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Herein, we demonstrate a method to build highly efficient light trapping structures for printed

organic solar cells and modules, compatible with roll to roll manufacturing. Echelle grating

structures in combination with semitransparent electrodes allow for efficient light trapping via

means of total internal reflection. With this method, we demonstrate an increased cell photocurrent

response up to 24%, compared to a standard cell configuration with a planar reflector. The

demonstrated light trapping approach is expected to be even more useful for photovoltaic modules,

where light hitting “dead areas” in between the sub-cells comprising the module will now be

utilized. VC 2012 American Institute of Physics. [http://dx.doi.org/10.1063/1.4759125]

Organic photovoltaics (OPV) are emerging as a poten-

tial alternative inexpensive route to convert solar energy into

electricity due to encouraging recent progress in the field.1–3

In particular, polymer-based material devices are expected to

be more cost-effective as they can be easily processed from

solution, which enables the use of simple printing techni-

ques. Low cost of production is envisaged, but increased effi-

ciency is paramount for making these devices attractive.

Absorption of solar radiation typically requires absorber

layer thicknesses where charge recombination becomes a

severe limitation, lowering the internal quantum efficiency

(IQE) of the cell, whereas in thinner films, charge generation

and collection can be almost complete. This conflict between

optical absorptance and charge recombination in organic

photovoltaic films calls for new optical strategies.

In this work, we demonstrate a promising route for

increasing the active layer absorptance in thin solar cells

with high internal quantum efficiency through means of light

trapping and photon recycling via total internal reflection

(TIR). Light trapping techniques are essential in indirect

band gap inorganic photovoltaics such as silicon and have

been implemented for a long time.4,5 The direct transfer of

these geometries to solution processed thin polymer solar

cells is however not possible. An efficient light scattering

element, working in the incoherent (ray) domain, should be

somewhat larger than the wavelength of light to effectively

alter the photon propagation direction. When incorporating

such refractive or reflective structures in combination with a

�100 nm thick organic film, difficulties are obviously inher-

ent. The electrical properties are compromised when includ-

ing light scattering elements in direct electrical contact with

such thin active layers.6 Hence, engineering approaches may

be required, where the light trapping element is separated

from the light absorbing layers to maintain favorable multi-

ple absorption events but to avoid the possibility of electrical

defects.

Light trapping techniques compatible with thin film

polymer cells and solution processability have previously

also been suggested. Arrays of micro lenses and apertures

collectors have been demonstrated,7 and folded organic solar

cells have shown considerable improvements in light collec-

tion as well as photocurrent.8,9 Backscattering structures

with intermediate aspect ratios coated conformally with

active layer from solution can cause light trapping and a pos-

itive effect on photocurrent has been confirmed.10 These

light trapping configurations however all suffers from vari-

ous drawbacks. The array of lenses and holes is only working

for light entering from a very small set of angles. The folded

cells are working efficiently for most incidence angles11 but

are on the other side consuming more material and are more

difficult to realize on an industrial scale. The geometrical

requirement of the intermediate aspect ratio structures and

the needed high conformal active layer coating homogeneity

renders these approaches difficult to scale. A further draw-

back of active layers in direct contact with structured electro-

des is that the possible surface recombination will be

increased, as the surface to volume ratio increases.12

Recently, proposed light confinement methods13–15 operating

in the wave domain and suitable for planar films have theo-

retically indicated that very strong field enhancement in the

active layer is possible. Such methods could be suitable for

organic solar cell as the dielectric function of the organic

active layer is rather low, and the absorbing layer is rather

thin, which is a necessity in these methods. Experimental

verification of such strong light confinement routes, able to

beat the Yablonovitch limit, however remains to be demon-

strated. Recent approaches of coherent light management

have further proven that a thin film solar cell electrode does

not necessarily have to be very transparent.16 In this work,

we however stay in the ray domain approach and incorporate

large tilted reflective structures of a ladder type “echelle” or

blazed grating which are able to shift the propagation direc-

tion of light into angles of total internal reflection. Other

light trapping approaches using blazed grating, holographic,

or others rely on multimodal waveguide coupling resulting

from the diffraction of fine structured patterns.17,18 The

structures employed here are much larger, with a pitch of

55 lm and a height of 40 lm, and are optically more related

to an array of tilted mirrors.

