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12
Applications

In this Chapter, we present two applications inspired by the work in
this thesis. First, we present silver nanowire networks that act as
transparent electrodes on high-efficiency Si heterojunction solar cells.
We design an ITO/nanowire network/Si3N4 hybrid electrode to replace
the standard 80 nm thick ITO transparent conducting layer on top of
the cells. We find a drastic improvement in the conductivity, which
enables an increasing in the macroscopic finger spacing by a factor
2.5, yielding an increase in efficiency from 14.8% to 16.0%. Second,
we present a soft-imprinted dielectric nanopattern that acts as a flat
plasmonic back scattering electrode in nanocrystalline-Si solar cells.
We grow flat layers of nanocrystalline-Si, use substrate-conformal
imprint-lithography to print a silica nanopattern on the back of the
cell, and overcoat it with Ag to form a flat scattering electrode. We find
a strong enhancement in the photocurrent without a loss in voltage
that is typically observed for non-flat scattering layers.

12.1 Introduction

In this thesis, we have studied the fundamental aspects of plasmonic and dielectric
nanostructures with potential for applications in photovoltaic energy conversion.
In this Chapter, we discuss two possible applications that are inspired by the work
in described in this thesis. In Section 12.2 we demonstrate the application of silver
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12 Applications

nanowire networks (Chapters 2–4) as a transparent electrode for high-efficiency Si
heterojunction solar cells. Next, in Section 12.3 we demonstrate the application of
soft-imprinted silica nanopatterns (Chapter 11) to form a flat plasmonic scattering
electrode for enhanced light trapping in nanocrystalline Si solar cells.

12.2 Silver NW networks as a transparent electrodes
on Si heterojuction solar cells

12.2.1 Introduction

Silicon heterojunction solar cells hold the current power conversion efficiency
record for single junction Si cells [326], with an efficiency of 25.6% [327]. The key
feature of heterojuction cells that gives rise to such high efficiencies is the high
quality passivation by hydrogenated amorphous Si (a-Si:H) that gives extremely
low carrier recombination losses. Thin (doped) a-Si:H layers are used to form a
junction with the c-Si base absorber, and simultaneously provide highly passivated
c-Si surfaces. Due to the short carrier diffusion length in the a-Si, a transparent
conducting electrode (TCE) is required for the mm-scale transport of charges
towards the electrode fingers. The standard industrial TCE is indium-tin-oxide
(ITO). However, ITO is brittle [103, 104], contains the scarce element indium [145],
absorbs UV light [80], and is deposited using expensive sputtering processes.
These drawbacks motivate the replacement of ITO with alternative TCE designs.
Furthermore, heterojunction cells generate large currents, thereby challenging the
limited conductivity of the ITO layer. The conductivity of the ITO determines the
maximum spacing of the fingers of the macroscopic top electrode, and thereby the
shading losses. An increase in the conductivity of the TCE without a concomitant
reduction in transparency would allow for a larger finger spacing and thus higher
efficiency.

In Chapter 2 we have demonstrated the fabrication of two-dimensional peri-
odic networks of Ag nanowires (NW) as a TCE using electron beam lithography.
Next, in Chapter 3 we developed a soft-imprint procedure to fabricate these NW
networks over large areas. We found that Ag NW networks can provide strongly re-
duced sheet resistance at an optical transmittance comparable to ITO. This makes
engineered NW networks highly suitable for cells that generate large currents.

Here, we demonstrate the applicability of Ag NW networks as a transparent
electrode on large-scale high-efficiency Si heterojunction solar cells. We use
2 × 2 cm flat cells as a model system to replace the standard 80 nm thick ITO layer
with a hybrid ITO/Ag NW/Si3N4 layer in which highly conductive Ag NW networks
are incorporated. We find a strong improvement in conductivity while maintaining
high optical transmittance. The high conductivity of the hybrid electrode allows
for a 2.5-fold increase of finger spacing and a four-fold reduction in ITO thickness.
We demonstrate that the Ag NW networks strongly improve the fill factor of the
devices, which gives rise to an enhancement of the power conversion efficiency
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12.2 Silver NW networks as a transparent electrodes on Si heterojuction solar cells

from 14.8% to 16.0%. Furthermore, this work demonstrates the first realization of
engineered Ag NW networks on device-scale Si cells.

