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Abstract

Most types of thin film solar cells require light management to achieve sufficient light

absorptance. We demonstrate a novel process for fabricating a scattering back reflec-

tor for flat, thin film hydrogenated nano-crystalline silicon (nc-Si:H) solar cells. This

scattering back reflector consists of an array of silica nano-cylinders in a metal sheet.

Typically, nc-Si:H solar cells are grown on textured substrates that scatter the incoming

light. However, one needs to make compromises to the size and aspect ratio of the scat-

tering features and the material growth process to prevent growth defects in the nc-Si:H

layers on top of such (nano)-structured substrates. Here, we grow a high-quality nc-Si:H

layer on a flat superstrate. On top of this, we apply a plasmonic scattering structure
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composed of a periodic array of dielectric nano-cylinders, which is overcoated by sil-

ver. The use of a flat plasmonic scattering back reflector (PSBR) circumvents silicon

growth defects and prevents the associated reduction of the open circuit voltage, while

on the other hand the scattering improves the short circuit current. The PSBR is fab-

ricated over a large area using substrate conformal imprint lithography (SCIL). Optical

modeling was performed using finite-difference time-domain (FDTD) simulations to de-

termine the absorptance in the active layer of the cell. A particle swarm optimization

algorithm is used to optimize the PSBR geometry, such that the photocurrent is max-

imized. We fabricated a 1 micron thick nc-Si:H cell and experimentally demonstrate

a current improvement of 32% compared to a flat reference cell, without affecting the

open circuit voltage. The PSBR structure is shown to be effective for nc-Si:H solar

cells, and the concept of flat scattering back reflectors is compatible with a wide range

of other thin film superstrate solar cells.
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The flexibility and low cost of thin film solar cells makes them attractive for a wide range

of applications, such as building integrated photovoltaics,1 and power generation mobile

devices. However, the design of these cells is challenging, as there is a conflicting interplay

between their electrical and optical properties. From the optical perspective a thick solar cell

is ideal, while from the electrical and cost perspective a thin cell is beneficial. This dilemma

can be solved by improving the diffusion length of the charge carriers, or by improving the

absorptance.

Like many thin film solar cells, hydrogenated nanocrystalline silicon (nc-Si:H) suffers

from this opto-electrical dilemma.2,3 Thick (>2 µm) nc-Si:H solar cells have a lower open
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circuit voltage (Voc), fill factor (FF ), and require a relatively long fabrication time.4 Thin

cells (∼1 µm) have been shown to have ∼ 4% higher Voc and ∼ 7% higher FF , but they

only absorb a small fraction of the solar spectrum.4,5 The Jsc of the record-efficiency nc-Si:H

cell is only 67% of the limiting value given by the Shockley-Queisser model,6,7 one of lowest

fractions of all major solar cell materials. Therefore, light trapping is required to enhance the

optical absorption in thin nc-Si:H solar cells, especially for long wavelengths (λ > 600 nm).

Efficient light trapping inside the cell has been demonstrated by depositing the solar cell

on textured substrates, like textured aluminum doped zinc oxide8–10 ZnO nanorods on flat sil-

ver,11 textured Ag films12 and honeycomb patterns.10,13 However, growing nc-Si:H on nano-

textured substrates commonly results in growth defects, apparent as voids, short-circuiting

pinholes and cracks in the nc-Si:H layer which increase the charge carrier recombination rate

and can even lead to excessive shunting.10,14–18 On the contrary, layers grown on flat sub-

strates do not show such defects, but they are hindered by a lack of light trapping. The best

of both worlds can be achieved by applying a light scattering layer onto a flat high-quality

nc-Si:H layer. This combination facilitates both the electrical and optical requirements and

can therefore result in high cell performance. Another advantage of the flat architecture is

that nc-Si:H can be grown at higher deposition speeds on flat substrates than on textured

substrates, without inducing excessive material defects.19,20 The flat interfaces in the PSBR

cell reduce the surface area and associated surface recombination.21 To prevent cracks from

occurring, one can use large-scale (∼micrometer) sized features, which is however a compro-

