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We demonstrate effective mode coupling by light scattering from periodic Ag nanoparticle arrays

printed onto a completed thin-film a-Si:H solar cell. Current-voltage measurements show a

photocurrent enhancement of 10% compared to a flat reference cell with a standard antireflection

coating. External quantum efficiency measurements for the nanopatterned cells show clear infrared

photocurrent enhancement peaks, corresponding to coupling to discrete waveguide modes in the

a-Si:H layer. The data are in good agreement with three-dimensional finite element simulations,

which are used to further optimize the design. We show that broadband photocurrent enhancement

can be obtained over the 450–750 nm spectral range. VC 2012 American Institute of Physics.

[http://dx.doi.org/10.1063/1.4767997]

Thin-film solar cells offer the potential of high photovol-

taic conversion efficiency combined with low fabrication

costs and the possibility of a mechanically flexible design.

The major disadvantage of thin-film cells over their thick

counterparts is the relatively poor absorption of light, in par-

ticular in the infrared part of the solar spectrum. To overcome

this problem, light trapping is required, in which light scatter-

ing structures are integrated within the solar cell to trap the

light in multiple ways: The scattering leads to an angular

redistribution of the light; in this way, the path length of a sin-

gle pass is enhanced and light at angles above the critical

angle, it is trapped by total internal reflection. Furthermore,

parallel momentum obtained in the scattering process can be

used to couple to in-plane waveguide modes.1–3

Metal nanoparticle arrays have been proposed as effi-

cient light coupling and trapping coatings in thin-film solar

cells. Metal nanoparticles are known to have high scattering

cross sections near their plasmon resonance wavelength,4,5

which can be tuned by varying the dielectric environment,

and particle size or shape. Two main geometries have been

considered. In the first, metal nanostructures are embedded

in the metal back contact of the solar cell. The nanoparticle

array then scatters light that is poorly absorbed in its first

pass through the active layer of the cell into in-plane wave-

guide modes of the cell, thereby enhancing the light trap-

ping.6–8 In the second geometry, metal nanoparticles are

placed at the front-surface of the cell. In that case, they serve

a dual purpose: they enhance the coupling of light into the

cell by reducing reflection from the cell (anti-reflection

effect), and they can enhance the path length in the cell (light

trapping).9–13

So far, the anti-reflection effect, which is due to the pref-

erential forward scattering from the plasmonic resonances,

has been studied in detail.14,15 The light trapping effect for

plasmonic surface coatings, however, has not been well

investigated. Here, we study the application of a Ag nanopar-

ticle array on top of a completed solar cell that includes a

dielectric antireflection coating. We find that the Ag nano-

particles scatter light into distinct waveguide modes of the

solar cell, clearly enhancing the infrared response of the so-

lar cell. Near-field enhancement does not play a role here,

since the particles are separated from the cell by a 80 nm in-

dium-tin-oxide (ITO) layer. Numerical simulations show

that the effect can be further enhanced. Our work is applica-

ble to other solar cell materials and designs as well.

Thin-film hydrogenated amorphous silicon (a-Si:H) so-

lar cells were used in this study. The fabrication of the solar

cells was carried out as described by Soppe et al.16 Silica

glass substrates were first sputter-coated with a 200 nm Ag

layer followed by 80 nm ZnO buffer layer. The a-Si:H, with

an intrinsic layer thickness of 350 nm, is grown in a n-i-p
sequence using plasma enhanced chemical vapor deposition.

4� 4 mm2 pads of 80-nm-thick ITO were then sputter-

coated on top through a contact mask, to define the cell

areas. The ITO serves as an antireflection coating as well.

Finally, U-shaped Ag contacts are sputtered on top of the

ITO, using a contact mask. The inset in Fig. 1 shows a sche-

matic cross section of the solar cell.

FIG. 1. I-V curve for a Ag nanopatterned a-Si:H solar cell (500 nm pitch,

120 nm height, and 120 nm radius, red) and a flat reference cell (blue). The

insets show a schematic cross section of the layer structure and a top-view

SEM image of the particle array (scale bar 500 nm).
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Metal nanoparticle arrays were printed on top of the

completed cell using substrate conformal imprint lithography

(SCIL). This technique enables inexpensive high-fidelity

nanopatterning on large-area samples and is compatible with

standard solar cell manufacturing techniques. SCIL uses a

bilayer rubber stamp composed of a thin high-Young’s-mod-

ulus polydimethylsiloxane (PDMS) layer that holds the

nanostructures, laminated to a thick low-modulus-PDMS

layer that gives the stamp flexibility.17

In the imprint process, a layer of polymethylmethacry-

late (PMMA) followed by a layer of silica-based sol-gel are

spin-coated on the solar cell. Next, the rubber stamp is used

to print an array of holes in the sol-gel. Anisotropic reactive

ion etching (RIE) with a gas mixture of CHF3 and Ar is then

used to remove the thin residual sol-gel layer on the bottom

of the holes. Subsequently, the holes are transferred into the

PMMA using O2 reactive ion etching. A 120 nm thick layer

of Ag is then thermally evaporated on the sample. Finally,

lift-off of the PMMA layer is performed in acetone, so that

an array of Ag particles remains. The inset of Fig. 1 shows

an SEM image of the particle array on the solar cell. The

square array has a pitch of 500 nm, and the particles have a

radius and height of 120 nm. This image shows that the metal

nanoparticles can be accurately printed on top of a com-

pleted a-Si:H solar cell.

