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Flat Solar Cells: Manifestations
_ of Fabry Perot Resonances
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Flat Solar Cells: Manifestations
of Fabry Perot Resonances
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Flat Solar Cells: Manifestations

of Fabry Perot Resonances
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Flat Solar Cells: Manifestations
of Fabry Perot Resonances
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Flat Solar Cells: Manifestations

Of Fabr\(/)Perot Resonances
a

1.0 : ‘
—— HFSS 100-500
i TMM 100-500
[ ——— HFSS 200-500 AT
TMM 200-500 i g
N\
0.6 A P VS

Reflection
o
F -

)
Lt
5=

e ¢
=)

400 600 800 1000 1200 1400
Wavelength (nm)
Region 1 Reglon 2 (b)
1.0 , ‘ . I
—— HFSS 100-500
0.8 = TMM 100-500 PN

o
o
|

[ | HFSS 100-250

TMM 100-250

—— HFSS 100-1000

TMM 100-1000 ,l"/
/ \ /

I 7

\\?\fﬁ“;)i
VAR

Reflection
o
-

o
(%)

0.0

Www.nano4me.org

800

1000 1200 1400

Wavelength (nm)

© 2018 The Pennsylvania State University

y

Am=2n, .t
AM = 2(N0t, +Npyety ) -+

]

region 1

region 2

Light Trapping 8



Flat Solar Cells: Manifestations
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Flat Solar Cells: Manifestations
of Fabry Perot Resonances
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Light trapping: Advantage of a
nanodome
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Light trapping: Advantage of a

%g nanodome
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Light trapping: Advantage of a
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Light trapping: Advantage of a
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Light trapping: Advantage of a
nhanodome
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Light trapping: Advantage of a
nhanodome
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Light trapping: Yablonovitch
limit

Eli Yablonovitch Vol. 72, No. 7/July 1882/]. Opt. Soc. Am. 299

Statistical ray optics

Eli Yablonovitch

Exxon Research & Engineering Company, P.O. Box 45, Linden, New [ersey 07036

Received December 17, 1981
A statistical approach is taken toward the ray optics of optical media with pli i herical and 1
surface shapes. As a general rule, the light in such a medium will tend to be randomized in direction and of 2n%(x)
times greater intensity than the externally incident light, where nix) is the local index of refraction. A specific
method for doing optical caleulations in statistical ray opties will be outlined. These optical enhancement effects

can result in a new type of antireflection coating. In addition, these effects can improve the efficiency as well as
reduce the cost of solar cells.
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Paper: E. Yablonovitch, J. Opt. Soc. Am. vol. 72, 899, 1982
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Light trapping: Yablonovitch
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Light trapping: Yablonovitch
limit
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Light trapping: Yablonovitch
limit
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Light trapping: Yablonovitch
limit
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Light trapping: Bloch modes
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Light trapping: Bloch modes
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Light trapping: Bloch modes

Even mode 1 Even mode 2 Odd mode
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Light trapping: Bloch modes
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Light trapping: Bloch modes
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Light trapping: Bloch modes
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Light trapping: Bloch modes
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Light trapping: Bloch modes

Air mode

Bloch modes



Light trapping: Diffraction aided
Waveguiding
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Light trapping: Diffraction aided
Waveguiding
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Light trapping: Diffraction aided
Waveguiding
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Light trapping: Diffraction aided
Waveguiding

484 THz




Light trapping: Diffraction aided
Waveguiding
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Light trapping: Diffraction aided
Waveguiding
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Light trapping: Mie resonances
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Light trapping: Mie resonances
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Light trapping: Hybridization
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Light trapping: Hybridization
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Light trapping: Hybridization
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Light trapping: Hybridization
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Light trapping: Hybridization

(a) Flat Cell

:tAZO=80nm or 160nm
a8

t =403nm

;tAg=50nm
(b) Nano-element (Dome) Cell from perspective

(c) Nano-element (Dome) Cell cross section

tAZO=80nm

t =293nm

QtAg=50nm
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Light trapping: Hybridization
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Light trapping: Plasmonics
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Examples: Mie Resonances

Introduction of a leaky
channel into the
substrate

Normalized scattering
cross-section

400 600 800 1,000
Free space wavelength (nm)

e /=500 nm

sphere cylinder
Fig. 2

Fig. 2: “Broadband omnidirectional antireflection coating based on subwavelength surface Mie resonators” P. Spinelli, M. A.
Verschuuren, A. Polman, Nature Comm. 3, 692 (2012).
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Examples: Mie Resonances

With 60nm ARC

_ b
from 40°  Fig. 3
Fig. 3: “Broadband omnidirectional antireflection coating based on subwavelength surface Mie resonators” P. Spinelli, M. A.
Verschuuren, A. Polman, Nature Comm. 3, 692 (2012).
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Examples: Mie Resonances

ARC tuned for UV-blue
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Fig. 4

