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Abstract: Light-management is critical to thin film solar cells due to their
usually limited optical absorption in the active layer. Conventional
approaches involve employing separate techniques for anti-reflection and
light trapping. Here, we demonstrate an embedded biomimetic
nanostructure (EBN) that achieves both effects for hydrogenated amorphous
silicon (a-Si:H) solar cells. The fabrication of EBNs is accomplished by
patterning an index-matching silicon-nitride layer deposited on a glass
substrate using polystyrene nanospheres lithography, followed by reactive
ion etching. The profile of EBN is then reproduced layer by layer during the
deposition of a-Si:H cells. We show that a solar cell with an optimized EBN
exhibits a broadband enhanced external quantum efficiency due to both anti-
reflection and light-trapping, with respect to an industrial standard cell using
an Asahi U glass substrate which is mostly optimized for light trapping.
Overall, the cell with an optimized EBN achieves a large short-circuit
current density of 17.74 mA/cm?, corresponding to a 37.63% enhancement
over a flat control cell. The power conversion efficiency is also increased
from 5.36% to 8.32%. Moreover, the light management enabled by the EBN
remains efficient over a wide range of incident angles up to 60°, which is
particularly desirable for real environments with diffused sun light. The
novel patterning method is not restricted to a-Si:H solar cells, but is also
widely applicable to other thin film materials.
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1. Introduction

Hydrogenated amorphous silicon (a-Si:H) based thin film solar cells are attractive candidates
for large-scale photovoltaics due to their materials being highly abundant on earth and their
compatibility for roll-to-roll processing [1-3]. A typical film thickness of approximately 1 um
is required for effective light absorption in the a-Si:H active layers. However, the minority
carrier diffusion length is typically limited to 300 nm [4,5]. This mismatch of light absorption
depth and minority diffusion length can cause insufficient absorption or carrier collection
losses. As a result, efficient light management by reducing the surface reflection as well as
increasing the optical path for low energy photons is important for efficiency improvements
and cost reduction. Currently, quarter-wavelength transparent thin films are the industry
standard for antireflection coatings (ARCs) of thin film solar cells, which are typically
designed to suppress reflections at a limited spectral range and angles of incidence. In
addition, light trapping is achieved by using a randomly textured Asahi U glass substrate or
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sub-wavelength gratings on the back side [6-10]. Recently, biomimetic antireflective
nanostructures have offered a new approach for suppressing the Fresnel reflection [11,12].
Due to the spatially graded structural profile in a single layer, the nanostructures not only
exhibit broadband and omnidirectional antireflective characteristics, but also polarization
insensitivity [13-17]. It is therefore highly desirable to incorporate such nanostructures into
thin-film solar cells to simultaneously reduce the broadband surface reflection while providing
optical scattering on the photon entrance front for light trapping. In this work, we demonstrate
an embedded biomimetic nanostructure (EBN) incorporated into conventional p-i-n a-Si:H
solar cells. The semi-oval shaped EBN exhibits antireflective and light trapping effects
comparable to an industrial standard cell using an Asahi U glass substrate. Although we use a-
Si:H as a test platform to demonstrate the effects of EBNSs, the patterning method is broadly
applicable to thin-film solar cells with other materials.

() (b)

(c) (d)

SiNx SiNx

Glass Glass

Fig. 1. The schematic fabrication flow for a-Si solar cell with an embedded biomimetic
nanostructure (EBN): (a) the EBN fabricated by colloidal lithography and a reactive ion
etching technique, a conformal deposition of (b) an 80 nm thick indium tin oxide (ITO) layer,
(c) active a-Si:H layer (p-i-n), and (d) the aluminum back electrode.

