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ABSTRACT

In this work, we present a solution that employs combined micro- and nano-scale surface textures to increase light
harvesting in the near infrared for crystalline silicon photovoltaics, and discuss the associated antireflection and
scattering mechanisms. The combined surface textures are achieved by uniformly depositing a layer of indium-tin-oxide
nanowhiskers on passivated, micro-grooved silicon solar cells using electron-beam evaporation. The nanowhiskers
facilitate optical transmission in the near-infrared, which is optically equivalent to a stack of two dielectric thin-films
with step- and graded- refractive index profiles. The ITO nanowhiskers provide broadband anti-reflective properties
(R<5%) in the wavelength range of 350-1100nm. In comparison with conventional Si solar cell, the combined surface
texture solar cell shows higher external quantum efficiency (EQE) in the range of 700-1100nm. Moreover, the ITO nano-
whisker coating Si solar cell shows a high total efficiency increase of 1.1% (from 16.08% to17.18%). Furthermore, the
nanowhiskers also provide strong forward scattering for ultraviolet and visible light, favorable in thin-wafer silicon
photovoltaics to increase the optical absorption path.
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1. INTRODUCTION

Anti-reflective coating (ARC) minimizes the reflectance loss of solar cell for the broadband solar spectra and varying
incident angles [1-3]. The conventional anti-reflective coatings are in general realized by a stack of thin film dielectric
layers, which only improve light harvesting in a relatively narrow spectrum response and at a specific incident angle. In
the last decade, versatile sub-wavelength structures (SWS) demonstrate broadband wavelength region and
omnidirectional antireflective properties, such as biomimetic moth-eye structure [4-8] and random nano-rods [9-11].
However, the high fabrication cost, involving either electron beam (e-beam) lithography and/or dry etching, becomes
technical barrier to apply to silicon solar cells. Moreover, the fabrication process should also avoid generating
recombination defects on the surface, which deteriorates the device performance. Therefore, growth-up fabrication
methods of SWS ARC in commercial solar cells are better and more realistic than etching methods.

Recently, the porous thin film of ITO nanorods, prepared by oblique-angle deposition, function as a low-refractive
index layer of the omnidirectional reflector on light-emitting diodes. Moreover, the ITO nano-collumns, prepared by the
oblique-angle deposition with an incident nitrogen flux, offer broadband antireflective properties on GaAs solar cell due
to the graded refractive index profile [12-13]. Herein, we integrate an ITO nanowhisker layer on a reference micro-
textured crystalline silicon solar cell, passivated by an 80-nm-thick SiNx layer. The ITO nanowhisker cell shows
superior omnidirectional and broadband wavelength range antireflective properties to the reference cell. The external
quantum efficiency (EQE) measurement confirms the fact that the enhancement in near-infrared is a result of reflection
reduction by ITO nanowhisker. As a result, the power conversion efficiency (PCE) of the cell with ITO-nanowhisker
ARC achieves 17.18%, compared to 16.08% for the reference cell. Angular-resolved reflectance spectroscopy shows that
the ITO nanowhisker silicon cell exhibits broadband antireflective characteristics (R < 7%) in the wavelength range from
500 nm to 1000nm, up to an incident angle of 70 degree. Furthermore, the angular-resolved short-circuit current result
reveals that the ITO nanowhisker solar cell has higher absorption for wide incident angles.
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2. EXPERIMENTAL

The ITO nanowhiskers were deposited using an electron-beam evaporation system by introducing 1 sccm nitrogen. The
composition of the ITO target was 95% In,Os+ 5% SnO,. The chamber pressure was controlled at 10 torr and the

substrate temperature was controlled at 260°C. The ITO nanowhiskers were grown by self-catalytic vapor-liquid-solid

mechanism. Because the chamber was lacking of oxygen in the process, the Sn atom would function as catalyst in the In-
Sn-O ternary phase and form a liquid phase on the surface [14-15]. The In,O; crystal would nuclei crystal cores in the
liquid shell and grow-up the whisker structure, and the surface would exist high Sn composition as the catalyst layer [16-
17].

Firstly, the device fabrication followed standard Si solar cell processes, including the KOH solution etching, POCl;
diffusion, 80nm thick SiNx passivation layer depositing, front and back contact screen-printing process, without the co-
firing step. The cell area is 2.5x3.5 cm®. Secondly, the all cells were separated into two groups for the reference cells and
the process cells. The ITO nanowhiskers were deposited on the process cell, as the ITO nanowhisker cell. Therefore, the
ITO nanowhisker cell could combined the nano- and micro- structure as the complex ARC layer, compared to the micro-
structure reference cell. Finally, the ITO nanowhisker cells and reference cells were co-fired to optimize the cell
efficiency.

5.; — 4y m
Figure 1 (a) The photograph of fabricated cells with the conventional SiNx ARC on the left and the nano-whisker ARC

on the right (b) The cross-sectional SEM image of the ITO nano-whiskers deposited on textured Si solar cells, and
(c) the SEM image of the top view.

The photographs of fabricated solar cells are shown in Fig. 1(a), where the cell with the ITO nano-whisker ARC appears
black compared to the conventional cell with blue color. The different reflective color is caused by the optical refection
spectrum. Figure 1(b) and 1(c) show the cross-sectional and tilted top view scanning electron micrographs (SEM) of the
evaporated ITO nano-whiskers on the micro-textured si solar cell, where the nano-whiskers are very uniformly
distributed. In our experimental, we can deposited the ITO nano-whiskers to the maximum area of 10cm*10cm.