Reflection of light from shallow angles at the inside of a

dielectric media has the advantage of being completely loss-

less, unlike the reflection of light by metals. As the same
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dielectric media, in our case glass (or plastic), is used as a

highly transparent encapsulation lid and effectively lets light

into the solar cell, all that is required to utilize the light trap-

ping property of TIR is of course to change the direction of

light propagation inside the cell. This is also the standard

way to trap light in thick inorganic solar cells. The structures

required to effectively alter the light propagation direction

into angles enabling TIR are, as stated above, not easily

compatible with conventional OPV geometries and solution

based coating techniques. However, by employing two pla-

nar transparent electrodes, we can realize light trapping via

TIR without interfering electrically in the cell, as cell planar-

ity is undisturbed. A conceptually similar approach employ-

ing only one large inverted pyramid behind a small cell was

recently demonstrated.19 To realize the devices outlined

here, well performing semitransparent solar cells where the

major optical losses are primarily found in transmission, and

no longer in reflection, are required. Such semitransparent

solar cells were also recently demonstrated20 and are pre-

dominantly expected to be incorporated in windows for

building integrated photovoltaics. We now go beyond that

approach and place a directionally reflecting mirror in direct

optical contact behind the semitransparent solar cell, remov-

ing its transparency. This is conceptually shown in a module

with 4 separated cells in optical contact with reflecting

echelle microstructures (Fig. 1(a)). An additional benefit is

obtained for module configurations with multiple subcells, as

the areas in between the subcells will no longer be unutilized

area. Light impinging here will be redirected, possibly after

a few internal reflections, into regions of the module subcells

where photocurrent is generated. No such modules as in Fig.

1(a) were manufactured in this work, but merely single cells.

The large reflecting echelle grating is laminated on the

backside of a semitransparent solar cell with the aid of either

optical adhesives or cured poly(dimethylsiloxane) (PDMS).

The latter enables conformal optical contact between the cell

and the echelle reflector, while still keeping the option to

simply remove the structures from the cell, enabling easy

comparison between cells with or without different reflec-

tors. The echelle grating microstructures responsible for the

light redirection are manufactured by means of micro

embossing of an acrylic resin in a roll to roll process by

Microsharp Ltd (UK). These structures were then metallized

twice, from two different angles such that good structure

coverage was obtained, through thermal sublimation into an

at least 200 nm thick Ag layer. The asymmetrical structure

of a blazed grating, originally proposed for light trapping by

Heine and Morf,5 was preferred over a symmetrical grating,

as it does not couple out light after one TIR event, in the way

reciprocity forces a symmetrical structure to do.5,19 It is how-

ever far from a Lambertian reflector we employ here, and the

expected improvement is therefore lower than what is pre-

dicted from the Yablonovitch limit (4n2) for light scattering

under such perfectly randomizing conditions. The path

length enhancement would in that limit amount to around 9

as the refractive index of the adhesive is what determines the

trapping. To get a better understanding of how the employed

asymmetrical structures operate we implemented ray tracing

calculations which are included as supplementary material.21

The employed blazed echelle structures are depicted in a

SEM image in Fig. 1(b).

Reflectance measurements performed by placing three

types of devices at the backside opening of an integrating

sphere in a Perkin Elmer Lambda 950 spectrophotometer

reveal the pronounced optical darkening (also obvious by

simple visual inspection) that occurs when the TIR enabling

structures are laminated on the backside of the semitranspar-

ent cell. A semitransparent cell is first measured in both

transmission and reflectance mode. A planar Ag mirror, or

an echelle Ag mirror, is then laminated in optical contact on

the backside of the cell, and the device reflectance is meas-

ured. These latter samples hence show no transmission. To

allow for a relevant comparison, we plot the complete device

absorptance A (¼100-R-T) for the three compared configura-

tions in Fig. 2. A pronounced increase in device absorption

is achieved for the two reflecting devices. This increase in

device absorptance is however only partly due to an actual

FIG. 1. (a) Sketch of the TIR echelle light trapping configuration in a pro-

posed module arrangement. Light hitting the “dead area” in between the

(four) sub cells in such a module will be redirected into photocurrent gener-

ating regions. (b) SEM image of the reflecting echelle structures on a plastic

substrate. The structure pitch is 55 lm and the height is 40 lm.

FIG. 2. Device absorptance as determined by reflectance and transmission

measurements for the three compared configurations.
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increase of absorption in the active layer of the solar cell, as

we may have pronounced parasitic absorption in the reflec-

tors or the cell electrodes.