Fig. 4: “Broadband omnidirectional antireflection coating based on subwavelength surface Mie resonators” P. Spinelli, M. A.
Verschuuren, A. Polman, Nature Comm. 3, 692 (2012).
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Examples: Hybridization

ZnO nanobeams

w\Pitch or 21/G
c-SiT

Silica

Fig. 5
Fig. 5: “Nanophotonics light trapping with patterned transparent conductive oxides” A. P. Vasudey, J. A. Schuller, M. L. Brongersma
Optics Express 10, A385-A394 (2012).
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Examples: Hybridization
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Fig. 6: “Nanophotonics light trapping with patterned transparent conductive oxides” A. P. Vasudey, J. A. Schuller, M. L. Brongersma
Optics Express 10, A385-A394 (2012).
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Examples: Hybridization
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Fig. 7: “Nanophotonics light trapping with patterned transparent conductive oxides” A. P. Vasudey, J. A. Schuller, M. L. Brongersma
Optics Express 10, A385-A394 (2012).
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Examples: Hybridization
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Fig. 8: “Nanophotonics light trapping with patterned transparent conductive oxides” A. P. Vasudey, J. A. Schuller, M. L. Brongersma

Optics Express 10, A385-A394 (2012).

www.nano4me.org © 2018 The Pennsylvania State University

Light Trapping 61



Www.nano4me.org

Examples: Plasmonics

(a) (b)

o n-i-p a-Si:H I:
130 nm ZnO:Al

200 nm Ag

silica sol-gel

Fig. 9
Fig. 9: “Light trapping in ultrathin plasmonic solar cells” V. E. Ferry, M. A. Verschuuren, H. B. T. Li, E. Verhagen, R. J. Walters, R. E.
I. Schropp, H. A. Atwater, A. Polman Optics Express 18, A237-A245 (2010).
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Examples: Plasmonics

(a) 200.0nm
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Fig. 10

Fig. 10: “Light trapping in ultrathin plasmonic solar cells” V. E. Ferry, M. A. Verschuuren, H. B. T. Li, E. Verhagen, R. J. Walters, R.
E. I. Schropp, H. A. Atwater, A. Polman Optics Express 18, A237-A245 (2010).
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Examples: Plasmonics
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Fig. 10: “Light trapping in ultrathin plasmonic solar cells” V. E. Ferry, M. A. Verschuuren, H. B. T. Li, E. Verhagen, R. J. Walters, R.
E. I. Schropp, H. A. Atwater, A. Polman Optics Express 18, A237-A245 (2010).
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Examples: Plasmonics
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Fig. 11: “Light trapping in ultrathin plasmonic solar cells” V. E. Ferry, M. A. Verschuuren, H. B. T. Li, E. Verhagen, R. J. Walters, R.
E. I. Schropp, H. A. Atwater, A. Polman Optics Express 18, A237-A245 (2010).
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Examples: Plasmonics
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Fig. 12: “Light trapping in ultrathin plasmonic solar cells” V. E. Ferry, M. A. Verschuuren, H. B. T. Li, E. Verhagen, R. J. Walters, R.
E. I. Schropp, H. A. Atwater, A. Polman Optics Express 18, A237-A245 (2010).
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Examples: Waveguiding
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Fig. 13

Fig. 13: “Light Trapping in Solar Cells: Can Periodic Beat Random?” C. Battaglia, C.-M. Hsu, K. Soderstrom, J. Escarre, F.-J.
Haug, M. Charriere, M. Boccard, M. Despeisse, D. T. L. Alexander, M. Cantoni, Y. Cui, C. Ballif ACS Nano 6, 2790-2797, 2012.
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Examples: Waveguiding

a)

% o0 — . Diffraction peaks
g 40 .
w 55
20 |77 Bypamias -
=+ -=Smooth cavities
0 1 | |

400 500 600 700 a00
wavelength [nm]

Fig. 14

Fig. 14: “Light Trapping in Solar Cells: Can Periodic Beat Random?” C. Battaglia, C.-M. Hsu, K. Soderstrom, J. Escarre, F.-J.
Haug, M. Charriere, M. Boccard, M. Despeisse, D. T. L. Alexander, M. Cantoni, Y. Cui, C. Ballif ACS Nano 6, 2790-2797, 2012.
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Examples: Waveguiding
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Fig. 15: “Light Trapping in Solar Cells: Can Periodic Beat Random?” C. Battaglia, C.-M. Hsu, K. Soderstrom, J. Escarre, F.-J.
Haug, M. Charriere, M. Boccard, M. Despeisse, D. T. L. Alexander, M. Cantoni, Y. Cui, C. Ballif ACS Nano 6, 2790-2797, 2012.
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Examples: Waveguiding
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Fig. 16: “Light Trapping in Solar Cells: Can Periodic Beat Random?” C. Battaglia, C.-M. Hsu, K. Soderstrom, J. Escarre, F.-J.
Haug, M. Charriere, M. Boccard, M. Despeisse, D. T. L. Alexander, M. Cantoni, Y. Cui, C. Ballif ACS Nano 6, 2790-2797, 2012.
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Examples: Photonic Crystals