mise between light scattering and material quality.10

Recently, light trapping in flat substrate solar cells has been demonstrated using the

flattened light-scattering substrate (FLiSS) concept.5,21 For the FLiSS cell, a composite of

two dielectric materials (such as ZnO and amorphous Si) is flattened by chemical mechanical

polishing, after which a flat nc-Si:H layer is grown on top. However, the FLiSS concept is

not suitable for superstrate cells, which are industrially more interesting as the front glass

offers high transparency, UV stability, and moisture protection.22
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Here, we present a plasmonic scattering back reflector (PSBR) that provides efficient light

trapping in flat absorber layers, in the superstrate cell configuration. The PSBR is similar

to a plasmonic hole array, which is known to support surface plasmon resonances,23 which

could result in strong local electric fields inside the voids,24 and have a large scattering cross

section with a tunable resonance wavelength.25–27 The benefits of such hole arrays have been

successfully demonstrated in substrate solar cells of which the deposition is not significantly

hindered by surface textures, for example organic28 and a-Si solar cells.29,30

First, a crack-free nc-Si:H p-i-n solar cell is grown on flat, ZnO-coated glass. Next, a

square array of dielectric nano-cylinders is printed on the backside of the flat silicon layer by

substrate conformal imprint lithography (SCIL)29,31 , which is subsequently overcoated by

silver to form the PSBR. Plasmonic scattering by imprinted metal nanoparticles embedded

in a dielectric has been demonstrated before on substrate cells,29,32,33 here we demonstrate

plasmonic scattering by a metal film with cylindrical silica "nano-particles" in a superstrate

solar cell. The geometric structure and the refractive index contrast between the metal and

the silica give rise to efficient plasmonic scattering and reduces optical losses. Replacing

the SiO2 nanocylinders by a dielectric with higher refractive index could result in stronger

scattering. However, higher index materials also tend to have more parasitic absorptance

and it is more difficult to integrate such material in our imprint procedure.

The generated photocurrent of a thin nc-Si:H PSBR cell is compared to that of two

reference cells: a flat reference cell and a reference cell deposited on a textured superstrate.

Due to scattering by the PSBR, the Jsc improves by 3.7 mA/cm2 with respect to the flat

reference cell. The Voc of the PSBR cell is comparable to that of the flat reference cell, while

the textured reference cell showed, as expected, a reduced Voc due to cracks. The results

demonstrated here are generic and can be applied to a wide variety of thin film, superstrate

solar cells.
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1 Design and Fabrication of the Solar Cells
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Figure 1: Illustration of the fabricated solar cells. (a) Flat nc-Si:H solar cell. (b) nc-Si:H
cell grown on top of textured aluminum-doped ZnO. Voids can occur due to the texture.
(c) Flat cell with a plasmonic scattering back reflector (PSBR) consisting of a square array
of SiO2 nano-cylinders in a matrix of Ag. The dashed yellow lines sketch the electrical path
of the electrons via the conductive Ag. The red circles illustrate the plasmonic scattering by
the PSBR. The inset shows a top view of the flat PSBR.

We compare three different cell designs as shown in Fig. 1. The three designs incorpo-

rate nc-Si:H p-i-n layers grown on a glass superstrate. The thickness of the intrinsic nc-Si:H

layer is ∼ 1 µm. The cells have an optically thick Ag layer at the backside, which functions

both as a back reflector and contact. The fabrication details are provided in the supple-

mental information. Figure 1a shows the flat reference cell in which light travels through

the cell without being scattered (except some scattering on the grain boundaries). The flat

design allows for high material quality. The textured reference cell (Fig. 1b) is grown on

textured aluminum doped zinc oxide (ZnO:Al). The different growing crystal facets ap-

proach one another without forming a good physical interconnection, as indicated by the

short-circuiting pinholes. Due to the (partially) conformal growth on top of the random

front texture, the interfaces between subsequently deposited layers are also textured, and

thereby scatter the incident light. An 80 nm thick ITO layer (n ∼ 2.1) is used as a back
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dielectric spacer to achieve a high E -field in the Si layer.34 Figure 1c shows the cell with

the PSBR at the backside. The PSBR is applied on a flat nc-Si:H layer. The PSBR is

an array of silica (SiO2, n ∼ 1.46) nano-cylinders overcoated with silver. A 20 nm thick

continuous layer of indium tin oxide (ITO) forms an etch barrier between the nc-Si:H layer

and the PSBR. This thickness can be further reduced for improved device performance. The

conductive silver in between the silica nano-cylinders is used to contact the cell, similar to

the contacting scheme of the ‘passivated emitter with rear locally diffused (PERL) cell.35

