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Light trapping in thin film organic solar
cells
Zheng Tang*, Wolfgang Tress and Olle Inganäs*

Biomolecular and Organic Electronics, IFM, and Center of Organic Electronics, Linköping University, SE-581 83 Linköping, Sweden

A major issue in organic solar cells is the poor mobility and recombination of the photogenerated

charge carriers. The active layer has to be kept thin to facilitate charge transport and minimize

recombination losses. However, optical losses due to inefficient light absorption in the thin active

layers can be considerable in organic solar cells. Therefore, light trapping schemes are critically

important for efficient organic solar cells. Traditional light trapping schemes for thick solar cells

need to be modified for organic thin film solar cells in which coherent optics and wave effects play a

significant role. In this review, we discuss the light trapping schemes for organic thin film solar cells,

which includes geometric engineering of the structure of the solar cell at the micro and nanoscale,

plasmonic structures, and more.
Introduction
Organic solar cells have been attracting considerable attention

owing to their potential merit of low cost energy conversion. The

power conversion efficiency (PCE) of organic solar cells has been

increased up to 9.2% for a single junction configuration [1] and over

12% for a tandem structure [2]. Due to limited charge carrier mobi-

lities in organic materials, the optimized thickness of the organic

active layer is always a result of the tradeoff between light absorption

and charge carrier extraction [3]. For the active layer of bulk hetero-

junction solar cells based on polymer and fullerene derivative, the

optimal thickness, taking into account the optical interference and

recombination losses, is found to be �100 nm [4,5]. Despite the fact

that the absorption coefficient of organic materials is generally high,

light with energy in the absorption band of the active layer is not

completely absorbed with a 100 nm active layer. A considerable

portion of the incoming light is lost, due to reflection for organic

solar cells with reflective electrodes, and through transmission for

semitransparent organic solar cells. Further improvements in effi-

ciency of organic solar cells beyond the currently achieved �10%

can be expected upon reduction of such losses.

Optical losses in organic solar cells are reduced commonly via

proper designs of the device architecture [6], careful choice of the
*Corresponding authors:. Tang, Z. (zheta@ifm.liu.se), Inganäs, O. (oling@ifm.liu.se)
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electrode materials [7–13] or interface materials [14], or the use of

optical spacers [4,15–17]. Nevertheless, the inefficient light ab-

sorption in the thin organic active layers is still a major issue that

limits photocurrent generation and concomitantly the PCE of

organic solar cells.

One way to improve light capture in solar cells is to employ light

trapping schemes which were extensively studied in the field of

inorganic photovoltaics. These light trapping techniques were

initially developed for solar cells with thick active layers. For

example, by adding an anti-reflection coating, or by texturing

the surface of a thick silicon solar cell in supermicron scale, light

can be redirected, trapped by total internal reflection (TIR) and

better absorbed in the semiconductor [18–20].

For thin film organic solar cells, light trapping schemes need to

be modified due to the low refractive index of the substrate, or

practical difficulties of employing large textured structures, and

also the fundamentally different optical behavior of light in thin

films. Light trapping has been a hot topic for inorganic thin film

solar cells during the last few years, and has started to attract wide

attention in the field of organic solar cells as well.

In this article, we review the reported light trapping schemes for

thin film organic solar cells. This includes geometric engineering of

the solar cell, and the application of grating, random and plasmonic

structures.
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Fundamental limit of light trapping in thin film
solar cells
For solar cells with a thick absorbing layer, the maximum enhance-

ment factor for absorption with respect to a single pass absorption

is limited to 4n2 with n being the refractive index of the absorbing

layer. This is known as the ray-optics limit [19,21]. This 4n2 limit

was derived based on a few assumptions: the absorbing layer has an

isotropic response and is much thicker than the wavelength,

trapping of light is achieved with random structures, and absorp-

tion in the layer in a single pass is negligible, etc. Thus, this limit

for light trapping can be broken when violating these assump-

tions. For instance, in concentrating systems, the enhancement

factor can be boosted by a factor can be boosted by a factor of

1=sin2 u with u being half of the apex angle of the absorption cone

[22]; Employing a periodic grating with periodicity comparable to

the wavelength of the incoming light can support guided optical

modes [23]. Then, the upper limit for the enhancement factor in

this light trapping configuration can be as high as ð2p=
ffiffiffi

3
p
Þ � 4n2.