The effect of the echelle reflector on active layer absorp-

tion is best shown by improvements in solar cell perform-

ance. Our semitransparent solar cells were made from TQ1/

PCBM70 in ratio of 2:5 and manufactured as described

recently in Ref. 18. The active layer thickness was �45 nm.

The current voltage characteristics of the cell under 100

mW/cm2 simulated AM 1.5 solar irradiance and the cell

external quantum efficiency (EQE) is presented in Figs. 3(a)

and 3(b). By comparing the response of a semitransparent

cell without any reflecting structures on the backside to the

same semitransparent cell, but with a planar reflecting mirror

or the echelle reflector laminated in optical contact behind,

we clearly see the large impact of the different reflectors. To

avoid possible overestimation of the effect of the echelle

reflector employed for a single solar cell, it is critical to ver-

ify that the full illuminated sample area is not redirecting a

disproportionate amount of light into the active cell region,

defined by the cross section of ITO/active layer/PEDOT.

The dominant absorbers (active layer and PEDOT electro-

des) was therefore coated on the entire substrate to assure

that light hitting the sample outside the active cell region is

exposed to similar absorption events as those inside the cell

region. Hence, absorption and scattering that occurs outside

or inside the defined active cell region are very close to iden-

tical. That a planar mirror improves the photocurrent from a

semitransparent solar cell with �70% is not unusual. The

doubled beam path generally allows for an improvement fac-

tor smaller than 2, since light intensity is attenuated in the

first pass through the cell and cannot be as high in the

equally long second path. For the cell with echelle reflector,

we however see an improvement of 109% revealing that

more light is actually absorbed in the second and higher

order passes compared to what is absorbed in the first pass.

The more justified comparison with the planar mirror behind

the cell (non-transparent device comparison) gives then that

the echelle reflector is generating 24% more photocurrent.

Spectrally resolving the effect of the light trap with EQE

measurements (Fig. 3(b)) further demonstrates that the

improvement is also strongly dependent on wavelength.

EQE measured with structured and planar mirror is divided

by the EQE of the semitransparent cell, as inset in Fig. 3(b),

to elucidate at what wavelengths the improvement occurs.

Although an improvement is occurring for all photon ener-

gies, it is clear that in the range where absorption is weakest,

closer to the band edge, we indeed also have the most pro-

nounced enhancement. At around 700 nm where active layer

absorption is very weak, we have an improvement in EQE of

as much as 3.3 times that of the semitransparent cell. As this

is a region where the solar photon flux is quite strong, it

hence contributes quite significantly to the improved Jsc. Just

below 400 nm, it is also observed that the improvement is

lower for the structured mirror cell compared to the planar

mirror cell. This is attributed to a more pronounced parasitic

absorption in the echelle reflectors (vide infra).

The separation of external quantum efficiency into

active layer photon dissipation and internal quantum effi-

ciency is important to identify the distribution between opti-

cal and electrical losses in a solar cell. We here therefore

employ the transfer matrix model22 (TMM) in combination

with transmission and reflectance measurements to disentan-

gle the active layer absorptance from parasitic optical losses

at the electrodes or the reflectors. As the TMM model is not

compatible with multiple light directions in its interference

pattern calculations, we cannot employ the model for the cell

with the scattering structures. However, as the same cell was

used, with and without the scattering structures laminated

behind, we can employ the TMM model for the planar semi-

transparent cell to correctly calculate the internal quantum

efficiency of the cell and use that value (which must remain

the same) to “back calculate” the active layer absorptance

for the other two configurations, after we have measured the

external quantum efficiencies of those. The calculated IQE

for the semitransparent cell itself is presented in Fig. 4(a)

and approximated with a wavelength independent value of

�83%. The dissipation in this device for the different layers

is included as a large inset in Fig. 4(a). The red line repre-

sents the active layer dissipation which is used for the IQE

calculations. The set value of 0.83 is then used as input to

obtain the active layer dissipation (EQE/IQE) for the two

other configurations (Fig. 4(b)). Here, it is clear that there

indeed is a pronounced increase of photon absorption in the

desired active layer, but not as pronounced as first antici-

pated. The difference between the measured complete device

absorptance of Fig. 2 above and those of active layer absorp-

tance in Fig. 4(b) reveals that there is actually a quite

FIG. 3. (a) I-V characteristics of one cell with or without planar and struc-

tured echelle reflectors laminated behind. (b) EQE of the same cell with the

same structures. Inset shows the ratio of EQE between the different cells,

spectrally resolving the effect of the structures.
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pronounced increase in parasitic device absorption as well.

