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Abstract  — The material absorption can be enhanced by 

increased photonic density of state(PDOS). Here we demonstrate 
that through the design in the Brillouin zone of nanophotonic 
light trapping structures, the PDOS can be effectively increased. 
The theoretical work using rigorously coupled wave calculation 
shows the increased spectral absorption and the optimal quasi-
guided mode excitations in terms of their quality factors and the 
number of excited modes. The experimental work is currently 
ongoing and the preliminary result confirms enhanced short 
circuit current if the PDOS is properly adjusted. Unlike random 
structures, the proposed Brillouin zone engineered structures are 
more feasible from modeling and device process viewpoints. 

Index Terms —photonic density of state (PDOS), solar cell, 
Brillouin zone. nanophotonic light trapping. 

I. INTRODUCTION 

There have been significant efforts in nanophotonic light 
trapping for solar cells [1-27]. Periodic structures based on 
grating height and grating period optimization are in general 
easier to model due to their finite simulation domain [7, 28-
30]. It also facilitates fabrication, using common lithography 
techniques. Random structures [29, 31-33], on the other hand, 
are more difficult from simulation point of view due to its 
infinite dimension in calculation. Besides, the random 
photonic pattern fabrication is also problematic in the case of 
randomly textured or irregular height profiles. In some cases, 
the motivation of using a random structure is that it may lead 
to higher absorption enhancement. This is due to its larger 
design flexibility and its random light scattering characteristic. 
Nonetheless, the above-mentioned drawbacks in simulation 
and fabrication for random structures can be significant, and 
thus the fully-designed random reflectors have not been 
realized in practice or even in theory to date.  In the case of a 

periodic structure, it facilitates design and fabrication. 
Furthermore, recent works show that periodic design may 
compete for random ones [29]. In this work, it is shown that 
the absorption in periodic design can actually be further 
increased by adjusting the shape of its Brillouin zone in two-
dimensional photonic lattice. It is found that the adjustment in 
Brillouin zone can provide additional 10% enhancement, 
compared to solely adjusting the grating etching depth and 
grating period. 

II. THEORETICAL ANALYSIS OF PDOS 

Fig. 1 illustrates the device structures. The optimization is 
done in the regular device parameters including the grating 
height(hg), the grating period(P), the anti-reflection coating 
thickness(tITO), the dielectric spacer thickness(DITO). In the 
case of Brillouin zone optimized design, the optimization is 
also done in the two-dimensional Brillouin zone shape. In 
order to adjust the shape, the two unit vectors a1 and a2 are 
adjusted in their length and in their angle. It is shown that the 
additional enhancement of ~10% can be achieved if the 
Brillouin zone can be optimized in its shape, compared to the 
baseline design where only the regular grating parameters(hg, 
P, tITO, DITO) are optimized and square lattice is used. Fig. 2 
shows the spectral response for the baseline square lattice 
grating and the Brillouin zone optimized grating. Fig. 3 
demonstrates the process flow for the amorphous silicon (-Si) 
solar cells. It should be emphasized that the proposed nano-
photonic light trapping concept can not only be applied to -
Si technology but also can be used for any solar cell 
technologies without much different in principle.
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Fig. 1. Illustration of the concepts of photonic lattice optimization in its Brillouin zone. The unit vectors forming the two-dimensional (2D) 
photonic lattice Brillouin zone is shown. The optimization is done by varying the unit vector length, a1 and a2, and the angle between them,. 
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Fig. 2. The solar cell spectral response for the devices with (left) a baseline square lattice grating (right) a designed Brillouin zone lattice 
optimized grating. 
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Fig. 3. Illustration of the process steps for the -Si solar cells. It should be emphasized that although the -Si is used here for 
demonstration, the proposed photonic pattern design concepts can be applied to any solar cell technologies without much 
difference from design point of view. 
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Fig. 4. The photonic bandstrucutres for (left) the square lattice 
grating (right) the Brillouin zone optimized grating. 