12.2.2 Heterojunction cell electrode design

Figure 12.1a shows the layer structure of a standard (flat) Si heterojunction cell.
The cell is composed of three major parts (offset in the figure): a top transparent
conductor with electrode, a passivated c-Si absorber layer with heterojunction, and
bottom electrode/reflector. Details on the cell layers are presented in Fig. 12.1a.
We use 2 × 2 cm Si heterojunction cells fabricated from high-quality flat float-zone
wafers as a model system to study alternative geometries for the combined top TCE
and macroscopic electrode (fingers and bus-bars). The spacing of the electrode
fingers is maximized to minimize shading losses, but at the same time constrained
by the resistivity of the TCE.

Figure 12.1: (a) Schematic of the standard heterojunction cell. From top to bottom
the layers correspond to: macroscopic Ag contact (light gray), 80 nm ITO (purple),
5 nm p-type a-Si:H (orange), 5 nm intrinsic a-Si:H passivation layer (green), 300 µm
n-type c-Si (dark gray) absorber, 5 nm intrinsic a-Si:H passivation layer (green),
5 nm n-type a-Si:H (orange), ITO (purple), and thick Ag back reflector/contact (light
gray). This work considers alternative geometries for the top TCE and macroscopic
grid. (b) Measured JV-curves for flat reference cell with 2 mm (red) and 5 mm
(red) spaced fingers. The cell parameters are listed as an inset. Schematics of the
macroscopic grids are also shown as an inset. (c) Standard 80 nm thick ITO (top)
and ITO/Ag NW/Si3N4 hybrid geometry (bottom).
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To explore the effect of increased finger spacing, Figure 12.1b shows current-
voltage measurements on cells with a standard 80 nm thick ITO layer as a TCE, for
electrode finger spacings of 2 mm (red) and 5 mm (blue). A 2 mA/cm2 improvement
in the short-circuit current density (Jsc ) is observed for the 5-mm-spaced fingers
compared to the 2-mm-spaced fingers as a result of reduced shading losses (see
inset for cell parameters). Although the efficiency is improved by 0.5% as a result of
this increase in Jsc , both cells have a relatively low fill factor (F F ) as a result of series
resistance in the TCE. This series resistance is further increased by the increase in
finger spacing, as is apparent from the reduction in F F from 0.622 to 0.604.

Here, we present an ITO/Ag NW/Si3N4 hybrid electrode geometry to replace the
standard 80 nm ITO layer as a TCE (Fig. 12.1c). The hybrid TCE allows for strongly
improved conductivity at similar transmittance, and reduces the use of ITO by a
factor 4. The hybrid electrode is composed of three layers. First, a 20 nm thin ITO
layer is used to (i) allow for micron-scale charge transport to the nearest NW; (ii)
protect the highly sensitive a-Si layers during fabrication of the NW network; (iii)
prevent a red shift of the localized surface plasmon resonance of the Ag NWs into
the spectral range where the solar spectrum is most intense. Second, a highly con-
ductive Ag NW network with minimized wire width and 1–4 µm wire pitch is used
to provide mm-scale charge transport towards the electrode fingers. Third, a 60 nm
Si3N4 layer which forms an efficient anti-reflection (AR) layers in combination with
the 20 nm ITO layer.

12.2.3 Large-scale nanowire network fabrication

Large-scale (2 × 2 cm) networks of Ag nanowires were fabricated onto the 20 nm
ITO layer using substrate-conformal imprint-lithography (SCIL, see Chapter 3). In
short, the wafers are spin coated with a sacrificial layer of PMMA, followed by a
thin layer of liquid-silica solgel. A flexible nano-imprint stamp is applied and the
solgel solidifies, leaving behind a patterned wafer. The pattern is transferred into
the PMMA using reactive-ion etching, creating a shadow mask for the metal depo-
sition. Next, 120 nm Ag is thermally evaporated onto the shadow mask, and lift-
off is performed by dissolving the PMMA layer. The macroscopic top electrode is
fabricated by thermal evaporation of 500 nm of Ag through a physical shadow mask.
The fingers have 5 mm spacing, are ∼190 µm wide, and connected to a bus-bar at
the side of the cell. Each imprinted wafer contains four 2 × 2 cm fields, comprised
of three different NW pitch (1, 2, and 4 µm) and a flat reference. The flat reference
cell originates from the same Si wafer and is subjected to the same processing steps.