This is currently assigned to occur primarily in the actual

reflecting structures, which therefore need to be further opti-

mized to demonstrate the full potential of this light trapping

approach.

To evaluate the relevance of this light trapping approach

under daylight illumination conditions, experiments with

varying angle of incident illumination were also performed.

The sample was tilted around its center axis (parallel or per-

pendicular to the linear grating structures) in both directions.

Fig. 5 reveals that an increase is obtained for a large range of

incident angles and further that the increase is not the same

when rotating in the two different directions. This is not sur-

prising as the grating structures are asymmetrical. What is

important to note is that the structured cell benefitting from

light trapping actually never performs worse than the cell

employing a planar mirror.

Comparing the performance of this light trap with that

of others employed for OPVs, we note that the improvement

of photocurrent density by 24% here reported is similar to

what is obtained for micro lenses7 but lower than what is

found for folded cells.8 These comparisons are not for the

same thickness, nor the same material, and should therefore

be taken as indications only. The angle dependence, material

usage, and ease of manufacturing however speak to the

advantage of the here proposed method. A recent demonstra-

tion relying on wrinkles and folds at the micrometer scale in

organic photovoltaic cells reported a significant photocurrent

improvement of as much as 47%.23 Accounting for the

improvement in terms of the EQE, there showed very large

enhancements at sub band gap wavelengths which contrib-

uted largely to the photocurrent.

In conclusion, we have demonstrated a light trapping

configuration suitable for large scale module manufacturing

of solution printed organic solar cells. We demonstrate sig-

nificant improvement in both absorption and photocurrent

when redirecting light into angles of total internal reflection

at the air interface of the cell. We further verify that the con-

figuration is suited also under full day illuminations with

varying angles of incidence. We however note that parasitic

absorption in the employed metal structures remains prob-

lematic and propose that alternative structures may minimize

these losses.

This work was funded by the Swedish Energy Agency

and the Swedish Science Council (VR). We also acknowl-

edge funding from the Knut and Alice Wallenberg founda-

tion, through a Wallenberg Scholar grant for Olle Ingan€as.

We thank Professor Mats R. Andersson and coworkers,

Chalmers University of Technology for polymer synthesis

and supply.

1M. A. Green, K. Emery, Y. Hishikawa, and W. Warta, Prog. Photovoltaics

19, 84 (2011).
2L. T. Dou, J. B. You, J. Yang, C. C. Chen, Y. J. He, S. Murase, T. Mor-

iarty, K. Emery, G. Li, and Y. Yang, Nat. Photonics 6, 180 (2012).
3T. Y. Chu, J. P. Lu, S. Beaupre, Y. G. Zhang, J. R. Pouliot, S. Wakim, J.

Y. Zhou, M. Leclerc, Z. Li, J. F. Ding, and Y. Tao, J. Am. Chem. Soc.

133, 4250 (2011).
4P. Campbell and M. A. Green, J. Appl. Phys. 62, 243–249 (1987).
5C. Heine and R. H. Morf, Appl. Opt. 34(14), 2476 (1995).
6M. Niggemann, M. Glatthaar, P. Lewer, C. Muller, J. Wagner, and A.

Gombert, Thin Solid Films 511, 628–633 (2006).
7K. Tvingstedt, S. Dal Zilio, O. Ingan€as, and M. Tormen, Opt. Express 16,

21608 (2008).
8K. Tvingstedt, V. Andersson, F. Zhang, and O. Inganas, Appl. Phys. Lett.

91, 123514 (2007).

FIG. 4. (a) Calculated photon dissipation in the different layers of the semi-

transparent cell. Internal quantum efficiency can then be determined to be

approximately 83% for the cell. (b) With the known cell IQE of 83%, we

can back calculate the active layer dissipation as EQE/IQE when the cell is

used in combination with the planar or structured mirror laminated behind.

FIG. 5. Angle dependence along two rotational axes, parallel and perpendic-

ular to the structure lines, of the structured cell compared to a cell with a pla-

nar mirror. The improvement in photocurrent attributed to light trapping is

significant for a large range of angles. During a full day with solar illumina-

tion incident from many angles, the structured cell is hence clearly outper-

forming the cell with a planar mirror.