The size and geometry of the nano-cylinders array were optimized for maximized scattering

into the nc-Si:H layer using numerical simulations.
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Figure 2: (a) Illustration of the soft conformal imprint lithography used to fabricate a square
array of nano-cylinders. (b) Top view SEM image of the imprinted silica nano-cylinders.
(c) SEM image of a FIB cross section of the PSBR solar cell.

Figure 2a illustrates the SCIL procedure to fabricate the PSBR. First, a master pat-

tern is fabricated on a c-Si wafer using laser interference lithography. This patterned wafer

can be used to produce a multitude of stamps and imprints. Next, a stamp is fabricated

from this master which consists of a bi-layer of two different types of soft polydimethyl-

siloxane (PDMS) and allows large-area replicability.36,37 A layer of liquid silica (sol-gel) is
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subsequently spin-coated on top of the ITO backside of the solar cell and the SCIL stamp is

applied. After 30 minutes of curing at ambient conditions the sol-gel has solidified and the

stamp is removed resulting in a silica nano-pattern on the substrate.

A thin residual layer of silica remains in between the silica nano-cylinders, which is

removed using a CHF3 based reactive ion etch (RIE). Figure 2b shows a scanning electron

microscopy (SEM) top view image of the imprinted silica nano-cylinder array. The imprint

shows only a few defects.

Figure 2c shows a SEM image of a focused-ion beam (FIB) cross section of the PSBR. The

nano-cylinders have a diameter of ∼240 nm, a pitch of ∼325 nm, and a height of ∼70-90 nm.

The metal covers ∼ 57% of the total area. The imprinted nano-cylinders are slightly tapered

as a result of the non-perfect anisotropy of the RIE. Due to semi-conformal growth,18 the

shape of the nano-imprinted cylinders propagates through the evaporated Ag layer resulting

in half dome like shapes at the surface of the Ag. Finally, a thin layer of aluminum is applied

by thermal evaporation to prevent oxidation of the Ag layer.

2 Results and Discussion

We determined the performance of the fabricated solar cells by measuring the current den-

sity versus voltage (J-V ) characteristic, EQE and optical absorptance. Figure 3 shows the

measured J-V characteristics of the flat, textured, and PSBR solar cell under AM1.5G illu-

mination.

The flat nc-Si:H cell shows the highest FF of the three cells. However, the current

is relatively low as light escapes from the cell due to poor light trapping. The textured

cell shows a slightly higher short circuit current (Jsc) than the flat cell due to the light

scattering at the textured interfaces. The Voc is significantly lower compared to the flat

reference cell as a result of the poor material quality due to growth defects induced by

the texture. The strongly increased charge carrier recombination can also reduce the FF
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Figure 3: Measured current density versus voltage of the flat (red), textured (green), and
PSBR(blue) solar cell under AM1.5G illumination. An improvement of 3.7 mA/cm2 of the
short circuit current density of the PSBR cell is observed compared to the flat cell, while
the Voc is identical.

and Jsc. This demonstrates that wet chemically etched textures can have drawbacks on the

growth and material quality of nc-Si:H cells, although we acknowledge that others developed

sophisticated textures to remedy this problem.6,10

The PSBR solar cell shows the best performance. The Jsc improved by 3.7 mA/cm2

with respect to the flat reference cell, which indicates efficient scattering into the active

layer. The efficiency of the PSBR cell is 4.1%, which is significantly higher than the 3.5%

of the flat reference cell. Moreover, these results demonstrate that the current is effectively

transported through the narrow conductive silver paths in between the silica nano-cylinders.