 
The photonic bandstructure is shown in Fig. 4. The quasi-

guided mode excitations can be easility observed. The 
photonic density of state (PDOS) directly affect the number of 
quasi-guide mode excitations. Nonetheless, it should be 
emphasized that the solar cell absorption enhancment is not 
only related to the number of mode exciations, it is also 
demtermiend by the mode quality, i.e. Q-factor. The moderate 
Q-factor is mroe appropriate for absorption enhnacent. High 
Q resonant peaks are of narrowband nature while low Q 
resonant modes are leaky. The adjustment in the 2D photonic 
lattice Brillouin zone can be very useful for achieving the 
most optimzed mode exciations in terms of the number of 
excited modes and the mode quality.  

III. PRELIMINARY EXPERIMENTAL WORKS 

 
 

Fig. 5. The scanning electron microscopy (SEM) micrograph for the 
solar cell photonic patterns.  
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Fig. 6. The preliminary experimental result for Brillouin zone 
optimized solar cells. The deposition conditions are being adjusted 
for higher efficiency devices. 

 
 Previously >9% efficiency amorphous silicon solar cells 

using high density plasma chemical vapor deposition 
(HDPCVD) [34] have been fabricated in National Device 
Laboratory, Taiwan (NDL). Currently, newly-installed plasma 
enhanced chemical vapor deposition (PECVD) is being 
adjusted using process parameter splits for high efficiency 
solar cells. Patterned aluminum is used as substrates. The 
bottom indium tin oxide(ITO) is then deposited using 
sputtering. Afterward, the p-i-n amorphous silicon film is 
deposited on ITO and the thickness of p, i, and n layers are 
8nm, 400nm and 20nm, respectively. The p-i-n silicon film is 
deposited by very high frequency plasma-enhanced chemical 
vapor deposition (VHF-PECVD) at 250oC. The top indium tin 
oxide(ITO) thickness is 200nm and is also deposited by 
sputtering. A shadow mask is placed on top of -Si:H during 
ITO deposition to form the patterned ITO electrodes. In order 
to realize bottom contact, reactive ion etching (RIE) using 
CF4/Argon(Ar) at 20 mtorr is employed to etch the portion of 
silicon film which is not covered with ITO, and the contact to 
the bottom ITO layer is achieved. Aluminum ohmic contact 
can be formed on the top and bottom ITO layer, but based on 
our measurement, probe directly in contact with ITO leads to 
similar measurement result. 

REFERENCES 

[1] M. T. Gale, B. J. Curtis, H. Kiess, and R. 
Morf, "Design and fabrication of submicron grating 
structures for light trapping in silicon solar cells," in 
Proceedings of SPIE, Conference on Optical 



 

Materials Technology for Energy Efficiency and 
Solar Energy Conversion IX, 1990, pp. 60-66. 

[2] C. Haase and H. Stiebig, "Optical properties 
of thin-film silicon solar cells with grating couplers, 
design and fabrication of submicron grating 
structures for light trapping in silicon solar cells," 
Prog. Photovolt. Res. Appl. , vol. 14, pp. 629–641, 
2006. 

[3] C. Haase and H. Stiebig, "Thin-film silicon 
solar cells with efficient periodic light trapping 
texture," Appl. Phys. Lett., vol. 91, p. 061116, 2007. 

[4] J. Krc, F. Smole, and M. Topic, "Potential 
of light trapping in microcrystalline silicon solar cells 
with textured substrates," Prog. Photovolt. Res. Appl., 
vol. 11, pp. 429–436, 2003. 

[5] H. Sai, Y. Kanamori, K. Arafune, Y. 
Ohshita, and M. Yamaguchi, "Light trapping effect 
of submicron surface textures in crystalline Si Solar 
Cells," Prog. Photovolt. Res. Appl., vol. 15, pp. 415–
423, 2007. 