163902-4 Tvingstedt, Tang, and Ingan€as Appl. Phys. Lett. 101, 163902 (2012)

Downloaded 05 Apr 2013 to 130.236.170.143. This article is copyrighted as indicated in the abstract. Reuse of AIP content is subject to the terms at: http://apl.aip.org/about/rights_and_permissions

http://dx.doi.org/10.1002/pip.1088
http://dx.doi.org/10.1038/nphoton.2011.356
http://dx.doi.org/10.1021/ja200314m
http://dx.doi.org/10.1063/1.339189
http://dx.doi.org/10.1364/AO.34.002476
http://dx.doi.org/10.1016/j.tsf.2005.12.011
http://dx.doi.org/10.1364/OE.16.021608
http://dx.doi.org/10.1063/1.2789393


9S. B. Rim, S. Zhao, S. R. Scully, M. D. McGehee, and P. Peumans, Appl.

Phys. Lett. 91, 243501 (2007).
10K. S. Nalwa, J.-M. Park, K.-M. Ho, and S. Chaudhary, Adv. Mater. 23,

112 (2011).
11V. B. Andersson, U. Wuerfel, and O. Inganas Sol. Energy 85, 1257

(2011).
12M. D. Kelzenberg, D. B. Turner-Evans, M. C. Putnam, S. W. Boettcher, R.

M. Briggs, J. Y. Baek, N. S. Lewis, and H. A. Atwater, Energy Environ.

Sci. 4, 866 (2011).
13M. Green, Prog. Photovoltaics 19, 473 (2011).
14Z. Yu, A. Raman, and S. Fan, PNAS 107, 17491 (2010).
15S. B. Mallick, N. P. Sergeant, M. Agrawal, J.-Y. Lee, and P. Peumans

MRS Bull. 36, 453 (2011).
16N. P. Sergeant, A. Hadipour, B. Niesen, D. Cheyns, P. Heremans, P. Peu-

mans, and B. P. Rand, Adv. Mater. 24, 728 (2012).

17T. K. Chong, J. Wilson, S. Mokkapati, and K. R. Catchpole, J. Opt. 14,

024012 (2012).
18S. Mokkapati, F. J. Beck, K. R. Catchpole, J. Phys. D: Appl. Phys. 44,

055103 (2011).
19W. Cao, J. D. Myers, Y. Zheng, W. T. Hammond, E. Wrzesniewski, and J.

Xue, Appl. Phys. Lett. 99, 023306 (2011).
20Z. Tang, Z. George, Z. Ma, J. Bergqvist, K. Tvingstedt, K. Vandewal, E.

Wang, L. M. Andersson, M. R. Andersson, F. Zhang, and O. Ingan€as,

“Semi-transparent tandem organic solar cells with 90% internal quantum

efficiency,” Adv. Eng. Mater. (in press).
21See supplementary material at http://dx.doi.org/10.1063/1.4759125 for ray

tracing modeling.
22L. A. A. Pettersson, L. S. Roman, and O. Ingan€as, J. Appl. Phys. 86, 487 (1999).
23J. B. Kim, P. Kim, N. C. P�egard, S. J. Oh, C. R. Kagan, J. W. Fleischer, H.

A. Stone, and Y.-L. Loo Nat. Photonics 6, 327 (2012).

163902-5 Tvingstedt, Tang, and Ingan€as Appl. Phys. Lett. 101, 163902 (2012)

Downloaded 05 Apr 2013 to 130.236.170.143. This article is copyrighted as indicated in the abstract. Reuse of AIP content is subject to the terms at: http://apl.aip.org/about/rights_and_permissions

http://dx.doi.org/10.1063/1.2789677
http://dx.doi.org/10.1063/1.2789677
http://dx.doi.org/10.1002/adma.201002898
http://dx.doi.org/10.1016/j.solener.2010.10.017
http://dx.doi.org/10.1039/c0ee00549e
http://dx.doi.org/10.1039/c0ee00549e
http://dx.doi.org/10.1002/pip.1038
http://dx.doi.org/10.1073/pnas.1008296107
http://dx.doi.org/10.1557/mrs.2011.113
http://dx.doi.org/10.1002/adma.201104273
http://dx.doi.org/10.1088/2040-8978/14/2/024012
http://dx.doi.org/10.1088/0022-3727/44/5/055103
http://dx.doi.org/10.1063/1.3609870
http://dx.doi.org/10.1002/aenm.201200204
http://dx.doi.org/10.1063/1.4759125
http://dx.doi.org/10.1063/1.370757
http://dx.doi.org/10.1038/nphoton.2012.70

