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Electroforming can be used to separate electrodeposited metal from the surface of a metal or other
conductive material to produce new metallic products with fine shapes. Because Si thin-film solar cells
possess fewer absorption layers than other compound thin-film solar cells, light-trapping technology is
required to increase the rate of light absorption. Various metal substrate shapes can be constructed in
the electroforming process, depending on the shape of the mandrel surface. The objective of this study
was to construct specific textured substrates through electroforming to improve light-trapping
efficiency in silicon (Si) thin-film solar cells. We constructed pyramid- and V-shaped substrates at
angles of 30°, 45°, and 60° by electroforming. To observe the reflective properties of the manufactured
substrates, we used an ultraviolet/visible (UV/Vis) spectrometer to measure the total and diffused
reflectance. We found that an increase in the contact angle due to changing texture led to a decrease in
total reflectance in Fe—Ni alloy substrates. We concluded that substrate texture led to an increase in the
light paths in the light-absorbing layers of the thin-film solar cells.
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1. INTRODUCTION

The electroforming process separates electrodeposited metal from the surface of a metal or
other conductive material to produce new metallic products with fine shapes [1, 2]. Therefore,
electroforming is widely used as a basic manufacturing process for creating metallic components.
Electroforming can be applied in machining, casting, stamping, forging, and other fields, and can form
complex and precise shapes that cannot be otherwise processed. Electroforming processes may be the
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most economical method for manufacturing certain parts [3, 4], and are being developed using new
metals and alloys such as nickel (Ni), copper (Cu), gold (Au), and iron—nickel (Fe—Ni) alloys [5, 6]. In
particular, Fe—Ni alloys are widely used in various fields due to their low thermal expansion, excellent
structural quality, and mechanical properties. Since Fe—Ni alloys exhibit various properties that vary
depending on their compositions, they are used as core components, such as metal masks for organic
light-emitting diode (OLED) displays, microelectromechanical system (MEMS) devices, microsensors,
and microactuators. [7—11]. Metal substrates for thin-film silicon (Si) solar cells have been developed
through electroforming by exploiting the properties of Fe—Ni alloys, including low thermal expansion
and high mechanical strength[12]. In addition to the excellent thermal and mechanical properties of
these alloys, new methods to directly improve efficiency through the application of developed
substrates in thin-film solar cells have been discovered.

In general, the conversion efficiency of thin-film solar cells can be significantly improved by
enhancing light absorption in the active layer. Among the many types of solar cells, thin-film solar
cells have a thinner active layer. In particular, in Si thin-film solar cells, light-trapping techniques that
exploit texture structures are important because they increase the light path through the active layer
[13-16]. Nano imprint technology using polyethylene terephthalate (PET), metal foil, and nanorod and
nanoparticle methods have been proposed to produce these textures, resulting in an increase in thin-
film solar cell conversion efficiency [17, 18]. Thus, the objective of this study was to construct specific
textured substrates through electroforming to improve light-trapping efficiency in Si thin-film solar
cells. We constructed pyramid- and V-shaped textured substrates, which have good light absorption
properties. We also examined different electroforming methods to produce these textured substrates, as
well as their reflectance properties.

2. EXPERIMENTAL

2.1. Fabrication of mandrel for electroforming process

To produce the textured metal substrates, we used a titanium (Ti)-plated mandrel. We selected
Ti for this purpose because it does not react within the allowable current of the Fe—Ni electroforming
process and it has a high cathode reduction potential (conductivity: 0.0234 x 10%cm ohm). V-shaped
textures with a width of 1 mm and regular pyramid-shaped textures were formed by a milling process
using a Ti-plated mandrel. Each texture was produced with contact angles of 30°, 45°, and 60°. The
texture of the Ti plate was 3 cm x 3 ¢cm; the design of the Ti-plated mandrel is shown in Figure 1. We
sand-blasted the surface of the Ti plate after milling to mitigate roughening due to the electroforming
process. To allow easy separation from the mandrel after electroforming, the texture was treated with
chromate for 1 minute by dissolving chromic acid anhydride in distilled water, after which it was
heated to 60°C. We also used a flat-shaped mandrel plated with stainless steel (super mirror finish, 304
grade)
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Figure 1. Titanium-plated mandrels with 60° contact angles in (a) V-shape and (b) pyramid-shape
designs.

2.2. Electroforming process

We used 0.1 M iron(Il) chloride, 0.6 M nickel(Il) sulfamate, 0.5 M boric acid, 0.05 M sodium
saccharin, and 0.005 M ascorbic acid as electrolytes to produce the electroformed metal substrate of
the thin-film solar cell. The electroforming bath was maintained at 55°C; pH was maintained at 3.5 by
adding sulfuric acid. During the electroforming process, we used a general batch-type bath and
performed mechanical stirring using paddles. An S-Round Ni anode (Inco Co.) was placed in a Ti
basket of the same size as a cathode. A constant current was supplied using a rectifier (6033A;
Agilent) with a current density in the range of 40-60 mA/cm?. Figure 2 briefly shows the
electroforming process for texture formation. The target thickness of the textured substrate was 50 um
and the current was applied for 50 minutes.
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Figure 2. The principle behind the electroforming process used to produce textured substrate in this
study.