Although the cell performance is slightly hindered by shunt resistance, it is important to

highlight that the shunt resistance of the PSBR cell is similar to that of the flat reference

cell, while the shunt resistance of the textured reference cell dropped significantly due to

the poor material quality. The FF of the PSBR cell is lower than that of the flat cell. We

indicate two potential issues: (1) damage to the ITO layer during the PSBR fabrication and

(2) non-optimal (partly lateral) conductivity from the nc-Si:H, via the ITO, towards the Ag

terminals. Finally, the Voc of the PSBR cell equals that of the flat cell, which demonstrates

the benefit of flat, high quality nc-Si:H layers. We note that the overall efficiency of the cells
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used in this study is relatively low due to the relatively low nc-Si:H quality. Others reported

a current of 17.5 mA/cm2 for flat substrate based cells,4 and 23 mA/cm2 for textured super-

strate cells.10 However, they serve as a good model system as all cell geometries were made

using highly reproducible deposition conditions.

Spectral performance: EQE and Absorptance. To investigate the current en-

hancement of the PSBR cell in more detail we measured the spectral performance of the

completed cells. Figure 4 shows the absorptance and the external quantum efficiency (EQE )

of the flat, textured, and PSBR solar cell.

The flat cell shows 80-90% absorptance at short wavelengths (< 600 nm). Due to par-

asitic absorptance in the p-type doped nc-Si:H layer, the EQE is significantly lower than

the absorptance in this spectral range. For longer wavelengths, the absorptance drops to

around 30%. Fringes appear due to Fabry-Pérot interference in the front ZnO:Al layer (for

wavelengths <∼ 550 nm) and in the optically thick Si layer (at longer wavelengths).

The textured cell shows a high absorptance of 60-90%, even at the long wavelengths where

the nc-Si:H is only weakly absorbing. However, the EQE is relatively low compared to the

absorptance, especially at short wavelengths. We attribute this to poor internal collection

efficiency (ICE ) of the charge carriers generated at the top of the solar cell. This low ICE

reflects the difficulty of growing high quality nc-Si:H layers on the texture, leading to ma-

terial defects such as cracks.10,14–18 See supplementary information for a figure of the IQE.

Moreover, sharp features in the surface of the metal contact layer lead to strong parasitic

plasmonic absorption.38 Another loss mechanism that is enhanced by the texture originates

from the prolonged optical path through the parasitically absorbing p-layer as a result of

the scattering by the front texture. The amplitude of the fringes in the EQE is significantly

reduced compared to that of the flat cell. This is due to the randomization of the wave

vectors inside the cell caused by random scattering at the textured interfaces. Texturing the

front ZnO:Al layer induces scattering not only at the front interface, but also at the consec-
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utive nc-Si:H/ITO/Ag interfaces due to the semi-conformal growth of the subsequent layers.

The absorptance of the PSBR cell at long wavelengths is lower than that of the textured

cell. This is partly due to improved light incoupling at the ZnO/Si interface and the better

light scattering at the three material interfaces of the textured cell. The random interface

facilitates scattering over a broad spectral range. However, even though the absorptance is

better, the device performance of the textured cell is worse.

The PSBR cell exhibits the highest overall EQE. Due to the light trapping, both the

absorptance and the EQE are significantly higher than those of the flat cell for wavelengths

longer than 700 nm. Above 750 nm the wavelength difference between a minimum and

maximum of a (thickness related) interference fringe of the flat cell is at least 30 nm. It is

observed that the PSBR cell has additional peaks on top of these fringes; the peak width is

in the order of 10 nm. These peaks are attributed to additional resonances caused by the

PSBR and are discussed in the next section.