SEM images of the soft-imprinted Ag NW networks with different pitches on
the thin ITO are shown in Figs. 12.2a-c. The large differences in NW density can be
clearly observed. For all pitches, the NWs show smooth surfaces and high-quality
interconnecting junctions. The NW width is 80± 5 nm as measured using high-
resolution SEM imaging, and the height is 120 nm as measured with AFM.

To quantify the conductivity, sheet resistance measurements were performed
on the 2 × 2 cm NW networks. To this end, the same fabrication process without the
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12.2 Silver NW networks as a transparent electrodes on Si heterojuction solar cells

Figure 12.2: SEM images of the printed silver NW networks with a pitch of 1 µm (a),
2 µm (b), and 4 µm (c). The nanowire width is 80± 5 nm. The nanowire height
is 120 nm, measured with AFM. (d) Combined back-scattering and secondary
electron micrographs, showing the Ag NW (yellow) conformally coated with Si3N4
(light blue).

macroscopic Ag fingers is performed on bare borosilicate substrates. Four-point
probe measurements showed sheet resistances of 4.0Ω/sq, 7.2Ω/sq, and 15.0Ω/sq
for the 1, 2, and 4 µm pitched networks respectively. This demonstrates the drastic
improvement in conductivity compared to the ITO layers, which showed 150 Ω/sq
and 280Ω/sq for the 80 nm and 20 nm thick layers respectively.

Finally, the NW networks were coated with 60 nm of Si3N4 using plasma-
enhanced chemical-vapor deposition (PECVD) to complete the hybrid electrode.
Figure 12.2d shows a color-coded SEM image clearly showing the conformal
coating of the Si3N4 (light blue) around the Ag NWs (yellow), obtained from
combined back-scattering and secondary-electron micrographs.

12.2.4 Device performance

Next, we study the performance of the devices with thin ITO and 5 mm finger spac-
ing. We first characterize the optical absorption of the cells. Using a white-light
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supercontinuum laser, an integrating sphere, spectrograph and CCD, the total re-
flection spectra (R) of the cells were measured. The total cell absorption (including
parasitic losses in the (hybrid) electrode and a-Si layers) were calculated as Abs =
1−R. Note that the reflection spectra were measured in between the macroscopic
fingers using a ∼2 mm diameter spot.

Figure 12.3a shows the measured absorption spectrum for the 1 µm (green),
2µm (blue), and 4µm (red) pitched network cells. The absorption of a flat reference
cell (20 nm ITO and 60 nm Si3N4) is also shown (gray). The spectral shape of the ab-
sorption spectrum of the flat cell clearly shows the effect of the AR-coating; > 0.995
absorption is achieved for the flat cell aroundλ= 700 nm. A significant reduction in
absorption compared to the flat cell can be observed for the 1 µm pitched cell as a
result of optical losses, which comprise both scattering and absorption in the NWs.
The absorption significantly improves for increasing pitch. In fact, the maximum
absorption for the 4 µm pitched cell is 0.977, only ∼0.02 lower than that of the flat
cell. These results show that the best hybrid TCE yields an optical transmission
close to that of the standard TCE, with more than an order of magnitude better
conductivity (see Section 12.2.3).
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Figure 12.3: (a) Measured total absorption spectra for the flat reference cell (gray),
and NW network cells with a pitch of 1 µm (green), 2 µm (blue), and 4 µm
(red). (b) J-V curves for the corresponding cells. (c) Summary of cell parameters
extracted from (b).

