In order to
generate electricity, electron-hole pairs are separated immediately by electric field. Then electrons and
holes transport to n-type layer and p-type layer, respectively. The photovoltaic power is generated
between p-type layer and n-type layer. At this time, when a load is connected to the electrodes at both

ends, a current flows.?

Characterization of Solar Cells

The short-circuit current (Isc) is the maximum current when the voltage of the solar cell is zero. The
Isc is caused by generation and collection of photogenerated carriers. It is the maximum current that
can be drawn out by a solar cell because the photogenerated current and the Isc are the same. The Isc
is affected by various factors such as the area of the solar cell, the number of photons, the optical

properties, the spectrum of the incident light, the collection probability.

The open-circuit voltage (Voc) is the maximum voltage of the solar cell that occurs when the current

is zero, which is the amount of forward bias.

nkT Isc
Voc = Tln [E + 1] (1.1)
It can be seen that Voc depends on Isc and the saturation current (lo) of the solar cell via the above
equation (1.1). Iy becomes dependent on the recombination of the solar cell and Voc becomes a
measure of the quantity of recombination in the solar cell. Voc can also be obtained from the carrier

concentration.

VOC _ k;_T In [(NA+A2n)An]

i

(1.2)

n

where Nj is the doping concentration, n; is the intrinsic carrier concentration, kT/q is the thermal
voltage, An is the excess carrier concentration. In this way, Voc obtained from the carrier

concentration is called ‘implied Voc’.

The fill factor (FF) is parameter that determines the maximum power of the solar cell. That is the

maximum power ratio of the solar cell with product Voc of and Isc

FF = YmaxJmax (1.3)

Voclsc

Solar cell efficiency (n) is the most widely used and important factor that indicates performance of
2



solar cell. The efficiency is defined as equation (1.4)

n =50 x 100 (1.4)
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1.1.3 Type of Solar Cells
Si solar cells

The first solar cells are mainly based on silicon wafer and it was invented from Bell Lab. The Si
based solar cells typically represent a performance of 15-20%. These Si solar cells dominate the
market, are commercialized, and can be mainly found on the rooftops. The advantage of this solar cell
technology is not only high stability but also excellent performance. However, the Si solar cell are not

flexible and require much energy for production.

Polymer solar cells

Due to the polymer substrate, polymer solar cells (PSC) are usually flexible. The first PSC were
invented by Tang et al. at Kodak Research Lab.® PSCs are formed from thin films (about 100nm)
including polymer. It usually works as a combination of an acceptor (fullerene) and donor (polymer).
The PSCs can be fabricated with roll-to-roll technologies and large-scale production. Additionally,
these PSCs could be beneficial for some applications because of flexibility and disposability. However,

energy conversion efficiencies and stability of PSCs are very low compared to Si solar cell.

1.2 Optical Properties

1.2.1 Optical Losses

Light that can generate electron-hole pairs entered in the solar cell may be reflected at the surface or
not absorbed in the device, and it is called ‘optical loss’. By lowed the short-circuit current, optical
losses mainly affect the efficiency of a solar cell. For the almost solar cell, the all visible spectrum
(350-800nm) has sufficient energy to generate electron-hole pairs. Thus entire visible light must be
absorbed for efficient solar cell.

In case of Si-solar cell, the reflection of a Si surface is about 35% by its high refractive index
(nsi=4.08). The reflectance (R) between two materials (A) is defined by:

ng — Ngi\?
R=(0 Sl)
ng + ng;

where ng is A’s refractive index and ng is Si’s refractive index.
5
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1.2.2 Antireflection Coatings (ARC)

Reducing unwanted light reflections from the material surface is very important for improving the
performance of the solar cells. Efforts have been continued to reduce reflectivity by using several
coating and diverse patterns on the reflective surface known as ARC. ARC’s basic concept was
proposed by Rayleigh in 1979 that reflectance from the outer surface of the object can be reduced on
condition that the refractive index change between the object and its surrounding medium is small.*
Over several decades, diverse methods have been followed to reduce the reflection such as thin film

coatings and patterning on the surface.>®

Thin film ARC

The common method of the ARCs is coating a low refractive index layer. When the refractive index

and the thickness of the coating should satisfy the sequent conditions, the reflection is zero:

Narc = /MoMNs

A

d,=—
arc 4 X narc

where n, is the refractive index of ARC and ny, ns are the refractive index of the surrounding medium,
darc is the ARC thickness, A is the incident light wavelength. The single thin film as ARC is cost
effective, simple, and allow the mass production, but it has limitation for angle of incidence and the

wavelength.