For solar cells based on thin photo-absorbing layers, like organic

solar cells, the conventional limits mentioned above are not

strictly applicable, as the wave effects in the thin photo-absorbing

layer violate the basic assumptions. When the thickness of the

layer is comparable to the wavelength of light, the waveguide

modes form a discrete set, and thus the number of guided modes is

limited [23,24]. Therefore, the conventional limit derived for thick

solar cells is difficult to reach at first glance.

There are methods proposed to exceed the conventional limits

[25–28]. For example, Yu et al. established the relationship between

the modes and absorption in the absorber by using a statistical

coupled-mode theory [26], and found the requirements needed to

fully exploit the advantage of trapping light in thin films. They

demonstrated that by modeling a sandwiched structure where a

thin photo-absorbing layer was placed in between a mirror and a

high refractive index top cladding layer. This layer has a textured top

surface to couple light into guided modes, and light could be

strongly concentrated in the low-index absorbing layer due to

the slot-waveguide effect. As a result, an enhancement factor of

light absorption well beyond the conventional limit was predicted

with this thin film structure. Another light trapping scheme based

on tunneling evanescent waves was also reported to exceed the

conventional limit: A thin active layer was inserted between two

non-absorbing cladding layers with Lambertian scattering surfaces

and higher refractive index [27]. Predictions show that a significant

fraction of light can be injected into the active layer, leading to an

enhancement in optical pass length as high as 100 times. These

methods are particular suitable for organic solar cells, as the refrac-

tive index of organic materials is generally quite low.

The mentioned theoretical possibilities speak for the power of

light trapping to increase the performance of thin film solar cells.

But practically, there are more factors that need to be considered.

For example, when the active layer is so thin, electric losses or layer

defects may be induced which are negative effects that deteriorate

the overall solar cell performance. Thus, at current stage, it is

difficult to find the most useful schemes for trapping light in

organic solar cells. What needs to be kept in mind is that the

ultimate goal of employing light trapping structures in organic

solar cells is to improve the absolute absorption in the photo-

absorbing layer and the overall performance. Reaching a high
390
enhancement factor or approaching the theoretical upper limit

is perhaps not practically important. In the following sections, we

will discuss light trapping schemes which work in the ray-optics as

well as in the wave domain and which have been experimentally

realized in organic solar cells.

Solar cells with novel geometries
Light trapping can be achieved upon novel designs of the device

geometry [29–33]. A folded or V-shaped geometry is interesting, as

its formation requires one single additional step, which is to fold

the cell [29]. This can be easily done when a plastic substrate is

used. A schematic device architecture of a folded solar cell is

illustrated in Fig. 1a. In such a V-shaped geometry, light trapping

effects are induced via multiple bounces of the reflected light

which would otherwise be lost in planar solar cells. The largest

enhancement can be found for light with wavelength in the

absorption minimum or close to the absorption edge of the active

material. More importantly, the two cells on each side of the V

geometry can be based on either the same active layer material, or

different active layer materials, assembling a module based on a

tandem solar cell that could give rise to a doubled photovoltaic

performance, as reported in Ref. [29].

Intuitively, the light trapping effect depends strongly on the

thickness of the active layer and the folding angle, which is

consistent with theoretical calculations [34,35]: Absorption of

light in the solar cell increases rapidly with decreasing folding

angle, regardless of the thickness of the active layer, due to the

increased number of internal reflections. Compared to a solar cell

with a thick active layer, a thin active layer gives a lower absolute

light absorption, but a higher enhancement factor with respect to

the absorption in the unfolded solar cell, as shown in Fig. 1b,c.

Optical simulations of folded and planar solar cells have also

shown that the folded solar cells have the potential to absorb more

light, and generate a higher mean power during the course of a full

day, that is, including a variation of angle of incidence [36].