Current-voltage curves of the cells were measured under 1 sun illumination
using a calibrated solar simulator. The resulting J-V curves are shown in Fig. 12.3b,
and the summary of the cell parameters is presented in Fig. 12.3c. The open-circuit
voltage (Voc ) is 696–701 mV for all cells, which shows that the application of Ag NW
networks in the hybrid electrode does not strongly affect the electrical quality of
the solar cell. Furthermore, the trend in short-circuit current density (Jsc ) clearly
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resembles the decrease in optical losses with increasing pitch; the Jsc increases
from 30.1 mA/cm2 for 1 µm pitch to 34.1 mA/cm2 for 4 µm pitch, compared to
34.9 mA/cm2 for the flat reference cell. This demonstrates that although the NW
networks give rise to optical losses, the Jsc of the 4 µm pitched cell approaches that
of the flat cell.

The main benefit of the hybrid electrode is apparent from the fill factor (F F )
of the NW network cells compared to that of the flat cell. Due to the large current
generated by the cell, the series (sheet) resistance in the ITO layer strongly reduces
the F F to 0.610. The highly conductive NW networks effectively mitigate these
resistance losses, and increase F F to 0.665–0.673 (Fig. 12.3c). The F F is similar for
all NW network cells, which indicates that the conductivity provided by the 4 µm
pitched network is sufficient to eliminate the losses due to series resistance. Smaller
pitches only introduce larger optical losses, thereby reducing Jsc . Larger pitches on
the other hand may further increase Jsc , up to the point where the resistivity of the
hybrid electrode becomes the limiting factor and reduces F F .

The power conversion efficiency (Fig. 12.3c, lower panel) shows a strong im-
provement for larger wire pitch. It increases from 14.2% for the 1 µm pitched cell to
15.1% and 16.0% for the 2µm and the 4µm pitched cells respectively, exceeding the
14.8% efficiency of the reference cell. This demonstrates how the high conductivity
of engineered Ag NW networks can be used to enhance the performance of high-
efficiency Si heterojunction solar cells.

12.2.5 Conclusions

We use substrate-conformal imprint lithography to demonstrate the applicability
of Ag nanowire networks as a transparent electrode on large-scale highly-efficient
Si heterojunction solar cells. We present an ITO/Ag NW/Si3N4 hybrid transparent
electrode to replace the standard 80 nm thick ITO as a transparent conducting
layer. We find drastic improvements in conductivity with minimized reduction in
transmittance compared to ITO. As a result, the finger spacing of the macroscopic
electrode can be increased be a factor 2.5 and the thickness of the ITO is reduced
by a factor 4. We find that the Ag NW networks strongly improve the fill factor
of the devices, thereby enhancing the power conversion efficiency from 14.8% to
16.0%. The delicate balance between conductivity and optical losses requires a
systematic optimization of the combined transparent conducting electrode and
macroscopic electrode design. The flat model system studied here provides key
insights into the optimization of NW network designs when applied on practical
device geometries that can be implemented in industrial fabrication processes. The
next step is to implement NW networks with advanced light trapping schemes such
as nanotexturing [328] or coatings of resonant nanoparticles [33, 73], which allows
direct comparison with the commercial textured heterojunction Si solar cells. We
anticipate that further development of hybrid transparent electrodes will lead to
improved front-contacted heterojunction Si solar cells.

209



12 Applications

12.3 Soft-imprinted flat plasmonic scattering
electrode for nc-Si solar cells

12.3.1 Introduction

Thin-film nanocrystalline silicon (nc-Si) solar cells are an attractive alternative to
wafer-based Si, offering both flexibility and in principle low production costs. nc-Si
solar cells are formed by growing thin Si layers on a substrate using chemical va-
por deposition (CVD) methods. Unlike wafer-based Si, these cells are therefore
compatible with low-cost flexible substrates [329, 330]. However, the CVD growth
process is relatively slow so that the costs of thin-film Si solar cells scale with the
active layer thickness. Moreover, the carrier drift length in nc-Si layers is relatively
short due to the high density of grain boundaries and crystal defects. As a result,
the use of thin (∼1 µm) active layers is beneficial for both the fabrication costs and
the carrier collection efficiency of the solar cells.