Ordered Random

R

Fig. 17

Fig. 17: “Light Trapping in ultrathin silicon photonic crystal superlattices with randomly-textured dielectric incouplers” D. M.
Callahan, K. A. W. Horowitz, H. A. Atwater Optics Express 21, 30315-30326 (2013).
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Examples: Photonic Crystals
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Fig. 18: “Light Trapping in ultrathin silicon photonic crystal superlattices with randomly-textured dielectric incouplers” D. M.
Callahan, K. A. W. Horowitz, H. A. Atwater Optics Express 21, 30315-30326 (2013).
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Examples: Photonic Crystals
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Fig. 19: “Light Trapping in ultrathin silicon photonic crystal superlattices with randomly-textured dielectric incouplers” D. M.
Callahan, K. A. W. Horowitz, H. A. Atwater Optics Express 21, 30315-30326 (2013).
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Examples: Photonic Crystals
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Fig. 20: “Light Trapping in ultrathin silicon photonic crystal superlattices with randomly-textured dielectric incouplers” D. M.
Callahan, K. A. W. Horowitz, H. A. Atwater Optics Express 21, 30315-30326 (2013).
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Examples: Photonic Crystals

Planar Si with rough Best superlattice with
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Fig. 21

Fig. 21: “Light Trapping in ultrathin silicon photonic crystal superlattices with randomly-textured dielectric incouplers” D. M.
Callahan, K. A. W. Horowitz, H. A. Atwater Optics Express 21, 30315-30326 (2013).
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Examples: Photonic Crystals
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Fig. 22: “Light Trapping in ultrathin silicon photonic crystal superlattices with randomly-textured dielectric incouplers” D. M.
Callahan, K. A. W. Horowitz, H. A. Atwater Optics Express 21, 30315-30326 (2013).

www.nano4me.org © 2018 The Pennsylvania State University Light Trapping 76



	Light Trapping
	Outline
	Flat Solar Cells�Antireflection Coating
	Flat Solar Cells: Manifestations of Fabry Perot Resonances
	Flat Solar Cells: Manifestations of Fabry Perot Resonances
	Flat Solar Cells: Manifestations of Fabry Perot Resonances
	Flat Solar Cells: Manifestations of Fabry Perot Resonances
	Flat Solar Cells: Manifestations of Fabry Perot Resonances
	Flat Solar Cells: Manifestations of Fabry Perot Resonances
	Flat Solar Cells: Manifestations of Fabry Perot Resonances
	Light trapping: Advantage of a nanodome
	Light trapping: Advantage of a nanodome
	Light trapping: Advantage of a nanodome
	Light trapping: Advantage of a nanodome
	Light trapping: Advantage of a nanodome
	Light trapping: Advantage of a nanodome
	Light trapping: Advantage of a nanodome
	Light trapping: Yablonovitch limit
	Light trapping: Yablonovitch limit
	Light trapping: Yablonovitch limit
	Light trapping: Yablonovitch limit
	Light trapping: Yablonovitch limit
	Light trapping: Bloch modes
	Light trapping: Bloch modes
	Light trapping: Bloch modes
	Light trapping: Bloch modes
	Light trapping: Bloch modes
	Light trapping: Bloch modes
	Light trapping: Bloch modes
	Light trapping: Bloch modes
	Light trapping: Diffraction aided Waveguiding
	Light trapping: Diffraction aided Waveguiding
	Light trapping: Diffraction aided Waveguiding
	Light trapping: Diffraction aided Waveguiding
	Light trapping: Diffraction aided Waveguiding
	Light trapping: Diffraction aided Waveguiding
	Light trapping: Mie resonances
	Light trapping: Mie resonances
	Light trapping: Hybridization
	Light trapping: Hybridization
	Light trapping: Hybridization
	Light trapping: Hybridization
	Light trapping: Hybridization
	Light trapping: Hybridization
	Light trapping: Hybridization
	Light trapping: Hybridization
	Light trapping: Hybridization
	Light trapping: Hybridization
	Light trapping: Hybridization
	Light trapping: Hybridization
	Light trapping: Hybridization
	Light trapping: Hybridization
	Light trapping: Plasmonics
	Light trapping: Plasmonics
	Examples: Mie Resonances
	Examples: Mie Resonances
	Examples: Mie Resonances
	Examples: Hybridization
	Examples: Hybridization
	Examples: Hybridization
	Examples: Hybridization
	Examples: Plasmonics
	Examples: Plasmonics
	Examples: Plasmonics
	Examples: Plasmonics
	Examples: Plasmonics
	Examples: Waveguiding
	Examples: Waveguiding
	Examples: Waveguiding
	Examples: Waveguiding
	Examples: Photonic Crystals
	Examples: Photonic Crystals
	Examples: Photonic Crystals
	Examples: Photonic Crystals
	Examples: Photonic Crystals
	Examples: Photonic Crystals