Also, a multilayer ARC with diverse refractive indices of each layer is suitable for broadband AR, as
shown in Figure 1.3.”® However the fabrication processes of the multilayer ARC are complex, costly,

and time-consuming.



Phase Diff R,

n,, Substrate

Figure 1.3 Diagram of rays at (a) a single layer on substrate, (b) multilayer on substrate



Surface Texturing

Surface texturing also makes the surface antireflective. The roughness of the surface reduces the
surface reflection because more light is reflected from the surface than light going out.® Over the last
several years, many approaches for surface texturing as ARC have been mainly studied in Si inorganic

011 replicating fly eyes,*

solar cell. These approaches include reactive ion etching (RIE) process,
heteroepitaxial growth of nanorods,™ arraying of SiO, microspheres.** However, it is difficult to apply
to different solar cells such as polymer solar cell. Also, the fabrication process for the surface

texturing is complex, costly, and inadequate for mass production.

1.3 Soft lithography

Development of an enhanced AR layer by an effective method with simple and cost-effective
processes is very important. To fabricate AR layer with nano-and micro-structures, the soft
lithographic technique is generally utilized and depends on template replication and self-assembly. It
is also a simple process and play crucial role of protective encapsulation for mecanical damage.”>*’ As
shown in Figure 1.4, they could be repeatedly utilized for creating a surface pattern transfer, once

master molds are fabricated. Moreover, it is suitable for roll-to-roll fabrication and large-scale.*®

1.3.1 Polydimethylsiloxane (PDMS)

Elastomeric polydimethylsiloxane (PDMS) is the key element in soft lithography for the pattern
transfer. It is very useful due to its flexibility, durability, and low free surface energy. In addition to it
is appropriate AR layer because the refractive index of PDMS (n=1.43) is lower than other substrate
such as Si wafer(n=4.08) or glass(n=1.5)."° Additionally, the PDMS layer could be detached from

surface of flat substrates as well as strongly attached on it.
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Figure 1.4 Process of soft lithography
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1.3.2 Self-Assembled Monolayers (SAMs) treatment

In the soft lithography process, release layer which reduces the surface energy of the stamp and
reduces contamination by the resin, is a very important process.”’ The Si substrate used for the master
mold has high surface energy, so contamination phenomena due to resin and impurities occur
frequently when used without special surface treatment. Therefore, release layer process is necessary
to prevent contamination of the stamp during pattern transfer. The release layer treatment is a method
of reducing the adhesion of surface by surface treatment. In general, self-assembled monolayers
(SAMs) have the advantage that the surface energy can be easily adjusted by using a thin film of
several nanometers thick. As shown in Figure 1.5, the basic structure of SAM consists of X group
which can be hydrolyzed, linker which became a long alkyl chain, and R which is a functional organic
group. The X is a portion mainly reacting with the surface, after being hydrolyzed by water to form a
hydroxyl group (-OH), it forms a hydrogen bond with the —OH group on the inorganic surface like
silica particles. Also, R group can impart functionality for the next reaction.

11



o Liquid & Gas phase
0, plasma OH OH OH H Deposmon

e
e

VA Vavd \/\
\/\/\/\/\

-(CH,),-S1-X
T ( %)n 1 ,\3

Functional Linker Hydrolyzable

groups groups

Figure 1.5 (a) A diagram of deposition of silane SAM on Si wafer, (b) The basic structure of silane
coupling agent.
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1.3.3 Trend of soft lithography

It has been developed several design of the nanostructures as an ARC, such as 1D, 2D diffraction

gratings of light incident surface,”*

nano-periodic moth’s eye structures. Recently, Chen et al.
researched an ARC with self-cleaning function using biomimetic moth eye nanostructures by soft
nanoimprint lithography.”> These nanostructures such as nanopillar, nanowires, nanogratings can
reduce the surface reflections in wide ranges by the graded effective refractive index. However the
fabrication process of master mold are complex and costly such as subsequent dry etching and

nanolithography (e.g., laser interference lithography,® electron-beamlithography®’)

In contrast, the master mold with microstructure can be easily fabricated by a cost-effective and
relatively simple wet-etching method. The microscale structure can also extend the optical path length

and improve the diffuse transmittance, while keeping high total transmittance (e.g., high optical

28-31 32-33

haze). Additionally, it can help to lower total internal reflection losses in device.