Although it is not easy to avoid inducing defects while folding

the solar cell, high efficiency solar cells with V-shaped geometry

have recently been demonstrated. As an example, the performance

of a solar cell based on PCDTBT:PC71BM was improved from 5.3%

to 7.2% upon using a V-shaped substrate [37].

Apart from folding, pre-structuring the substrate is another way

to construct V-shaped organic solar cells. Optically, solar cells

fabricated on a microprism substrate are similar to folded solar

cells, but with different dimensions [38]. Even with a non-opti-

mized folding angle, absorption in the microprism-based solar cell

with a spin-coated active layer could be enhanced by a factor of

1.5, compared to a planar cell according to Ref. [38]. In that study,

the dominant limitation regarding the PCE is the too thick active

layer in the valleys of the structured substrate, where recombina-

tion losses become significant. Thus, the microprism substrate is

more suitable for constructing V-shaped solar cells based on

vacuum evaporated small molecule solar cells, as a homogenous

deposition of the active layers can be realized [39].

Light trapping elements
Incoupler at the front surface
Light absorption can be improved upon use of refractive structures

[40], gratings [41,42], random scatterers [43], apertures [44], and
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FIGURE 1

(a) Schematic device architecture of a folded solar cell. The two cells on

each side can be based on the same or different active materials. (b)
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microlenses [45–47], positioned at the top surface of the solar cell.

The improved absorption can be due to an enhanced incoupling

efficiency and/or increased optical path length. Some of the struc-

tures can be directly integrated into the layers, mainly the elec-

trode layer of the solar cell, but sometimes, the favorable way is to

use separately prepared structures to avoid potential electric

defects that can induce recombination losses.

As an example, a light trapping element that consists of an array

of microlenses on top of a metallic mirror with small apertures for

transmitting the focused light (Fig. 2) was demonstrated [45]. Such

a structure is transparent to collimated illumination in one direc-

tion, and highly reflective for both collimated and directionally

random light in the opposite direction. Light entered a solar cell

with such a light trap on top bounces back and forth between the

reflective electrode of the solar cell and the metal surface of the

trap, leading to an increased probability of photon absorption. A

20% enhancement in photocurrent generation was observed.

However, due to the fact that the light trapping system is based

on refraction and precise focusing, enhancements could only be

obtained for a very small set of incident angles.

Trapping light with a polymeric retroreflective structure based

on a cross-linked poly(dimethylsiloxane) on top of organic solar

cells was also reported [40]. By optically optimizing the geometry

of the structure (Fig. 3), an enhancement of the optical path length

is achieved not only due to an altered angle of incident light, but

also due to the capture of light otherwise leaving the absorbing

layer. Another merit is that the textured structure is not specific to

materials or substrates; it can be integrated with solar cells of

different types. The effect of this light trapping structure was

demonstrated for solar cells with conventional geometry, where

photocurrent generation could be improved by 20% upon use of

the structure. However, even with the retroreflective structure, a

reflection loss of 20% remained for the solar cell, indicating that

the light confinement in the solar cell was not sufficient. Pursuing

TIR with the help of additional light trapping elements may result

in a better capture of light, which remains to be proven.

Structured back reflector
A common method to achieve light trapping in organic solar cells is

based on the application of structured back reflectors. Those can be

realized by modifying the already existent metal electrode, convert-

ing it into a diffraction grating that couples reflected light into

waveguide modes of the solar cell. Structuring of the metal is mostly

done using soft lithographic imprinting techniques [48–52].