Optical Modeling and Simulated Absorptance in Silicon Absorber. We used

finite-difference time-domain (FDTD) simulations to obtain a detailed understanding of the

optical mechanisms involved in the scattering and the waveguiding in the PSBR cell. The

geometry of the PSBR solar cell was optimized using the particle swarm optimization algo-

rithm (PSO), see supplemental. We found the following optimal parameters of the square

array of silica nano-cylinders for the PSBR cell: a diameter of 248 nm, a pitch of 339 nm, and

a height of 139 nm. Due to experimental constraints the realized PSBR geometry differed

from the calculated optimum; the realized height is around 70-90 nm. The short circuit cur-

rent of the experimentally realized PSBR with sub-optimal dimensions is only ∼0.4 mA/cm2

lower than that of the simulated optimum. The PSO algorithm also showed that for opti-

mal absorptance in the intrinsic Si layer, the ITO should be as thin as possible. The light

trapping due to scattering by the PSBR is better when the light is scattered in, or close

to, a material with a high refractive index such as Si, as this gives rise to larger scattering
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angles. Also, the PSBR gives rise to strong field intensity in the near-field of the PBSR, and

therefore it is beneficial to have the Si layer very close to the PSBR.
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Figure 5: Simulated absorptance within the intrinsic layer of both the flat cell (red)
and PSBR solar cell (blue). Sharp absorptance peaks are observed in the PSBR cell. The
dashed line shows the total absorptance in the structured Ag of the PSBR cell. The circles
mark some absorptance peaks for which both the i-layer and PSBR structure have a corre-
sponding wavelength.

We also simulated the absorptance of the PSBR cell with the experimentally realized

geometry. Figure 5 shows the absorptance in the intrinsic nc-Si:H layer of the flat and

the PSBR solar cell. As the ITO of the PSBR cell is 60 nm thinner than that of the flat

cell, the thickness related interference fringes of the PSBR cell between 500 and 600 nm are

slightly shifted to shorter wavelengths.

For long wavelengths, the PSBR cell shows a significant increase in absorptance. Gen-

erally, when a rough scattering layer is applied, the light is randomized and thereby these

fringes are smoothened. Here, distinct absorptance peaks appear on top of the Fabry-Pérot

interference fringes which are strongly correlated to increased absorptance in the Ag nanos-

tructure of the PSBR. These additional sharp peaks are due to a complex interplay between

the PSBR and the cell caused by a combination of wave-guiding, interference and scattering,

as we discuss in the next section.

Resonances in the PSBR Solar Cell. To obtain a detailed understanding of the
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absorption in the cell, cross sections of the electric field intensity (|E2|), and separate field

components are shown at two distinct absorptance peaks in Figs. 6a and 6d. The intensity

profiles indicate a complex interplay of different resonance mechanisms. Therefore, we also

plotted the Ex and Ez component (Ey = 0), see Fig. 6b, c, and Fig 6e, f, respectively.

The Excomponent at 801 nm reveals a strong E-field within the nano-cylinder, while this is

not the case at 895 nm. This has a strong effect on the profile of the E-field within the Si.

Interestingly, a “checkerboard” pattern arises in the Ez field plot. The E -field of the incident

light is directed along the x-axis, so Ez is zero. Therefore, a strong Ez component indicates

lateral propagation through the solar cell which indicates coupling to waveguide modes.

Above each silica nano-cylinder there are two rows of extremes of the electric field. Due

to the periodic grating of the PSBR the scattering pattern has a well-defined set of spatial

frequencies. As a result, only a subset of the eigenmodes in the cell structure can be occupied,

namely those which have an in-plane wave vector (kx) that matches the periodic pattern of

the PSBR. The conservation of the in-plane momentum dictates that these eigenmodes have

an integer number of wavelengths in each unit cell of the grating.

Optical Scattering Processes and Interference Phenomena in the PSBR Solar

Cell. The interaction of an electromagnetic wave with the PSBR in a nc-Si:H solar cell

involves several (wavelength-dependent) interference and scattering phenomena, which form

the origin for light trapping. Figure 7a shows scattering of light by a single particle. For

a periodic array of scatterers, the interference of the scattered light results in a diffraction

pattern, see Fig. 7b. In the far field, light is diffracted according to the grating equation with

several grating constants, including the pitch (p) and the diagonal pitch (
√
2p). For periodic

arrays, the scattering is a superposition of the scattering by both the Ag pattern and the

silica nano-cylinders. Figure 7c illustrates three phenomena. First, light is attenuated as

it propagates through the Si layer, and so the interaction with the PSRB is determined by

the fraction of the light that is not absorbed in a single cell pass. Second, the cell is an

optical resonator and supports Fabry-Pérot interference modes. Third, the electromagnetic
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field distribution inside the cylinders depends on the wavelength.