[6] H. Stiebig, M. Schulte, C. Zahren, C. H. e, 
B. Rech, and P. Lechner, "Light trapping in thin-film 
silicon solar cells by nano-textured interfaces," in 
Photonics for Solar Energy Systems, Strasbourg, 
France, 2006, p. 619701. 

[7] W. E. I. Sha, W. C. H. Choy, and W. C. 
Chew, "Angular response of thin-film organic solar 
cells with periodic metal back nanostrips," Opt. Lett., 
vol. 36, pp. 478-480, 2011. 

[8] S. Pillai, F. J. Beck, K. R. Catchpole, Z. 
Ouyang, and M. A. Green, "The effect of dielectric 
spacer thickness on surface plasmon enhanced solar 
cells for front and rear side depositions," J. Appl. 
Phys., vol. 109, p. 073105, 2011. 

[9] U. W. Paetzold, E. Moulin, B. E. Pieters, R. 
Carius, and U. Rau, "Design of nanostructured 
plasmonic back contacts for thin-film silicon solar 
cells," Opt. Express, vol. 19, pp. A1219-A1230, 
2011. 

[10] U. W. Paetzold, E. Moulin, D. Michaelis, W. 
Bottler, Wachter, Hagemann, et al., "Plasmonic 
reflection grating back contacts for microcrystalline 
silicon solar cells," Appl. Phys. Lett., vol. 99, p. 
181105, 2011. 

[11] J. N. Munday and H. A. Atwater, "Large 
integrated absorption enhancement in plasmonic 
solar cells by combining metallic gratings and 
antireflection coatings," Nano Lett., vol. 11, pp. 
2195–2201, 2011. 

[12] S. A. Mann, R. R. Grote, J. Richard M. 
Osgood, and J. A. Schuller, "Dielectric particle and 
void resonators for thin film solar cell textures," Opt. 
Express, vol. 19, pp. 25729-25740, 2011. 

[13] J. Grandidier, D. M. Callahan, J. N. Munday, 
and H. A. Atwater, "Light absorption enhancement in 
thin-film solar cells using whispering gallery modes 
in dielectric nanospheres," Adv. Mater., vol. 23, pp. 
1272-1276, 2011. 

[14] Y.-J. Chang and Y.-T. Chen, "Broadband 
omnidirectional antireflection coatings for metal-
backed solar cells optimized using simulated 
annealing algorithm incorporated with solar 
spectrum," Opt. Express, vol. 19, No. S4, pp. A875-
A887, 2011. 

[15] F. J. Beck, S. Mokkapati, and K. R. 
Catchpole, "Light trapping with plasmonic particles: 
beyond the dipole model," Opt. Express, vol. 19, pp. 
25230-25241, 2011. 

[16] C. Battaglia, J. Escarre, K. Soderstrom, L. 
Erni, L. Ding, G. Bugnon, et al., "Nanoimprint 
Lithography for High-Efficiency Thin-Film Silicon 
Solar Cells," Nano Lett., vol. 11, pp. 661-665, 2011. 

[17] Z. Yu, A. Raman, and S. Fan, "Fundamental 
limit of light trapping in grating structures," Opt. 
Express, vol. 18, pp. A366-A380, 2010. 

[18] K. Söderström, F.-J. Haug, J. Escarré, O. 
Cubero, and C. Ballif, "Photocurrent increase in n-i-p 
thin film silicon solar cells by guided mode 
excitation via grating coupler," Appl. Phys. Lett., vol. 
96, p. 213508, 2010. 

[19] S. Pillai and M.A.Green, "Plasmonics for 
photovoltaic applications," Sol. Energ. Mat. Sol., vol. 
94, pp. 1481–1486, 2010. 

[20] V. E. Ferry, M. A. Verschuuren, H. B. T. Li, 
E. Verhagen, R. J. Walters, R. E. I. Schropp, et al., 
"Light trapping in ultrathin plasmonic solar cells," 
Opt. Express, vol. 18, pp. A237-A245, 2010. 