The accurate patterning with imprinting techniques allows sys-

tematic studies of the effects of the grating geometry on the device

performance. As reported in Ref. [50], both size and height of the

grating structure influences the performance of the solar cell. Ex-

perimental results are consistent with theory [26], predicting that a

two-dimensional structure outperforms a one-dimensional one, as
Energy dissipation in the active layer of a solar cell based on APFO3:PCBM

as a function of half folding angle, for different active layer thicknesses

(shown in legends, in nm). The thickness of PEDOT:PSS is for all devices
40 nm. The largest absorption is found in the cells with thicker layers, but

the absorption in the thinner cells is more affected by the folding. (c)

Energy dissipation in the active layer relative to a corresponding planar

cell. Reprinted from Ref. [34] with permission. Copyright 2007, AIP
Publishing LLC.
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FIGURE 2

(a) Principle of a light trapping scheme that consists of an array of microlenses on top of a metallic mirror with apertures. (b) Ray tracing with a 100%

absorption in a single pass. (c) Ray tracing with a 100% reflecting organic solar cell. Reprinted from Ref. [45] with permission. Copyright 2008, The Optical

Society.
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the two-dimensional structure can support more guided modes.

Random structures can also be integrated into the metal electrodes

of organic solar cells with soft imprinting approaches [53,54],

although the improvements in light absorption were less than 10%.
FIGURE 3

(a) Scanning electron microscopy image of a retroreflective structure, based on a c

1000 mm. (b) 3D representation of a single optical element that makes up the struc

silicon wafer. The optical path of a laser beam clearly demonstrates the working pr

reflection on the silicon surface (2) the beam is back reflected at the polymer–air in
enhanced path length of the light through the absorber layer and the back reflect

indicated by red, orange, yellow, and green lines, respectively. Reprinted from Ref. 

392
With the development of semitransparent solar cells [55,56]

comprising two transparent electrodes, an application of light

trapping back reflectors in the optical far field becomes possible

[55–58]. We previously demonstrated a light trapping scheme in a
ross-linked PDMS made by using a stainless steel mold, with a height of

ture. (c) Large scale mock-up of one optical element, placed on a reflective

inciple. Upon entering the model, the beam is first refracted (1), and after

terface (3). (d) 2-D representation of the trajectory of the light, illustrating the
ion due to the textured sheet. The 1st, 2nd, 3rd, and 4th pass of light are

[40] with permission. Copyright 2013, John Wiley and Sons.
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semitransparent solar cell with a metallic grating structure [58]. By

placing the metallic structure at any side of the semitransparent

solar cell (Fig. 4), light is efficiently trapped based on TIR. This

considerably improves the photocurrent, compared to a planar

mirror. However, the drawback of a metallic reflector (in general)

is parasitic absorption, which also in that study was identified to

limit a further enhancement of light absorption in the active

layer.

Employing dielectric scatterers could thus be a better approach.

We reported improvements in photocurrent generation combin-

ing a semitransparent solar cell with a dielectric scatterer based on

cheap nano-size TiO2 particles dispersed in cross-linked silicon

rubber (PDMS) [59]. The dielectric scatterers are highly diffuse
FIGURE 4

(a) Schematic picture of four organic solar cells on a substrate with a Ag

grating structure, optical conformal contact is ensured by a PDMS spacer in
between the cell and the structure. (b) Scanning electron microscopy

image of the grating structure on a plastic substrate. The structure pitch is

55 mm and the height is 40 mm. (c) and (d) Ray tracing for a

semitransparent solar cell with laminated grating structures generating
reflections. Reprinted from Ref. [58] with permission. Copyright 2012, AIP

Publishing LLC.
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reflecting, and the ratio between their reflectance and transmit-

tance can be tuned by the concentration of TiO2 in PDMS (Fig. 5).

A scatterer with reflectance approaching 100% for visible light

enhanced the photocurrent generation in semitransparent solar

cells by 110%, and the more transparent dielectric scatterers could

be used for balancing photocurrent generation in tandem solar

cells, while maintaining the light trapping effect. One major

challenge for tremendously benefiting from dielectric scatterers

placed in the periphery of a semitransparent solar cell is a mini-

mization of parasitic absorption in the electrodes which are not

completely transparent in the visible spectral range.

Structured substrate
Light trapping elements can be induced by directly structuring the

substrate of organic solar cells [60–65].