Figure 1 shows the current-voltage (I-V) curves for both

the patterned (red) and the reference cell (blue). I-V curves

are measured with a Wacom solar simulator under 1 sun illu-

mination. Both cells have an open circuit voltage Voc

¼ 810 mV; the fill factors are also similar: FF¼ 0.60 and

FF¼ 0.61 for the patterned and reference cells, respectively.

This indicates that the SCIL imprint process is well compati-

ble with solar cell manufacturing and does not lead to addi-

tional non-radiative recombination or cell shunting. The

short-circuit current densities are Jsc¼ 13.7 mA/cm2 and

Jsc¼ 12.5 mA/cm2, for the patterned and reference cells,

respectively. The enhanced light coupling by the metal nano-

particle array thus leads to a 10% photocurrent enhancement.

Note that this enhancement is observed beyond a reference

cell that had an optimized ITO anti-reflection coating. Most

other studies on metal nanoparticle enhanced light coupling

do not use a cell with optimized anti-reflection coating as

reference.18–21

Figure 2 shows external quantum efficiency (EQE)

measurements of cells with (red) and without (blue) the Ag

nanoparticle array. The EQE measurements were carried out

on a commercial spectral response set-up by Optosolar

(SR300) using a 250 W xenon lamp. Data are taken in 10

and 20 nm wavelength intervals for the patterned and refer-

ence cells, respectively. The peaks observed in the k¼ 600–

800 nm spectral band are highly reproducible. For the flat

cell, the spectral response is a smooth function of wave-

length with the exception of the peak at k¼ 650 nm, which is

attributed to a Fabry-Perot effect in the a-Si:H layer. In con-

trast, the patterned cell shows multiple peaks in the near-

infrared, at k¼ 660 nm, k¼ 690 nm, and k¼ 730 nm. These

are clear signatures of coupling to the waveguide modes as

will be discussed below. While the metal nanoparticle array

thus clearly enhances the spectral response in the infrared, it

causes a reduced response in the blue spectral range, when

compared to the reference. This is attributed to Ohmic dissi-

pation in the metal particle on resonance and increased

reflection below the particle resonance. The latter is due to

the Fano effect: the destructive interference between the

directly transmitted beam and the forward scattered light at

wavelengths below the plasmon resonance.7,10,11,22

Due to its high refractive index (n¼ 3.9–5.5 in the 350–

800 nm spectral range), light is very well confined in the

a-Si:H waveguide layer. Figure 3 shows the calculated dis-

persion relation for the lowest-order waveguide modes in the

a-Si:H layer, taking into account all layers in the solar cell.

In the wavelength range where light trapping is important

(k> 550 nm), the layer structure supports ten modes; five

transverse electric (TE) and five transverse magnetic (TM)

modes. The black dashed-dotted line shows the light line in

air. All modes are located to the right of the light line,

FIG. 2. External quantum efficiency spectra for the patterned (red) and flat

reference cell (blue).

FIG. 3. Dispersion relations for the TE (blue) and TM (red) waveguide

modes in the 350-nm a-Si:H layer. The black dashed-dotted line is the light

line in air. The vertical black dashed lines are the grating orders provided by

the experimental particle array, which has a pitch of 500 nm. At wavelengths

where these lines cross the waveguide modes, light incident at normal inci-

dence can couple to waveguide modes. The three horizontal black dashed

lines show the incident wavelengths at which peaks appear in the EQE mea-

surement of Fig. 2.
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meaning that they are purely bound and cannot couple to

free space radiation (light trapping). The vertical lines indi-

cate the in-plane momentum provided by the grating orders

as a result of the periodic nature of the Ag particle array. At

wavelengths where the modes cross these grating lines, cou-

pling is possible for light incident at normal incidence. The

uncertainty in the modal wavevector due to absorption in the

a-Si:H layer causes momentum matching to occur over a

broader spectral range (not shown here).

Next, we compare the measured EQE peaks for the

nanopatterned sample with the dispersion calculations. The

horizontal lines in Fig. 3 reflect the experimentally observed

EQE peak wavelengths for the particle array from Figure 2.