In this thesis, we developed PDMS film with microstructure via simple wet-etching method and soft
lithography. The optical properties of PDMS film was investigated, and acquired high optical haze
and low reflectance properties as an antireflection layer. Also, the self-cleaning function of the PDMS
film was investigated. By applying the PDMS film on two type of solar cells (i.e., Si solar cell and
PSC), improved efficiency was compared to solar cells without the PDMS film due to the AR

properties. As a result, developed PDMS film is suitable for an antireflection film of all solar cells.

13



I1. Result and Discussion

2.1 Random-Sized Inverted pyramidal structure in PDMS film.

We developed a facile method to fabricate a PDMS film composed of random-sized inverted
pyramidal structure (RSIPS) by the soft imprint lithography with a Si mold. Figure 2.1 shows a
schematic images of the soft imprint lithography process steps for random sized inverted pyramidal
structures (RSIPS) on PDMS films. In advance, Si master molds are fabricated by simple wet-etching
method which form the sides of pyramids become randomly, thus resulting in random-sized pyramids
(Figure 2.2(a)). As shown in Figure 2.2(a), the average height of the pyramid is 8um. Then, these
random sized pyramidal structure (RSPS) Si master molds are deposited with trichloro-
(1H,1H,2H,2H-perfluorooctyl) silane (FOTS). The FOTS monolayer is the hydrophobic region which
have function of reduction of surface energy. A prepared PDMS solution was spin-casted on the
RSPS-Si mold and cured. The PDMS films were peeled off and thus the PDMS was consisted of
RSIPS. It was reported that the light trapping efficiency of random sized pyramid is higher rather than
that of uniform sized pyramid by simulation study. Figure 2.2(b) shows the inverted pyramidal
structures in the PDMS film were transferred from pyramidal structures of the Si master mold well
and the average height of the inverted pyramid on PDMS film is 5um. Thus, the shape of RSIPS
showed the opposite of RSPS Si master mold.

14
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Figure 2.1 Schematic images of the soft imprint lithography process steps for random sized inverted
pyramidal structures (RSIPS) on PDMS films. The RSIPS-PDMS films was laminated on transparent
glass substrate.
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RSPS-Si RSIPS-PDMS

Figure 2.2 (a) cross-sectional and 30°-tilted view SEM image of the (a) RSPS-Si master mold and (b)
RSIPS-PDMS film.
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2.2. Optical properties

To analyze the optical behaviors of the PDMS films, total transmittance and reflectance spectra were
investigated by a UV-Vis/NIR spectrophotometer (Figure 2.3). The result displayed that the total
transmittance of flat PDMS film on the glass (Ta4=91.72%) was increased compared to the glass
(Tag=90.99%) because of step gradient refractive index variation. In addition, by introducing flat
PDMS film on the glass, the total reflectance was further reduced, exhibiting the average total
reflectance of flat PDMS film/glass (Rag) Of 7.30% which is lower value than that of glass
(Rag=8.34%) (Table 1.). The refractive index at a 550nm wavelength of PDMS film (n=1.4) is
between air (n=1) and glass (n=1.53), it can reduce the surface reflection (Figure 2.4). Thus, as an
effective antireflection single layer, the flat PDMS film could be considered.

The total transmittance of the RSIPS-PDMS/glass (T.4=95.84%) was higher than that of the flat
PDMS film/glass (Ta.q=91.72%). Also, the RSIPS-PDMS film attached to the glass, causing the
reflectance to decrease (i.e., Rag=4.33%), as shown in Figure 3(b). The effective refractive index (Nes)
of the RSIPS-PDMS film can be acquired as follows:

Negy = | [nBoms X £ + 724, (1= )]

In this equation, ny, and nppyms are refractive indexes of the air and PDMS film, and f is the filling
factor of random sized inverted pyramidal structures in PDMS film. The filling factor is speculated
from the SEM image of RSIPS-PDMS film (Figure 2.3), and the filling factors are from 0 to 1,
respectively, because it varies with the depth. The RSIPS-PDMS film act as a graded layer, mitigating
the radical change in the refractive index from the air to PDMS film, as shown in Figure 2.4. Thus, by
a linear grading of the effective refractive index profile between the air and glass, the RSIPS-PDMS

film shows the lowest reflection.