Due to the indirect band gap of nc-Si, the absorption coefficient is relatively
low. Therefore, thin-film nc-Si solar cells rely strongly on light trapping schemes
to realize sufficient absorptance in the red and near infra-red spectral range. Typ-
ically, light trapping inside the active layer is realized by growing the nc-Si layers
on top of a (randomly) textured substrate such as naturally textured Al-doped ZnO
layers [331], or nanopatterned back reflectors [332]. However, conformal growth of
thin-film nc-Si on nanoscale textured substrates results into crack formation and
defective filaments in the active nc-Si layer [329, 331, 333, 334]. High recombination
rates at these defect sites and shunting pinholes cause low fill factors (F F ) and
open-circuit voltages (Voc ), with correspondingly poor device performance. The
record-efficiency nc-Si cell exhibits a Voc that is only 67% of the limiting value cal-
culated using the Shockley-Queisser (SQ) model [335]. For the record cell Jsc is only
61% of the SQ limited value, the lowest fraction of all photovoltaic semiconductor
materials. To prevent cracks in the absorber layer, nc-Si layers must be fabricated
on flat substrates which typically results into diminished light trapping.

Recently, attempts have been made to realize light trapping in flat nc-Si layers
by using flattened light-scattering substrates [336, 337]. Although high-quality cells
have been realized using this concept, the fabrication procedure requires extensive
chemical-mechanical polishing and is limited to cells that are grown in the sub-
strate configuration (starting from back side of the solar cell). In the superstrate
configuration on the other hand, the cell is grown on top of a glass front sheet. This
configuration has cost advantages compared to the substrate configuration as the
glass serves as a highly transparent encapsulant that is stable under UV exposure,
and is an excellent moisture barrier.

In Chapter 11, we used substrate-conformal imprint-lithography (SCIL) to
fabricate large-area silica nanopatterns as an anti-reflection coating for glass
substrates. Here, we use the same SCIL procedure to demonstrate the applicability
of soft-imprinted silica nanopatterns as strongly scattering back electrodes for
nc-Si solar cells that are grown as a flat layer in the superstrate configuration. First,
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12.3 Soft-imprinted flat plasmonic scattering electrode for nc-Si solar cells

high-quality nc-Si films are grown on flat glass, which prevents the formation of
cracks in the absorber layer. Next we use SCIL to fabricate on the back of the
cell a silica nanopattern comprised of a square array of nanocylinders, which is
subsequently overcoated with Ag to form a plasmonic scattering back electrode.

We study the J-V characteristics of the nanopatterned cell, and compare it to a
cell grown on top of a randomly textured substrate and a flat reference cell. We find
a strong enhancement of the photocurrent for the nanopatterned cell, without the
reduction in Voc and F F associated with cracks in the nc-Si layer. Using spectral
absorption measurements and external quantum efficiency (EQE) measurements,
we identify the role of plasmonic scattering and compare this to the scattering in
the randomly textured cells. An enhancement of the electrical properties of the
nanopatterned cell is observed compared to the randomly textured cell due to the
improved material quality of the nc-Si layer.

12.3.2 Cell design and fabrication

Figure 12.4 shows the layer structure of the flat reference cell (a), a randomly front-
textured cell (b), and the flat plasmonic scattering electrode cell (c). Light is inci-
dent from the top and an Al-doped ZnO layer is used as a transparent top electrode.
Light is absorbed in the nc-Si layer, and a thin layer of indium-tin-oxide (ITO) is
used in between the Ag back contact/reflector to prevent recombination at the
Ag/nc-Si interface. The flat reference cell (a) exhibits no light trapping. In the front-
textured cell (b), the bottom interface of the ZnO layer is randomly textured. This
texture propagates through the nc-Si layer and ITO layer, such that three interfaces
are textured. Incident light is scattered by all three interfaces, enhancing the ef-
fective optical path length inside the cell by coupling to guided modes in the nc-Si
layer. The conformal growth of the nc-Si layer on top of the nanotextured ZnO layer
induces cracks in the absorber layer (indicated in Fig. 12.4b), which deteriorate the
cell performance. In the plasmonic scattering electrode cell (c), the ZnO and nc-Si
layers are both flat which allows for the growth of high-quality nc-Si. Light trapping
is achieved by introducing a nanopatterned back electrode.