Clearly, the three observed peaks each correspond to distinct

intersections of the dispersion curves with the grating vec-

tors. The peak in EQE at k¼ 660 nm corresponds to the [3,3]

grating order coupling to the TE3 mode and the [0,3] grating

order coupling to the TE0 and TM0 mode. The peak at

k¼ 690 corresponds to the [0,2] grating order coupling to

the TE3 mode. Finally, the peak at k¼ 730 nm corresponds

to the [0,2] grating-order coupling to the TM2 mode and the

[0,1] grating order coupling to the TE4 mode. Note that not

all crossings between modes and grating orders appear as

clear peaks in the EQE measurement. We attribute this to the

limited bandwidth of the measurement and, for shorter wave-

lengths, the fact that light is strongly absorbed in the a-Si:H,

so that the effect of light trapping is smaller. Furthermore,

coupling to higher order modes is less efficient; the higher

order modes have narrower mode-profiles, leading to lower

overlap between the scattered field and the field of the wave-

guide mode.

Three-dimensional finite difference time domain (FDTD)

simulations, performed using LUMERICAL FDTD software, were

used to model the absorption in the i-layer of the a-Si:H, tak-

ing into account the full layer structure. A unit cell with one

cylindrical Ag particle is used in combination with periodic

boundary conditions in x and y direction to simulate a peri-

odic array. At the top and bottom of the simulation, volume

perfectly matched layers are used. Figure 4(a) shows the frac-

tion of incident light that is absorbed in the intrinsic a-Si:H

layer as a function of wavelength (continuous lines). Simula-

tions are shown for a flat solar cell with 80 nm ITO (blue);

the experimentally studied solar cell with a 500-nm-pitch

array with 120-nm-radius and 120-nm-high particles (red).

The simulations reflect the experimental trends in Fig. 2 very

well, with an absorption peak observed in the wavelength

range k¼ 550–600, corresponding to the EQE peak in Fig. 3.

The coupling to waveguide modes for the patterned cell is

clearly observed in the red part of the spectrum, leading to

enhanced absorption in the a-Si:H layer. Peaks similar to the

EQE peaks in Fig. 3 are observed in the k¼ 650–750 nm

spectral range. The simulation also shows reduced absorption

at wavelengths below k¼ 600 nm, corresponding to the

reduced EQE in Fig. 3. Figure 4 shows that a purely optical

model, neglecting wavelength-dependent carrier collection

rates, can well predict trends in EQE.

Considering the good agreement between the FDTD

simulations and the EQE measurements, we use FDTD simu-

lations to further optimize the Ag nanoparticle array geome-

try. By reducing the particle diameter, the resonance, and

hence the destructive Fano interference at wavelengths

below the resonance, shifts to the blue. The green continuous

line in Fig. 4(a) shows the absorption spectrum for a 450-nm

pitch array with 70-nm-radius and 120-nm-high Ag particles.

This array shows a clearly enhanced blue response compared

to the experimental array and the flat cell while maintaining

a high red response. Note that the peaks in the red have

shifted as a consequence of changing the array pitch (and

thus the in-plane momentum provided by the grating orders).

The dashed lines in Fig. 4(a) show the calculated absorption

in the metal nanoparticles. As can be seen, the particle plas-

mon resonance, which occurs at k¼ 530 nm for the experi-

mental sample, has shifted to k¼ 470 nm for the optimized

array.

Finally, Fig. 4(b) shows the simulated reflectance for the

flat (blue), experimental (red), and optimized (green) geome-

try. Using a nanoparticle array, the reflectance is clearly

reduced in the (infra-)red spectral range, due to the enhanced

light trapping. Indeed, clear minima in reflection are observed

at wavelengths where mode coupling occurs. For the experi-

mental sample, reflectance in the blue spectral range is higher

than for the flat sample, in agreement with the Fano interfer-

ence argument mentioned above. The optimized array, how-

ever, has a reflection well below that of the flat sample over

FIG. 4. (a) Simulated absorption in the a-Si:H i-layer (continuous lines) and

in the Ag nanoparticles (dashed lines). (b) Simulated reflection from the

layer geometry. Data are shown for the experimental nanopatterned cell ge-

ometry (red), the flat reference cell (blue), and an optimized design (green).
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the entire spectral range from k¼ 350–670 nm. In particular

from k¼ 410–670 nm, where the solar spectrum is intense,

the reflection is well below 10%. The minima in reflection at

k¼ 500 and k¼ 450 nm correspond to the Rayleigh anomalies

for the 500 nm and 450 nm pitch geometries, respectively.

In conclusion, we fabricated a periodic array of Ag

nanoparticles on top of a completed a-Si:H solar cell using

substrate conformal imprint lithography. The addition of

nanoparticles resulted in a 10% photocurrent enhancement

with respect to the flat cell with a standard ITO antireflection

coating. By comparing external quantum efficiency spectra

and modal dispersion calculations, we demonstrate coupling

of light scattered from the nanoparticles to distinct TE and

TM waveguide modes in the a-Si:H, through second- and

third-order grating coupling. The mode coupling is corrobo-

rated by three-dimensional FDTD simulations, which show

that further optimization of the array geometry can simulta-

neously optimize the red and blue response of the cell, lead-

ing to a broadband photocurrent enhancement.
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