17
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Figure 2.3 (a) Total tranmittance and (b) total reflectance of the flat PDMS film, RIPS-PDMS film on
glass or Si wafer.
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Table 1. The value of the average total transmittanc and reflectance over wavelength range of 300-
1100nm

Total transmittance [%o] Total Reflectance [%0]
Glass 90.99 8.34
Flat PDMS/glass 91.72 730
RSIPS-PDMS/glass 95.84 433
S1 wafer - 38.99
Flat PDMS/S1 wafer - 28.01
RSIPS-PDMS/S1 wafer - 18.05

19



Air (n=1)

PDMS film (n=1.4)

Glass (n=1.53)

RSIPS-PDMS

Flat PDMS

Glass

1 1.4 1.53
Refractive index

>

Figure 2.4 Structure and the variation in refractive index profile with respect to the film depth.
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To investigate the influence of the solar power harvest, the calculation of a solar weighted
transmittance (SWT) is also important. The SWT is the ratio of the usable photons that have passed to
the total usable photons. It can be estimated by the normalizing the trasmittance spectra and the solar
spectral photon flux (AM1.5G) integrated over a wide wavelength range of 350-800nm. The equation
is given by:

[200m™ 1 (DT (A)dA

SWT = 350nm

Lrsom Is(D)dA

where T(A) is the total transmittance and Ig(A) is a spectral intensity of the AM1.5G solar spectrum.
The SWT of the bare glass was approximately 92.04%, whereas the SWT of the flat-PDMS film/glass
increased to 92.8%. Finally, the SWT increased to 96.91% when the RSIPS-PDMS film attached to
the glass. Similarly, from the SWT equation, the solar weighted reflectance (SWR) can be also
calculated by replacing the T(A) with the total reflectance (R(A)). As expected, for RSIPS-PDMS film
/glass, the SWR value of 4.22% was lower than those for the other surfaces (SWR of the bare glass is
8.41% and SWR of the flat PDMS film/glass is 7.39%).

For the light scattering effect of RSIPS-PDMS film, we observed the logo image as seen through a
RSIPS-PDMS film, from Figure 2.5. Figure 2.5(a) show a schematic diagram and (b) displayed
photograph of the RSIPS-PDMS film, when the film is positioned between the logo image and the
camera. We examined the distinct image due to the excellent optical transparency of the film, when
the film is located right on top of the logo image (Figure 2.5(i)). Figure 5(b)(ii) and (iii) show cloudy
due to the highly scattered transmitted light through the film, when the film was lifted off from the
logo image. Also, the light scattering effect is visualized in Figure 2.6 A green laser beam with a
wavelength of 532nm passes through the film and the beam irradiated onto the white paper. The green
laser beam is highly scattered and forms a large illuminated rectangular area on the surface (Figure
2.6(b)). When the film is 10 cm away from the screen, you can see that the light is spreading about 6
cm on the screen. Therefore, the angle of light spread is 31 degrees and the path length increases by
1.17 times.

21



UMisT

(jcontact (i)d=1.5cm

Figure 2.5 (a) Schematic diagraming and (b) photographs display the logo image as seen through a
RSIPS-PDMS film.
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Figure 2.6 (a) Schematic illustration to show the light scattering effect of RSIP-PDMS film when a
laser beam(A=532nm) passes through the RSIPS-PDMS film. (b) Photo of diffused light.
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The bare glass and flat PDMS film/glass showed very low diffuse transmittance of < 3% in the wide
range of wavelengths, as shown in Figure 2.7. Instead, for RSIPS-PDMS film, a tremendous increase
in the diffuse transmittance was found, exhibiting an average diffuse transmittance of 96.7% over a
broad wavelength range of 300-800nm. This is the reason why the great light scattering is related to
higher order diffractions in RSIPS with a larger period than incident light wavelengths. To analyze the
light scattering properties of the films, we calculated the haze ratio (H) and it is defined by:

H(%) = 77:—? x 100
where Ty is the diffuse transmittance and T is the total transmittance. For RSIPS-PDMS film/glass, an
average H (i.e., Hayg=97.36%) is even higher than that of glass and flat PDMS film/glass (i.e.,
Hag=0.85% and 1.07%, respectively). Thus, the rebound and diffracted lights in RSIPS lead to
tremendous light scatterings. The light scattering effect can improve the path of light passing in solar

cell, which enhance light absorption.
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film/glass)
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2.3 Surface wettability and self-cleaning effect

To investigate the wetting behavior, we measured the contact angle on the diverse surface type (i.e.,
bare glass, flat PDMS film, RSIPS-PDMS film). While the bare glass showed a hydrophilic
characteristic (i.e., water contact angle (6ca) =~43°), the flat PDMS film showed a hydrophobic
characteristic (6ca~93°), as shown in Figure 2.8. In particular, for the RSIPS-PDMS film, the
hydrophobicity was increased (6ca~97°). The Cassie-Baxter theory explained the effect is due to the
high surface roughness of the PDMS films.*

Figure 2.9 also shows the self-cleaning function of RSIPS PDMS film compared to bare glass. The
black charcoal particles on the bare glass were still remained after dropping the water droplets due to
hydrophilic property of glass. On the other hand, the particles on the RSIPS-PDMS film were
relatively cleared removed by flowing water droplet due to hydrophobicity of the film. Thus, a solar
cell with this RSIPS-PDMS film is more efficient than that without RSIPS-PDMS film under the

outdoor environment such as rain, wind, dust.
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Sz’

Bare glass RSIPS-PDMS film

Figure 2.8 (a) Images show the contact angle of the bare glass, flat PDMS film and RSIPS-PDMS
film. (b) Photographs of shape for a water droplet on the substrate (bare glass, RSIPS-PDMS film)
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Figure 2.9 Water droplet self-cleaning behavior of RSIPS-PDMS film compared to bare glass
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2.4 Characteristics of the Polymer solar cells

We laminate the RSIPS-PDMS film onto the surface transparent substrate with PTB7:PC70BM-
based polymer solar cells (PSCs) to utilize high scattering ability and the low reflectance of the
RSIPS-PDMS film. To analyze and confirm the effect of the RSIPS-PDMS film on PSCs, we
compared to without PDMS film on PSCs, with the flat PDMS film on PSCs, with the RSIPS-PDMS
film on PSCs as shown in Figure 2.10. Figure 2.11 shows the representative current density-voltage
(J-V) curve of the PSCs without PDMS film, with flat PDMS film, and with the RSIPS PDMS film.
The PSC without PDMS film exhibited a PCE of 7.02% using the following parameters: V,.=0.730V,
J=14.0mA/cm?, and FF=68.8% (Table 2). Alternatively, the device with flat PDMS film showed an
improved PCE of 7.41% with Vo, =0.733V, Js =14.77mA/cm?, and FF=67.8%. The enhancement of

Jsc was due to reduced surface Fresnel reflection.

Moreover, compared to the PSC without PDMS film, the PSC with a RSIPS-PDMS film exhibited a
much greater PCE of 8.07% with the following parameters: Vo, =0.733V, Js =16.23mA/cm? and
FF=67.8%. The PCE is enhanced because Js of the PSC with RSIPS-PDMS film was higher than that
of the PSC without PDMS film. Therefore, this was due to high light scattering property and low
reflectance of RSIPS-PDMS film. The calculated photocurrent enhancement factor (EF;s) was 15.9%

by the following equation:

ep _ Yse _ Jsc(with RSIPS PDMS film) — Js(without RSIPS PDMS film)
BT T Jsc(without RSIPS PDMS film)

Additionally, as shown in Fig 2.12(b), EQE measurement proved the enhanced PCE of PSC with
RSIPS-PDMS film. The employed RSIPS-PDMS film improved the EQE spectrum from 350 to 800
nm. The EQE spectrum is consistent with the reflectance spectrum. Thus, this represent the broadband
antireflection properties for the RSIPS-PDMS film.
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Figure 2.10 Schematic diagrams of PSC (a)without PDMS film, (b)with flat PDMS film and

(C)RSIPS-PDMS film
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Table 2. Performance of PSCs with the PDMS films

Device J,. [mA/cm?] V.. [V] FF [%] PCE (best) [%0]
Polymer solar cell 14.0 0.730 68.8 7.02(7.23)
Flat PDMS film/Polymer solar cell 14.77 0.733 68.5 7.41(7,63)
RSIPS-PDMS film/Polymer solar cell 16.23 0.733 67.8 8.07(8.48)
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2.5 Characteristics of the Si solar cells

We also fabricated Si solar cells to apply the RSIPS-PDMS film (Figure 2.12). To analyze and
confirm the effect of the RSIPS-PDMS film on Si solar cell, we compared to without PDMS film on
Si solar cells, with the RSIPS-PDMS film on Si solar cells.