We observed cross-sections of fabricated samples using an optical microscope, and measured
the roughness of the flat surface without the texture using a scanning probe microscope (SPM) (SPA
500; Seiko). We compared changes in reflectance between textured alloy substrates with different
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surface morphologies. Total reflectance was measured using a spectrophotometer (CM-3700d;
Minolta). The light wavelength spectrum was 360-740 nm, and the light source was a pulsed xenon
(Xe) arc lamp. Diffused reflectance was measured using the integrating sphere detector of an
ultraviolet/visible (UV/Vis) spectrometer (LAMBDA 35; PerkinElmer). The light wavelength
spectrum was 250-1,100 nm, and the light source had a deuterium and tungsten (W) arrangement

3. RESULTS AND DISCUSSION

3.1. Formation of the Fe—Ni alloy substrate with texture

Figure 3 shows a sample of the Fe-Ni alloy with electroformed V- and pyramid-shaped
textures at a contact angle of 45°. We successfully produced a substrate with uniform texture using the
Fe—Ni alloy electroforming technique, constructing a material with the same texture as the mandrel.
Figure 4 shows a cross-section of a sample with a contact angle of 60°. To allow easy separation of
electroformed substrates from the constructed mandrels, the substrate was treated with chromate using
chromic acid anhydride. The natural surface oxide of stainless steel can easily separation of
electroformed substrates. Similarly, the chromate layer of titanium mandrel work like natural surface
oxide of stainless steel [19, 20]. The pyramid-type texture specimen with a contact angle of 60° did not
separate easily at first, but separated easily following chromate treatment.
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Figure 3. Optical micrographs (OMs) of textured surfaces on electroformed substrate. (a) V-shape; (b)
pyramid-shape.

Slight non-uniformity was observed at its edges in the direction of growth because electric
current typically concentrates at the edges during electrodeposit. The thickness of the cathode
increased near the anode in the electrolyte during growth, but the surface facing the substrate had
uniform thickness. Our results showed that it was possible to form substrates with small textures.
However, the application of additives or a pulse current is necessary to achieve uniform thickness on
both sides of the substrate [21, 22]. It is also necessary to control the agitation speed for uniform
distribution of the diffusion layer [23].
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Figure 4. Cross-sectional OM of the electroformed substrate (facet angle: 60°).

3.2. Reflective properties of the substrate

Surface roughness may differ greatly depending on various external variables in the
electroforming process, such as current density and the use of additives. It may also affect
measurements of diffused reflectance [22, 24]. Therefore, we measured the surface roughness of a flat
surface that had been coated under the electroforming conditions of the current study. Figure 5 shows
surface roughness measurements for the coated Fe—Ni alloy (average thickness: 4-5 nm), i.e., much
greater uniformity than observed in stainless steel substrates produced by a general rolling process
[25]. This excellent surface roughness result can be expected to yield suitable adhesion properties for
the manufacture of thin-film solar cells [26]. The electroformed substrates simplify the pre-treatment
thin-film deposition process. It is generally known that surface roughness is affected by processing
variables during the electroforming process. In particular, it is influenced by current density and the
use of additives. Thus, it is possible to manufacture metal substrate with varying surface roughness.
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Figure 5. Surface roughness of a flat surface on the electroformed iron—nickel (Fe—Ni) alloy.
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Figure 6 shows the diffused and total reflectance of the electrodeposited Fe—Ni alloy. These
values were similar to theoretical total reflectance values for pure Ni [27]. The total reflectance values
measured in this study were consistent with theoretical values, whereas the diffused reflectance values
were approximately 20% lower than theoretical values. Therefore, substrates with various diffused
reflectance values due to surface roughness may be constructed based on the characteristics of the
electroforming technique. The most important role of the substrate in n-i-p configuration thin-film Si
solar cells is to return light to the absorbing layer without loss [28, 29]. The substrate also elongates
the travel distance of light, thereby permitting stable light absorption in the active layers.

100

% —_— T<_Jtal
—— Diffuse

80 -

70
60 -

50

Reflectance (%)

40

30

wf

0 1 1 1 1 1 1 1 1 1 1
200 400 600 800 1000 1200

Wavelength (nm)

Figure 6. Diffuse and total reflectance spectra for electroformed Fe—Ni substrate (flat shape).
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Figure 7. Change in total reflectance with wavelength for pyramid-shaped (30°, 45°, and 60°) and V-
shaped (30°, 45°, and 60°) textured substrates.
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Figure 7 shows the total reflectance results for pyramid- and V-shaped textured substrates. For
both shapes, the total reflectance decreased as the contact angle increased from 30° to 60°, and was
lowest for the pyramid-shaped substrate at 60°. The flat Fe—Ni alloy absorbed approximately 40% of
the light, reflecting the remaining 60%.

Theoretically, two reflections would cause 36% reflectance and three reflections would cause
21.6% reflectance. Our total reflectance measurements by UV/Vis spectrometry were consistent with
these theoretical values. Thus, the total distance traveled by light, i.e., the light path, increased with the
formation of pyramid- and V-shaped textures in the substrate, improving efficiency in the thin-film
solar cells [30-32]. The application of substrates with large contact angles increase the efficiency of the
thin film solar cells.

4. CONCLUSIONS

We constructed textured metal substrates through electroforming. We derived the following
conclusions about the methods for producing regular textures in metal substrates through an
electroforming process. We successfully constructed metal substrates of thin-film Si solar cells with
regular texture and contact angles of 30°, 45°, and 60° through electroforming. The coated substrates
were easily separated from the mandrels following chromate treatment on the cathode plate, and
substrates with a uniform texture smaller than 1 mm were formed when the cathode plate was
fabricated. The reflectance results for the produced substrates showed that light absorption was highest
at a contact angle of 60°. We also found that the pyramid-shaped texture absorbed more light than the
V-shaped texture. In conclusion, to increase light absorption in thin-film solar cells, the application of
substrates with large contact angles is adequate, and may increase the efficiency of the cells.
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