
4 Holographic Light-Trapping Filters

If the incident sunlight is made to pass several times through a PV cell, the effec-
tive thickness for absorbing photons can be extended within a geometrically thin
cell. This method of “light trapping” has long been used to enhance the perfor-
mance of silicon cells.27 (Light trapping can also be considered as one type of
“light” or “photon management” technique for manipulating the properties of
light to increase PV cell efficiency.) One of the main benefits of light trapping
is that it reduces the amount of expensive PV cell material that is required to
achieve a desired level of photon absorption to increase PV cell efficiency. In
many cases, this can dramatically reduce the overall cost of the PV system and
still achieve the same performance.

Several methods for increasing the optical path length in PV cells are shown
in Fig. 20. The Fresnel reflection from semiconductors can be significant (∼32%
for ns = 3.5); therefore, some degree of path-length enhancement is obtained even
without modifying the material by reflection from the back surface. A typical PV
cell will have the back surface coated with a metallic material to provide an elec-
trical contact. This effectively serves as a mirror to provide a double pass through
the medium. Yablonovitch and Cody27 showed that by texturing the top and
bottom surfaces of a cell, an effective increase of 4n2PV in optical path length is
possible where nPV is the refractive index of the PV cell that is assumed to be sur-
rounded by air. This results in part by scattering incident light beyond the critical
angle within the substrate and enhancing trapping through total internal reflec-
tion (TIR).

Figure 19 Commercial modules developed by PST for rooftop applications.
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More recently, it has been shown that the optical path length within the PV
cell can be increased beyond the 4n2 limit,28,29 using a structure similar to that
shown in Fig. 21. In this device, light incident at near-normal incidence passes
through an angular-wavelength selective filter to an intermediate layer. At the
base of this layer is a diffuser that is adjacent to the PV cell surface. The diffuser
partially scatters light at all wavelengths in transmission and reflection.30 A reflec-
tive layer is also used as the substrate to the PV cell to reflect any light not
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Figure 20 Light-trapping methods using reflection and surface texturing. TIR is the total
internal reflection.

Figure 21 Ultra-light-trapping PV cell device consisting of a spatial–spectral holographic fil-
ter, a separation layer that encapsulates the hologram, a diffuser, and a PV cell with back
reflector. (Reproduced from Ref. 30 with permission of the Optical Society of America.)
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absorbed by the PV cell back into the cell and filter structure. As discussed ear-
lier, light that is absorbed near the band edge of the PV cell material is most effi-
ciently converted into electrical current. An indirect-bandgap material such as Si
has low absorption near the band edge of the PV cell material. Therefore, an opti-
cal filter is used to reflect wavelengths near the PV cell bandgap that are scattered
by the diffuser. The escape angle θa for the shortest wavelength that is not
reflected by the filters sets the new limit on optical path length enhancement to
4n2/(sin θa)2. Previous demonstrations of ultralight-trapping filters were made
using one-dimensional (1-D) photonic bandgap and Rugate filters which are
expensive to manufacture and to scale up to large areas.29 However, it is possible
to realize the necessary filter using low-cost HOEs and manufacturing methods.

Holographic implementation of an ultra-light-trapping filter can be realized by
using a reflection hologram formed in a high-efficiency material such as DCG.31

The Bragg selectivity property of the reflection hologram is incorporated into
the design. Incident light at normal and near-normal angles of incidence does
not satisfy the Bragg condition and passes through the holographic filter. At larger
angles of incidence, the Bragg condition is satisfied for a range of wavelengths
and the light is diffracted with high efficiency. The wavelengths diffracted at high
efficiency can be computed according to

λrðθincÞ ¼ 2Λ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðn2 − sin2 θincÞ

q
,

where n is the average refractive index of the hologram, Λ is the grating period, λr is
the diffracted wavelength, and θinc is the angle of incidence to the hologram normal.
For the most effective light trapping, the hologram should be designed to diffract
(reflect) wavelengths near the bandgap of the PV cell. For a silicon cell, this corre-
sponds to wavelengths that vary from about 1000 to 1300 nm. A reflection hologram
formed in a material with a refractive index of 1.53 and a grating period of 0.36 μm
will provide light trapping of wavelengths near the bandgap of the silicon cell. The
holographic light-trapping system and operating characteristics are shown in
Fig. 22. The two curves in Fig. 22(a) indicate the range of Bragg-matched dif-
fracted wavelengths for different angles of incidence (in air) to the hologram. For
this example, light incident at all wavelengths at angles less than θa will pass through
the hologram. Light that is subsequently scattered by the diffuser is incident to the
hologram through the encapsulating medium over a range of wavelengths and
angles. Light incident to the hologram at a short wavelength (900 nm) and angle
of 40 deg is not Bragg matched. It passes through the hologram as shown in
Fig. 22(b). However, light at 1000 nm satisfies the Bragg condition for the holo-
gram and is reflected back to the cell where it can be absorbed. As the angle of inci-
dence increases to 60 deg, the 900-nm light now also satisfies the Bragg condition
and is reflected back to the PV cell. Through this process, photons with wavelengths
near the bandgap of the PV cell can be directed back to the cell several times to
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increase their effective optical path length in the cell and the probability of
absorption.

The reflection hologram can be formed simply with a single beam that passes
through a prism, as shown in Fig. 23. The prism coupler allows for the construc-
tion of reflection holograms with angles of incidence that exceed the TIR angle of
the holographic material. This allows the formation of holograms with a large
range of grating period values and also provides a very stable platform for the
exposure process. Large-area holograms can be realized with a step-and-repeat
process.32

Figure 22 (a) Diffraction efficiency characteristics for a reflection hologram as a function of
angle of incidence (AOI) and wavelength; (b) holographic light-trapping system.
(Reproduced from Ref. 30 with permission of the Optical Society of America.)

Figure 23 Reflection hologram exposure system using a prism coupler. (Reproduced from
Ref. 31 with permission of the Optical Society of America.)
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The holographic light-trapping technique was demonstrated31 by forming
reflection holograms in a 17-μm-thick film of DCG with a refractive index of
1.53 exposed with 514-nm light through a right-angle prism. The exposed DCG
film was then processed using a combination of fixer solution followed by dehy-
dration in isopropanol and baking in an oven for final drying. The resulting mea-
sured and modeled diffraction efficiency is shown in Fig. 24 and shows very high
diffraction efficiency in the spectral band near the bandgap energy of silicon. The
diffraction efficiency was modeled using a modified RCW analysis method
(RSoft DiffractMOD). The Chain-matrix33 method is an alternative robust method
to simulate the efficiency of reflection gratings.

Enhanced light absorption in a silicon PV cell using holographic ultra-light
trapping can be quantified by evaluating the spectral absorption enhancement fac-
tor in the cell. The spectral absorption enhancement factor is given by

kðλÞ ¼ 4 · Tð0 deg , λÞR π∕2
0 Tðθ,λÞ cos θ sin θdθ

,

where θ is the ray angle within the hologram (relative to the normal) with refrac-
tive index 1.53, and T(θ,λ) is the hologram transmittance at an angle θ and wave-
length λ. At θ = 0 deg, the light is normally incident to the light-trapping device.
The transmittance at angles greater than the critical angle of the hologram
(40.81 deg) is zero. The resulting enhancement factor is shown in Fig. 25.
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Figure 24 Measured (solid curve) and simulated (dashed curve) for a reflection hologram
formed in a 17-μm-thick sample of DCG using a prism coupler as shown in Fig. 23.
(Reproduced from Ref. 30 with permission of the Optical Society of America.)
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