Figure 7d illustrates waveguiding in the silicon layer. The supported optical modes are

determined by the thickness of the Si layer and the cladding layers.39When the planar compo-

nent of the wave-vector of light scattered into a specific mode matches to a grating constant

of the PSBR array, light is efficiently coupled into such a mode and strong absorptance

occurs in the active layer.

Small deviations in cell thickness and refractive index will drastically change the reso-

nance conditions in the cell, thereby the absorptance peaks will shift significantly. This ex-

plains the observed difference between the peak width and wavelength between the simulated

and experimental data. However, the simulations help to comprehend the complex interplay

between the indicated optical phenomena, which results in the sharp absorptance peaks

which we observed both in the experimental data and in the simulated absorptance (Fig. 5).

The resonances of an individual particle are spectrally broad.31 The amplitude and width

of the Fabry -Pérot resonances are determined by the interface reflectivity and cell thick-

ness respectively. In contrast, the width of the modal coupling resonances is determined by

constructive interference along the waveguide over the modal absorption length. At long

wavelengths, this leads to sharp coupling peaks due to the low absorption in the i-layer.

In the experiment, local variation in cell parameters (mainly cell thickness) and the use

of a light source with a certain spectral bandwidth (∼10–15 nm) result in smoothening of

the absorptance peaks, leading to broader observed absorptance maxima as experimentally

observed.

Interestingly, it appears that enhanced absorptance in the i -layer of the PSBR solar

cell coincides with enhanced absorptance in the Ag of the PSBR (e.g. see matching at

wavelengths of 800, 838, 895, and 958 nm in Fig. 5). This indicates resonant coupling

between the PSBR and guided modes, leading to enhanced absorptance in the i -layer. This

observation of scattering by nano-cylinders in a metal film complements earlier observations

of plasmonic resonances induced by metal nanoparticles.29,32,40 Due to the strong resonant
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interaction with the PSBR, the absorptance in the PSBR also increases (up to 80%). Detailed

analysis of the field profiles at the absorptance peaks showed that over 85% of the absorptance

by the PSBR is absorbed in the Ag due to plasmonic resonances; the ITO and SiO2 show

only weak absorption.

Outlook. In this first exploration, we used a periodic pattern of nano-cylinders. Semi-random

patterns exhibit a broader range of spatial frequencies, which can broaden the absorptance

peaks, resulting in a higher average absorptance27,41–43 and reduced angular sensitivity.44

Additional methods, such as external light trapping,45 can improve the incoupling at the

front side of the solar cell. The PSBR concept can also be interesting for other thin film

superstrate solar cells.

3 Conclusions

We demonstrate a novel design and fabrication process for light trapping in thin film su-

perstrate solar cells. This method is particularly suited to grow nc-Si:H of high material

quality. In contrast to conventional structures for light scattering in solar cells, our plas-

monic scattering back reflector (PSBR) does not involve texturization, and thereby prevents

growth-induced material defects. The PSBR is fabricated by soft-imprint lithography, which

enables large-scale fabrication at low costs. The fabrication process does not involve any

mechanical polishing step, and can be applied at the backside of any superstrate cell. The

particle swarm optimization algorithm is used to determine the optimal size of the silica

nano-cylinder array embedded in Ag. Using simulations, we identified the optical scattering

mechanisms that give rise to the experimentally observed sharp absorptance peaks and the

enhanced EQE. The PSBR shows an improved absorptance compared to the flat refer-

ence cell, without impacting the Voc. The demonstrated scattering by cylindrical openings

in a metal film complements previous reports on plasmonic scattering by metal nanopar-

ticles. The demonstrated processing method is an effective candidate for light trapping in
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superstrate thin film nc-Si:H solar cells.
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