Direct laser interference patterning technology was demonstrat-

ed as a powerful tool for structuring plastic substrates for enhanced

light absorption in organic solar cells in Ref. [62]. Improvements of

15% in the photocurrent were obtained for both solar cells based

on one-dimensional line pattern and two-dimensional hexagonal

pattern in that work, due to the increased optical path length.

Substrates that bear wrinkles and deep folds could also be used

to construct organic solar cells with light trapping effects [63].

Compared to solar cells fabricated on a flat substrate, an enhance-

ment of the photocurrent by 13% and 47% was obtained for solar

cells based on substrates with winkles and deep folds (180 nm in

height), respectively. The efficient light trapping effect induced by

the folds was found even more pronounced for low energy

photons which are not efficiently absorbed in a single pass: 6-fold

enhancement was observed for light with wavelengths over

650 nm upon use of the substrate with deep folds. Finite-element

simulations showed that the dramatic enhancement was due to

waveguide modes supported by the folded surfaces. Considering

the fact that no significant recombination loss was introduced at

the folded surface, construction of organic solar cells on folded

substrate for improved light harvesting may hold potential for

future manufacturing in large-scale.

Plasmonics
Relatively new methods for trapping light in thin film solar cells are

based on the use of plasmonic effects, that is, collective oscillations

of free electrons at metal/dielectric interfaces. Excitation of free

electrons in metal nanoparticles or at metal/dielectric interfaces

results in the storage of energy in the localized surface plasmon

resonance (LSPR) in the nanoparticles or in the surface plasmon

polaritons at the metal/dielectric interfaces, which could be con-

verted into absorption events in the semiconductor via either a near-

field effect or a far-field coupling. Two types of plasmonic structures

are of interest for photovoltaic applications, nanoparticle plasmons

and surface plasmon polaritons (SPP). Excellent reviews regarding

the use of plasmonic structures in a broad context of photovoltaic

devices can be found in Refs. [66–72].

Far-field scattering
Metal nanoparticles placed on top of a solar cell can preferentially

scatter light into the high index substrate (Fig. 6a), and thus reduce

reflection losses and increase light incoupling efficiency [73–76].

Moreover, the light scattered into the semiconductor can be
393
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FIGURE 5

(a) Reflectance of different dielectric scatterers (D1–D6) with different TiO2 concentrations (similar thicknesses) and of a planar silver mirror. (b) A photograph

that compares a dielectric scatterer (left) to a planar silver mirror (right) on a glass slide. Reprinted from Ref. [59] with permission. Copyright 2013, John

Wiley and Sons.

FIGURE 6

Trapping light with plasmonic effects (a) Light trapping by scattering from metal nanoparticles at the top surface of a solar cell. (b) Light trapping by the

localized surface plasmons of metal nanoparticles in the active layer of a solar cell. (c) Light trapping by surface plasmon polaritons at a structured interface

between the active layer and the electrode.
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coupled into waveguide modes, which also improves absorption

[66,77–79].

Plasmonic scattering is found most efficient at the plasmonic

resonant frequency, which can be tuned by controlling the envi-

ronment, or the spacing between the particles, etc. Absorption in

the nanoparticles is significant below the resonant frequency

[66,77,80]. Above the resonant frequency, light is scattered. When

the nanoparticles are used for scattering light, large albedo (scat-

tering efficiency) and low absorption in the metal is required. The

size of the particles is thus important. Larger particles give a larger

scattering effect, as absorption in the particles scales with the

volume v of the particle, whereas scattering scales with v2 [66,81].

The anti-reflection effects induced by metal nanoparticles have

been extensively investigated for solar cells based on inorganic

materials, but due to the low refractive index of organic materials,

a high incoupling efficiency is difficult to realize when the nano-

particles are put on top. Thus, it might be better to place the

nanoparticles at the interface between the active layer and the

back metal electrode. This configuration was initially studied in
394
detail for inorganic thin film solar cells, and showed strong ab-

sorption enhancements due to coupling of light into guided

modes in the photo-absorbing layer [82–84]. For organic solar

cells, demonstrations can be found in references [81,85,86].