2. Fabrication

The fabrication of EBN was done on a SiN, layer deposited on a glass substrate using
colloidal lithography followed by a reactive ion etching technique [18-24]. The choice of
SiNx patterning could function as an index matching layer, while avoid potential damages
resulting from patterning the frontal transparent conductive oxide. As illustrated in Fig. 1, a
380 nm thick silicon nitride (SiN,) layer was first deposited on a glass substrate via plasma-
enhanced chemical vapor deposition (PECVD). Then, polystyrene (PS) nanospheres with a
plurality of 10 wt.% and diameter of 600 nm was spun-coated on the surface of the SiN, layer,
naturally arranging into a closely packed triangular lattice, which served as a self-assembled
monolayer mask. Subsequently, inductively-coupled-plasma reactive ion etching (ICP-RIE)
with incident oxygen (O) plasma was performed to shrink the size of PS spheres in order to
facilitate the etching of SiN,. The flow rate was set to be 20 sccm with a chamber pressure of
0.06 Pa and an RF power of 100 W. It is worth noting that the positions of PS spheres did not
change during the size shrinking. The separations between PS spheres increased as their sizes
decreased. Next, the ICP-RIE was performed on SiN, and PS spheres with a CHF; /O, flow
rate of 5/5 sccm, a chamber pressure of 1.33 Pa, and an RF power 150 W. The residual PS
nanospheres were then removed by dipping into acetone with sonification for 5 min., as
schematically shown in Fig. 1(a). Figures 1(b) to 1(d) illustrate the deposition of a single-
junction a-Si:H solar cell. First, an 80 nm thick indium tin oxide (ITO) layer was deposited by
DC sputtering. Then, the a-Si:H active layer with a total thickness of 292 nm (p/i/n =
12/260/20 nm) was deposited using a high-density-plasma chemical-vapor-deposition (HDP-
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CVD) system with a growth temperate of 200°C, a constant total pressure at 900 mTorr, and a
plasma power density of 0.06 W/cm?. Finally, an 80 nm-thick indium tin oxide (ITO) layer
and 500 nm of aluminum were capped on top as the back electrode and reflector. Control cells
were also fabricated on a flat glass substrate with a sputtered ITO layer and a commercially
available Asahi U-type glass, denoted as the flat and the Asahi U cell, respectively.

Figures 2(a) and 2(b) show the scanning electron microscopic (SEM) images of the
fabricated biomimetic nanostructure and the textures of Asahi U-type glass, respectively. The
EBN exhibits a periodicity of 600 nm in a hexagonal close-packed (hcp) lattice, while the
Asahi U-type glass shows a randomly textured surface with uncorrelated distributions of
height variations. Figure 2(c) shows a cross-sectional transmission electron microscopic
(TEM) image of the fully fabricated solar cell on the EBN patterned substrate. The conformal
deposition of individual layers is clearly resolved without cracks or voids that could adversely
affect the device characteristics. Moreover, the inset shows a circular diffraction pattern of the
corrugated p-i-n layers, which confirms the the amorphous material properties.

()

Al

ITO (80nm)

p-i-n a-Si (~292nm)

ITO (80nm)

Pre-patterned substrate

m— 400NM — 4A00NM s 200nm

Fig. 2. Scanning electron microscopic (SEM) images of (a) the fabricated biomimetic
nanostructure and (b) a commercial Asahi U substrate. (c) The cross-sectional TEM image of a
fabricated solar cell on the EBN-patterned substrate. The inset shows the x-ray diffraction
patterns of p-i-n layers, revealing the amorphous material properties.
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Fig. 3. The measured reflectance spectra for solar cells deposited on flat, Asahi U glass, and
embedded biomimetic nanostructure (EBN) patterned substrates. The EBN and Asahi U cells
reveal the enhanced absorption properties compared to the flat control.

3. Results and discussions

Figure 3 shows the reflectance spectra of fabricated cells with EBNs, Asahi U textures, and
the flat substrate, which were measured with an integrating sphere at normal irradiance
incidence. The reflection measurements were carried out over a broad wavelength range (400-
800 nm), covering most of the solar spectrum that is absorptive to a-Si:H with a band gap of
1.75 eV (=710 nm wavelength). It can be seen that the reflectivity of cells with the Asahi U
textures and EBNs are significantly lower than the flat control, reflecting the broadband
absorption enhancement (A = 1-R). The reduction is particularly evident in the long
wavelength range due to light trapping improvementa which increase the device absorption.
Moreover, in the short wavelength range, the EBN cell shows better antireflection than the
Asahi U cell. The antireflection effect arises from the tapered structural profile of the EBNs
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which buffers the index difference between air and dielectric layers. As a result, photon
transmission is enhanced for a broad spectral range, which is also reflected in the measured
current-voltage (I-V) and external quantum efficiency (EQE) characteristics of the fabricated
devices, as shown in Fig. 4(a) and 4(b), respectively.