3. RESULT

Figure 2 shows the SEM images of ITO-whisker grown at various deposition times: (a)9 min., (b)18min.,(c) 27min, and
(d) 36 min.. The ITO nanowhisker shows diameter in the range of 30nm to 50nm depends on the deposition time. The
longer deposited time results in higher and denser ITO whiskers. The height of ITO whiskers is 330nm, 450nm, 750nm,
750nm for each condition, respectively. In our experimental, the height of the nanowhiskers would saturate at the height
of 750nm, which depends on the deposition temperature. Moreover, the lower temperature can grow higher height of
whiskers. Presumably, the ITO nano-whisker growth is facilitated by a self-catalyst vapor-liquid-solid (VLS) mechanism.
In the past, the catalyst VLS mechanism is used for grow ITO nano-columns by metal catalyst, such as Sn nano-particle
or Au. The catalyst induced a lower melting point near the interface causing neculi-crystal growth. In this case, the doped
Sn atoms play the role of the catalyst that decreases the melting point of In-Sn alloy. The thin surface then turns into the
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liquid phase due to the high Sn composition. The liquid phase promotes the absorption of the ITO vapor to supply In,O5
growth in various directions, resulting in the whisker structures.

(a) (o))

Figure 2 The ITO whisker structures grown with different deposited times: (a) 9min (b) 18min (¢) 27min (d) 36min.
The longer deposited time results in higher and denser ITO whiskers.
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Figure 3 The comparison of the measured reflectence of surface-textured silicon solar cells with various AR coatings:
no AR treatment, a SiN, ARC, ITO nano-whisker AR layer deposited on a bare Si cell and on the SiN, ARC.
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Figure 4 Angle-resolved reflectance spectra for (a) a conventional micro-grooved silicon substrate with an 80-nm-thick
SiN; antireflection coating, and (b) with both SiN, and indium-tin-oxide nanowhiskers.

The reflectance spectroscopy was conducted in a UV-VIS spectrometer for Lambda 750 (PerKinElmer corp.), including
an integral sphere with a light spot diameter of 1cm”. As shown in Fig. 3, the reflectance of cells with the ITO nano-
whiskers exhibit broadband anti-reflective characteristics (R < 5%) for the wavelength range of 350nm-1100nm.
Compared to that of a textured Si substrate without any ARC and with a SiNy ARC, ITO nano-whiskers successfully
suppress the reflection in the near-infrared wavelength range from 700nm to 1100nm. The ITO nano-whisker layer
functions as an optical buffer layer with low refractive indices to suppress the Fresnel reflection [9].

Figure 4(a) and 4(b) presents an angle-resolved reflectance spectroscopy for textured silicon substrates with the
conventional antireflection coating and with optimized ITO nanowhiskers, respectively, up to an incident angle of 80°
and a wavelength of 1000 nm. It can be clearly seen that the reflection at the near-infrared is detrimental for the
conventional coating, and further deteriorates with the increase of incident angles. The high reflection at the near-
infrared could further worsen the weak optical absorption in thin silicon wafers. In contrast, the combined micro- and
nano-scale surface textures suppress optical reflection in the infrared wavelengths, as represented by the dark blue color
on the right half plane of Figure 4(b). Still, the surface textures may also give rise to scattering and slightly raise the
reflection by less than 1% between the 500 and 600 nm wavelengths at oblique incident angles between 40° and 75°.
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Fig. 5 The ITO-whiskers solar cell show an enhancement of quantum efficiency at the near infrared (NIR) wavelength
region of 700~1100nm.
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The external quantum efficiency (EQE) measurement of ITO-whisker cell and a reference cell with a 80nm thick SiN,
layer. As shown in Fig. 5, the quantum efficiency of the cell with whisker ARC reflects the enhancement in the
wavelength range of 700-1000nm due to the improved light transmission. Moreover, the corresponding current-density-
voltage characteristics are shown in Fig. 6(a). The short-circuit current density (Jsc) of the whisker cell increases by
1.41mA/em’, from 35.84mA/cm’ to 37.36mA/cm’. Overall, the PCE is also enhanced by 7% (from 16.08% to 17.18%)
by using the ITO nano-whisker ARC. In addition, the angular response of the PCE is also enhanced by a factor of 7% at
the normal incidence to more than 15% for incident angles over 70°, as shown in Fig. 6(b). Since the ITO nano-whisker
ARC can enhance light transmittance at large incident angles, The angular responses of the short circuit current and
open-circuit voltage also increase compared to conventional cells.
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Figure 6 (a) The measured current-density-voltage characteristics for cells with nano-whisker ARC and conventional
SiNx ARC. (b) The angular response of the PCE, which is enhanced by a factor of ~7% at the normal incidence to
more than 15% for incident angles over 70°.

4. CONCLUSION

In conclusion, distinctive ITO nano-whiskers, grown by glancing-angle deposition, have been employed as a cost-
effective ARC for Si solar cells. Reflectance spectroscopy verifies that the nanostructure exhibits excellent anti-
reflection at normal incidence for the wavelength range of 350nm~1100nm. The nanostructured ITO AR layer achieves
17.1% conversion efficiency and an enhancement factor of 15% or incident angles over 70°, confirming the broadband
and omnidirectional AR response.
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