Near-field enhancement
Small metallic nanoparticles embedded in the active layer of solar

cells, can act as optical antennas for light and store energy in the

localized surface plasmon resonance (LSPR) (Fig. 6b). The excita-

tion of surface plasmons can be lost in the metal particles due to

ohmic dissipation or be absorbed in the surrounding semiconduc-

tor due to near-field coupling to generate electrons and holes.

In either case, absorption in the system is increased, which has

been widely reported for both inorganic and organic solar cells

[87–89].

To ensure the strongly enhanced optical near field, the nano-

particles need to be small, then the far-field scattering is mini-

mized [89–91]. The coupling efficiency between the plasmon

excitation and the excitation in the surrounding semiconductor
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depends on size and shape of the metal nanoparticles, the inter-

particle spacing, as well as the thickness, and dielectric constant of

the embedding layer. The near-field effect on the photocurrent

generation has been theoretically studied for both inorganic and

organic solar cells, but promising results are not predicted. It may

work more efficiently for organic solar cells [90], as for a thin and

weakly absorbing organic active layer a high improvement could

be expected, but at a cost of strong ohmic loss in the metal

particles, meaning that full absorbance in the organic active layer

is impossible.

Another detrimental effect resulting from the embedded metal

nanoparticles is the induced quenching of the excited states at the

interface between metal and semiconductor, which easily offsets

the gains from the enhanced absorption [92]. Isolation of the

metal nanoparticles with an inert cladding layer may prevent

the electric losses at the metal/semiconductor interface, but

reduces the beneficial effect from the near-field absorption. This

could be the reason for the limited or negative enhancements of

photocurrent generation while employing the metallic nanopar-

ticles in organic solar cells as previously reported in literatures

[93–101].

Surface plasmon polariton
An alternative way of utilizing plasmonic effects for light trapping

in solar cells is to use a metallic nanostructured thin film which

supports SPP (Fig. 6c). SPPs are collective oscillations of free

electrons at the interface between a dielectric layer and a metallic

layer. They are highly localized at the interface and can propagate

along it for a few micrometers until the energy is lost in the metal

or absorbed in the dielectric layer. SPP excitation at the metal/

dielectric interface can be realized only when the in plane com-

ponent of the momentum of the incident photon matches that of

the SPP. Thus excitation of SPP with normal incident light is

forbidden. Nano-structuring of the interface is needed, either

via implementation of gratings or by tilting the interface with

respect to the incident illumination [102].

The possibility of improved optical absorption in the active

layer is shown in theories [103–108], but experimental results are

often found disappointing [109,110]. Efficient harnessing of the

energy from SPP in well-performing organic solar cells remains

problematic.

An early study of plasmonic effects in organic solar cells with

imprinted metal/dielectric interfaces that were designed using

electromagnetic calculations can be found in Ref. [109]. Distinct

plasmon absorption peaks were identified in the solar cells with a

metal grating structure based on two different active material

systems, as predicted by theory, but the absorbed energy was

not used to generate photocurrent. Simulations indeed demon-

strated that the absorbed power was dissipated inside the metal

structure, and thus not generating current, but heating up the

electrode.

Summary and future outlook
The limited charge carrier transport in organic semiconductors

requires the active layer of organic solar cells to be thin. Minimiz-

ing optical losses due to insufficient absorption in the thin organic

active layer requires novel designs of light trapping schemes. In the

article, we reviewed state of the art light trapping techniques for
organic solar cells. Given the fact that theoretical calculations

predict remarkable effects of various structures for light trapping

in organic thin film solar cells, but the experimental realization is

left way behind, it can be foreseen that light trapping for organic

solar cells will still be an active field in coming years.
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[71] C. Hägglund, S.P. Apell, J. Phys. Chem. Lett. 3 (2012) 1275.

[72] Q. Gan, F.J. Bartoli, Z.H. Kafafi, Adv. Mater. 25 (2013) 2385.

[73] H.R. Stuart, D.G. Hall, Appl. Phys. Lett. 69 (1996) 2327.

[74] D.M. Schaadt, B. Feng, E.T. Yu, Appl. Phys. Lett. 86 (2005) 063106.