The 1-V measurement was performed under a simulated AM1.5G illumination condition
(Oriel Class A 1000W) at room temperature following standard calibration and measurement
procedures [25]. As shown in Fig. 4(a), the EBN cell shows improved short-circuit
photocurrent J;. = 17.74 mA/cm?, and gower conversion efficiencies n = 8.32% over the flat
thin-film device (J. = 12.89 mA/cm® and n = 5.36%) made under otherwise identical
conditions. The photocurrent and efficiency of the EBN cell is also slightly better than the
Asahi U cell (Jic = 17.24 mA/cm?, N = 7.70%). On the other hand, the respective open-circuit
voltage V. of the EBN and flat devices are decreased by 0.06 and 0.08 eV from 0.86 eV of
the Asahi U cell. The reduction in V, results from the ITO degradation caused by high-
density hydrogen plasma during the deposition of a-Si:H [26]. On the other hand, the
commercial Asahi U glass substrate uses fluorine-doped tin dioxide (SnO2:F) which is rather
resistive to plasmonic damage. Nevertheless, the output potential difference does not interfere
with the investigation of optical improvements due to texturing, which merely impact the
photocurrent. Therefore an EQE analysis was carried out to identify the origins of the
photocurrent difference.

(b)
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Fig. 4. (a) The current-voltage (I-V) and (b) external quantum efficiency (EQE) characteristics
for solar cells deposited on various substrates: flat, Asahi U, and an embedded biomimetic
nanostructure (EBN).

The EQE spectra were measured using a grating based setup with a Xenon lamp under a
one-sun illumination and 0 V bias. Figure 4(b) reveals that the EBN cell exhibits a higher
EQE than the Asahi U for wavelengths less than 560 nm, indicating that the photocurrent
improvement mainly occurs in the short wavelength range. It is convenient to estimate a
required absorption length for each wavelength component using L = 1/a(%), where « is the
absorption coefficient of a-Si:H. The calculation suggests that photons with a wavelength of A
< 620 nm can be sufficiently absorbed within the first roundtrip path, that is, L = 384 nm.
Therefore light trapping is only required for A > = 620 nm. Accordingly, the EQE
enhancement before the 620 nm wavelength is attributed to the suppression of optical
reflection, while the enhancement after 620 nm can result from mixed contributions of
antireflection and light trapping. In the latter case, both the EBN and the Asahi U cell
performs equally well for the long wavelength range. Moreover, the superior light trapping
capability extends the absorption of a-Si:H to the 750 nm wavelength, beyond the estimated
band edge at 710 nm. The observations are consistent with the reflectance measurement seen
in Fig. 3.

Figures 5(a) and 5(b) present the calculated enhancement factors of EQE of textured cells
with respect to the flat control cell for wavelengths below and above 600 nm, respectively,
where the enhancement factor is defined as AEQE = EQE/EQER. It can be seen in Fig. 5(a)
that the antireflection property of the EBNs increases the photocurrent generation by roughly
20% for wavelengths between 400 nm and 575 nm, which is better than the Asahi U cell in
this spectral range. For wavelengths longer than 575 nm, the photocurrent generation of the
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EBN cell achieves 2 to 12-fold enhancements, compared to the control cell, shown in Fig.
5(b). The significant improvement in the infrared region indicates that the EBN can also
effectively enhance the absorption by light trapping as well as the Asahi U.
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Fig. 5. The improvement factors of the EQE (4EQE) for EBN and Asahi U, (a) between 400
nm and 600 nm, and (b) between 600 nm and 800 nm.

4. Angular absorption

Finally, the incident-angle-dependent absorption properties are also critical to solar cells due
to the sun movement. Here, we employed angle-resolved absorption spectroscopy to
characterize the solar cells [27]. Figures 6(a) to 6(c) show the angular absorptive spectra for
solar cells grown on flat, Asahi U, and EBN-patterned substrates, respectively. From the
absorption color maps, it can be clearly seen that the EBN cell exhibits less dependency on
wavelengths and incident angles than both the flat and Asahi U cells. Moreover, the high
absorption region (orange-yellow, A>75%) is further extended to exceeding the 700 nm
wavelength, in contrast to the cutoff at 675 nm for the Asahi U cell.
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Fig. 6. The measured angular absorption spectra for solar cells deposited on (a) flat, (b) Asahi
U glass, and (c) EBN-patterned substrates.

5. Conclusion

In summary, we demonstrated the superior antireflection and light trapping properties of an
embedded biomimetic nanostructure incorporated into an a-Si:H thin film solar cell. The cell
exhibits a higher power conversion efficiency and photocurrent than those obtainable from
cells fabricated on flat and commercially available Asahi U substrates. The fabrication of the
nanostructure is enabled by scalable polystyrene colloidal lithography, followed by a reactive-
ion etching technique. The resulting light management effects directly enable high-efficiency
a-Si:H solar cells and are also broadly applicable to other common thin film solar cells such as
poly- and micro-crystalline Si, CdSe, and organic solar cells.
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