The J-V curve of Si solar cells with RSIPS-PDMS film were measured as shown in Figure 2.13(a).
The values of Js, Vo, FF, and PCE are summarized in Table 3. The most significant difference
between the Si solar cell and Si solar cell with RSIPS-PDMS film is Js.. For the case of RSIPS-PDMS
film on Si solar cell, the increased the J,; of 35.9 mA/cm? was obtained compared to the reference Si
solar cell (J;.=33.1 mA/cmZ). This means that the RSIPS-PDMS film on the Si solar cell can enhance
the light absorption in the device due to reduced reflection of the surface caused by effective
refractive index variation from air to Si via inverted pyramid structures. As a result, by laminating the
RSIPS-PDMS film on the Si solar cell, the higher PCE of 16% was achieved compared to the
reference Si solar cell (PCE=14.9%) due to enhanced Ji. The use of RSIPS-PDMS film also
improved the EQE spectrum of the Si solar cell over a wavelength range of 400-1000nm, as shown in
Figure 2.13(b). These increases in EQE spectrum coincide with the reducing tendency in light
reflectance, as shown in Figure 2.14(a). Also, Figure 2.14(b) shows similar internal quantum
efficiency (IQE) of three type of Si solar cell. Thus, the RSIPS-PDMS film enhanced the Js, and
increased efficiency of the Si solar cell due to AR property.
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Table 3. Performance of Si solar cells

Device J. [mA/cm?) V. [V] FF [%] PCE [%]
Si solar cell 331 0.578 779 14.9
RSIPS PDMS film/Si solar cell 359 0.578 77 16
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2.6 Conclusion

In summary, we fabricated RSIPS-PDMS film by cost-effective and facile soft lithography using
RSPS Si mold formed by simple wet-etching process. The RSIPS-PDMS film on glass represented the
excellent optical properties (i.e., SWT=96.91%, SWR=4.22%, H,,=97.36%) compared to those of
glass (i.e., SWT=92.04%, SWR=7.39%, H,,=0.85%). High transmittance and haze can increase light
harvesting in the solar cells. To prove this, the RSIPS-PDMS film was attached on the Si solar cell
and PSC. The Si solar cell with RSIPS-PDMS film showed the improved current density and
efficiency (i.e., 35.9mA/cm? 16%) compared to those of reference device (i.e., 33.1mA/cm?, 14.9%).
Likewise, PSC with RSIPS-PDMS film also obtained the enhanced current density and efficiency (i.e.,
16.23mA/cm?, 8.07%) compared to those of reference device (i.e., 14.0mA/cm?, 7.02%). As a result,
this thesis proposed the RSIPS PDMS films as an appropriate alternative antireflective layer for every

type of solar cells due to facile fabrication process and excellent optical properties.
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I11. Experimental Section

3.1 Fabrication of RSPS Si mold

First, to fabricate the RSPS Si mold, the (100) Si wafer was cleaned using acetone, isopropyl alcohol
(IPA), and de-ionized (DI) water in consecutive order with sonication for 10minutes each, and was
dried by nitrogen (N,) gas blow. And then, the Si substrate was immersed in buffer oxide etchant
(BOE), 5 wt% hydrofluoric (HF) acid solutions, and DI water for 1 min. Finally, using prepared
solution in which IPA, KOH and Di water were mixed in a ratio of 0.5 : 1 : 8.5 vol%, the Si wafer was
wet-etched at 75 °C for 40min. In order to eliminate the remaining impurities, the substrate was
dipped in a solution mixture of H,0, : HCl : H,O = 1:1:5 at 80°C for 10min