[75] S. Mokkapati, et al. Appl. Phys. Lett. 95 (2009) 053115.

[76] P. Spinelli, et al. Nano Lett. 11 (2011) 1760.

[77] K.R. Catchpole, A. Polman, Appl. Phys. Lett. 93 (2008) 191113.

[78] D. Derkacs, et al. Appl. Phys. Lett. 89 (2006) 093103.

[79] S. Pillai, et al. J. Appl. Phys. 101 (2007) 093105.

[80] F.J. Beck, A. Polman, K.R. Catchpole, J. Appl. Phys. 105 (2009) 114310.

[81] S. Vedraine, et al. Sol. Energy Mater. Sol. Cells 95 (2011) 57.

[82] V.E. Ferry, et al. Appl. Phys. Lett. 95 (2009) 183503.

[83] V.E. Ferry, et al. Opt. Express 18 (2010) 237.
396
[84] V.E. Ferry, et al. Nano Lett. 11 (2011).

[85] B. Niesen, et al. Adv. Energy Mater. 3 (2013) 145.

[86] J. You, et al. Adv. Energy Mater. 2 (2012) 1203.

[87] O. Stenzel, et al. Sol. Energy Mater. Sol. Cells 37 (1995) 337.

[88] D. Duche, et al. Sol. Energy Mater. Sol. Cells 93 (2009) 1377.

[89] H. Shen, P. Bienstman, B. Maes, J. Appl. Phys. 106 (2009) 073109.

[90] P. Spinelli, A. Polman, Opt. Express 20 (2012) 641.

[91] B. Niesen, et al. J. Phys. Chem. C 116 (2012) 24206.

[92] B. Niesen, et al. J. Phys. Chem. C 116 (2012) 24215.

[93] A.J. Morfa, et al. Appl. Phys. Lett. 92 (2008) 013504.

[94] N.C. Lindquist, et al. Appl. Phys. Lett. 93 (2008) 123308.

[95] F.C. Chen, et al. Appl. Phys. Lett. 95 (2009) 013305.

[96] K. Topp, et al. J. Phys. Chem. A 114 (2010) 3981.

[97] D.H. Wang, et al. Adv. Energy Mater. 1 (2011) 766.

[98] I. Diukman, et al. Opt. Express 19 (2011) 64.

[99] C.C.D. Wang, et al. J. Mater. Chem. 22 (2011) 1206.

[100] D.D.S. Fung, et al. J. Mater. Chem. 21 (2011) 16349.

[101] H. Liu, et al. Sol. Energy Mater. Sol. Cells 96 (2012) 302.

[102] V.E. Ferry, et al. Nano Lett. 8 (2008) 4391.

[103] C. Min, et al. Appl. Phys. Lett. 96 (2010) 133302.

[104] A. Abass, et al. J. Appl. Phys. 109 (2011) 023111.

[105] M.A. Sefunc, A.K. Okyay, H.V. Demir, Opt. Express 19 (2011) 14200.

[106] H. Shen, B. Maes, Opt. Express 19 (2011) 1202.

[107] J. Zhu, et al. Appl. Phys. Lett. 98 (2011) 151110.

[108] A. Abass, et al. Phys. Rev. B 85 (2012) 115449.

[109] K. Tvingstedt, et al. Appl. Phys. Lett. 91 (2007) 113514.

[110] X. Chen, et al. Appl. Phys. Lett. 93 (2008) 123302.