[21] H. A. Atwater and A. Polman, "Plasmonics 
for improved photovoltaic devices," Nature Mater., 
vol. 9, pp. 205-213, 2010. 

[22] L. Ae, D. Kieven, J. Chen, R. Klenk, T. 
Rissom, Y. Tang, et al., "ZnO nanorod arrays as an 
antireflective coating for Cu(In,Ga)Se2 thin film 
solar cells," Prog. Photovolt. Res. Appl., vol. 18, pp. 
209-213, 2010. 

[23] A. Meyer and H. Adea, "The effect of angle 
of incidence on the optical field distribution within 
thin film organic solar cells," J. Appl. Phys., vol. 106, 
p. 113101, 2009. 

[24] W. Bai, Q. Gan, F. Bartoli, J. Zhang, L. Cai, 
Y. Huang, et al., "Design of plasmonic back 
structures for efficiency enhancement of thin-film 
amorphous Si solar cells," Opt. Lett., vol. 34, pp. 
3725-3727, 2009. 

[25] K. R. Catchpole and A. Polman, "Plasmonic 
solar cells," Opt. Express, vol. 16, pp. 21793-21800, 
2008. 



 

[26] A. Lin, Y.-K. Zhong, and S.-M. Fu, "The 
effect of mode excitations on the absorption 
enhancement for silicon thin film solar cells," J. Appl. 
Phys., vol. 114, p. 233104, 2013. 

[27] A. Lin, Y.-K. Zhong, and S.-M. Fu, "The 
versatile designs and optimizations for cylindrical 
TiO 2-based scatterers for solar cell anti-reflection 
coatings," Opt. Express, vol. 21, pp. A1052-A1064, 
2013. 

[28] H.-Y. Lin, Y. Kuo, C.-Y. Liao, C. C. Yang, 
and Y.-W. Kiang, "Surface plasmon effects in the 
absorption enhancements of amorphous silicon solar 
cells with periodical metal nanowall and nanopillar 
structures," Opt. Express, vol. 20, pp. A104-A118, 
2012. 

[29] C. Battaglia, C.-M. Hsu, K. S. derstrom, J. 
Escarre, F.-J. Haug, M. Charriere, et al., "Light 
trapping in solar cells: can periodic beat random?," 
ACS Nano., vol. 6, pp. 2790-2797, 2012. 

[30] F.-J. Haug, K. Söderström, A. Naqavi, and 
C. Ballif, "Resonances and absorption enhancement 

in thin film silicon solar cells with periodic interface 
texture," J. Appl. Phys., vol. 109, p. 084516, 2011. 

[31] E. R. Martins, J. Li, Y. Liu, V. Depauw, Z. 
Chen, J. Zhou, et al., "Deterministic quasi-random 
nanostructures for photon control," Nat Commun., 
vol. 4, p. 2665, 2013. 

[32] A. S. Lin, Y.-K. Zhong, S.-M. Fu, C.-W. 
Tseng, S.-Y. Lai, and W.-M. Lai, "Lithographically 
fabricable, optimized three-dimensional solar cell 
random structure," J. Opt., vol. 15, p. 105007, 2013. 

[33] A. Lin and J. D. Phillips, "Optimization of 
random diffraction gratings in thin-film solar cells 
using genetic algorithms," Sol. Energ. Mat. Sol., vol. 
92, pp. 1689-1696, 2008. 

[34] T. H. Hsiao, J. M. Shieh, P. C. Yu, S. C.H., 
M. H. Kao, U. P. Chiou, et al., "Low cost high-
efficiency high-density-plasma Silicon-based thin 
film solar cells with high light-soaking stability," 
presented at the 38th IEEE Photovoltaic Specialists 
Conference (PVSC), Austin, TX, 2012. 

 