3.2 Fabrication of RISPS-PDMS film

Prior to fabrication of RISPS-PDMS film, the RSPS Si mold was deposited with trichloro
(1H,1H,2H,2H-perfluorooctyl) silane (FOTS) which is one type of silane-coupling agent at 100°C for
900sec. The RSPS Si mold surface have relatively high surface energy with a contact angle of 47°
before FOTS treatment. However the FOTS-treated RSPS Si mold has a contact angle of 108° and
become a hydrophobic surface, as shown in Figure 3.1. A prepared PDMS solution which composed
of mixture of curing agent and base resin with 1 : 10 weight ratio was spin-casted on FOTS treated
RSPS Si mold at the spin speed of 500rpm for 30s and cured at 80 °C for 6h in dry oven. The RISPS-
PDMS film was finally fabricated by peeling off the PDMS film from the RSPS Si mold.
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Average Angle : 47.290
Left Angee : 47.203

Right Angle : 47.378

Drop Volume[ul] : 1.871

Rec. DateTime : 2016-11-16 11:38:37.318
Rec. Positionfmm] : (0,0)
Rec. Temperature[C] : 20
Syringe Temp. [C] : 20
Rec, Tit[degree] : 0

RSPS Si mold

Average Angle : 108.034
Left Angle : 108.265
Right Angle : 107.804
Drop Volume(ul] : 3.153
Rec. DateTime : 2016-10-14 16:21:59.446
Rec. Posion{mm) : (0,0)
Rec. Temperature[C] : 20
Syringe Temp. [C] : 20
Rec. Tit[degree] : 0

0,.,~108°

FOTS-treated RSPS Si mold

Figure 3.1 Contact angle of RSPS Si mold and FOTS-treated RSPS Si mold.

40



3.3 Fabrication of polymer solar cells

Prepared the ITO-coated glass substrate was cleaned in acetone, IPA, DI water by ultra-sonication
for 10 min. The cleaned ITO-coated glass was treated with a UV-ozone for 30 min. To form a electron
transport layer, ZnO sol-gel was prepared by mixing 5 g of 2-methoxyethanol, 0.25 g of ethanol-
amine and 0.82 g of zinc acetate and stirring for 1h. The prepared ZnO sol-gel was spin-coated on
UV-ozone treated ITO-coated glass at 3000 rpm for 30 s, and annealed at 180°C for 10 min in air. To
obtain an active layer which composed of electron donor and acceptor material, 4 mg of PTB7 and 8
mg of PC71BM (1-Material Chemscitech) were dissolved in 0.485ml of chlorobenzene added 0.015
ml of 1,8-diiodooctane. The active material was stirred for 13 h at 60 °C in a nitrogen glove box. To
creat active layer, the active solutions were filtered by a 0.45 um polytetrafluoroethylene syringe filter,
and then spin-coated on ZnO layer at 1200 rpm for 60 s. To creat a hole transport layer and electrode,
MoO; layer (3.8 nm) and Ag layer (70 nm) were evaporated by thermal evaporator. The device area
was 0.13 cm?

3.4 Fabrication of Si solar cells

An emitter layer and back surface field (BSF) layer were created on Si wafer (n-type, 200 um-thick,
1-3 Q cm) via the spin-on-dopant (SOD) method. For the BSF layer, the phosphorus dopant source
(P509, Filmtronics, Inc.) was spin-coated on a dummy Si wafer, and then baked at 200 °C for 20 min.
The diffusion doping was performed in a tube furnace under a mixed ambient of 125 sccm of O, and
500 sccm of N, at 850 °C. The Si substrate was placed so as to face a dummy wafer coated with
phosphorus for formation of a uniform BSF layer on the back side of the Si substrate. Phosphorus
glass remaining after SOD diffusion was removed by dipping a diluted HF solution. Next, for the
emitter layer, a Boron dopant source (B155, Filmtronics, Inc.) was formed on the front side of Si
substrate. It was spin-coated on a dummy Si wafer and baked at 200 °C for 20 min. In the tube
furnace, the Si substrate was doped with boron at 850 °C. As a surface passivation, a Al203 layer
with 10 nm-thick was formed by atomic layer deposition on the emitter after eliminating the boron
glass and silicon oxide. For creating the micro-grid electrode, the Si wafer was spin-coated with
photoresist (AZ4330, AZ electronic materials). Al layer were evaporated with 500 nm-thick on the
front and back side of the substrate by a thermal evaporator. Lastly, the photoresist was eliminated by

using acetone solution. This device area was 1 cm®
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