http://refhub.elsevier.com/S1369-7021(14)00208-9/sbref0280
http://refhub.elsevier.com/S1369-7021(14)00208-9/sbref0285
http://refhub.elsevier.com/S1369-7021(14)00208-9/sbref0290
http://refhub.elsevier.com/S1369-7021(14)00208-9/sbref0295
http://refhub.elsevier.com/S1369-7021(14)00208-9/sbref0300
http://refhub.elsevier.com/S1369-7021(14)00208-9/sbref0305
http://refhub.elsevier.com/S1369-7021(14)00208-9/sbref0310
http://refhub.elsevier.com/S1369-7021(14)00208-9/sbref0315
http://refhub.elsevier.com/S1369-7021(14)00208-9/sbref0320
http://refhub.elsevier.com/S1369-7021(14)00208-9/sbref0325
http://refhub.elsevier.com/S1369-7021(14)00208-9/sbref0330
http://refhub.elsevier.com/S1369-7021(14)00208-9/sbref0335
http://refhub.elsevier.com/S1369-7021(14)00208-9/sbref0340
http://refhub.elsevier.com/S1369-7021(14)00208-9/sbref0345
http://refhub.elsevier.com/S1369-7021(14)00208-9/sbref0350
http://refhub.elsevier.com/S1369-7021(14)00208-9/sbref0355
http://refhub.elsevier.com/S1369-7021(14)00208-9/sbref0360
http://refhub.elsevier.com/S1369-7021(14)00208-9/sbref0365
http://refhub.elsevier.com/S1369-7021(14)00208-9/sbref0370
http://refhub.elsevier.com/S1369-7021(14)00208-9/sbref0375
http://refhub.elsevier.com/S1369-7021(14)00208-9/sbref0380
http://refhub.elsevier.com/S1369-7021(14)00208-9/sbref0385
http://refhub.elsevier.com/S1369-7021(14)00208-9/sbref0390
http://refhub.elsevier.com/S1369-7021(14)00208-9/sbref0395
http://refhub.elsevier.com/S1369-7021(14)00208-9/sbref0400
http://refhub.elsevier.com/S1369-7021(14)00208-9/sbref0405
http://refhub.elsevier.com/S1369-7021(14)00208-9/sbref0410
http://refhub.elsevier.com/S1369-7021(14)00208-9/sbref0415
http://refhub.elsevier.com/S1369-7021(14)00208-9/sbref0420
http://refhub.elsevier.com/S1369-7021(14)00208-9/sbref0425
http://refhub.elsevier.com/S1369-7021(14)00208-9/sbref0430
http://refhub.elsevier.com/S1369-7021(14)00208-9/sbref0435
http://refhub.elsevier.com/S1369-7021(14)00208-9/sbref0440
http://refhub.elsevier.com/S1369-7021(14)00208-9/sbref0445
http://refhub.elsevier.com/S1369-7021(14)00208-9/sbref0450
http://refhub.elsevier.com/S1369-7021(14)00208-9/sbref0455
http://refhub.elsevier.com/S1369-7021(14)00208-9/sbref0460
http://refhub.elsevier.com/S1369-7021(14)00208-9/sbref0465
http://refhub.elsevier.com/S1369-7021(14)00208-9/sbref0470
http://refhub.elsevier.com/S1369-7021(14)00208-9/sbref0475
http://refhub.elsevier.com/S1369-7021(14)00208-9/sbref0480
http://refhub.elsevier.com/S1369-7021(14)00208-9/sbref0485
http://refhub.elsevier.com/S1369-7021(14)00208-9/sbref0490
http://refhub.elsevier.com/S1369-7021(14)00208-9/sbref0495
http://refhub.elsevier.com/S1369-7021(14)00208-9/sbref0500
http://refhub.elsevier.com/S1369-7021(14)00208-9/sbref0505
http://refhub.elsevier.com/S1369-7021(14)00208-9/sbref0510
http://refhub.elsevier.com/S1369-7021(14)00208-9/sbref0515
http://refhub.elsevier.com/S1369-7021(14)00208-9/sbref0520
http://refhub.elsevier.com/S1369-7021(14)00208-9/sbref0525
http://refhub.elsevier.com/S1369-7021(14)00208-9/sbref0530
http://refhub.elsevier.com/S1369-7021(14)00208-9/sbref0535
http://refhub.elsevier.com/S1369-7021(14)00208-9/sbref0540
http://refhub.elsevier.com/S1369-7021(14)00208-9/sbref0545
http://refhub.elsevier.com/S1369-7021(14)00208-9/sbref0550

	Light trapping - TP
	1-s2.0-S1369702114002089-main