The three cells are fabricated in superstrate configuration. Starting with flat
glass, a thick (500 nm) layer of Al doped ZnO (1%) is sputtered as a front transparent
electrode. For the random front-textured cell (Fig. 12.4b), the surface of the ZnO
layer was textured by a short wet etch in diluted hydrochloric acid. Next, a 25 nm p-
doped nc-Si layer was deposited using plasma-enhanced CVD (PECVD), followed
by the deposition of a 1µm thick intrinsic layer using hot-wire CVD (HWCVD) [338].
To complete the p-i-n junction, PECVD was used to grow a 27 nm n-doped nc-Si
layer on top of the intrinsic layer. A thin (80 nm) layer of ITO was then sputtered as
a diffusion barrier in between the Ag and nc-Si. Finally, a thick (∼500 nm) layer of Ag
was thermally evaporated through a physical shadow mask to form a back reflector
and contact, followed by a thin Al layer to prevent oxidation of the Ag layer. The cell
area is 4 × 4 mm, defined by the shadow mask.

For the flat plasmonic scattering electrode cell (Fig. 12.4c), SCIL was used to
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Figure 12.4: Schematic layer structure for a flat thin-film Si solar cell grown in the
superstrate configuration (a), cell with randomly textured front (b), and cell with
flat plasmonic scattering back reflector (c). The cracks as a result of nc-Si growth
on textured substrates are indicated in (b).

pattern the rear of the cell. A thinner layer of ITO (20 nm) was used to allow for
strong optical interaction between the nc-Si layer and the nanopattern. The ITO
layer was spin coated with a 90 nm thick layer of liquid-silica solgel, into which the
nanopatterned imprint stamp was subsequently applied. After 30 min of drying
in ambient conditions, the stamp was removed and a patterned silica layer is left
behind on the substrate. Figure 12.5a shows a SEM image of the resulting silica
nanopattern, which comprises a two-dimensional array of cylinders with 245 nm
diameter, 120 nm height, and 325 nm pitch. The pattern is uniform over a large
area and shows very few defects. Next, a CHF3-based reactive-ion etch (RIE) is
used to remove the thin residual solgel layer in between the cylinders, to allow for
electrical contact between the ITO layer and the Ag back reflector. During the etch
process, the height of the cylinders is reduced to ∼65 nm, and the side walls are
slightly tapered due to slight non-perfect anisotropy of the etch. Finally, the Ag
and Al layers are evaporated on top of the silica nanopattern to complete the flat
plasmonic scattering electrode.

Figure 12.5b shows a focused-ion beam (FIB) cross section of the scattering
electrode (imaged upside down compared to Fig. 12.4c). The solgel nanopattern
and Ag overcoating are clearly visible. Furthermore, the top of the Ag/Al layer shows
the cylindrical shape of the nanopattern as a result of the directional deposition
of the Ag layer. Note that the SCIL stamp used here is identical to that used in
Chapter 11, and the pattern is not fully optimized for light trapping in these nc-Si
solar cells.
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12.3 Soft-imprinted flat plasmonic scattering electrode for nc-Si solar cells

Figure 12.5: (a) SEM image showing a top view of the imprinted solgel cylinders.
(b) FIB cross section of the cell showing the flat nc-Si layer and the patterned back
contact. The layers are labeled and the outline of the solgel is sketched to illustrate
the slightly tapered cylindrical shape.

12.3.3 Cell performance

To characterize the device performance we first measure J-V curves under AM1.5G
illumination conditions using a calibrated solar simulator. Figure 12.6a shows the
resulting J-V curves for the flat (blue), front-size textured (green) and plasmonic
scattering electrode (red) solar cell. A summary of the cell parameters is displayed
in Fig. 12.6b. A high Voc (510 mV) and F F (0.59) are observed for the flat reference
cell. However, the short-circuit current is low (Jsc = 11.6 mA/cm2) due to the ab-
sence of light trapping. The power conversion efficiency of the flat cell is 3.5%. We
note that these experiments are done with very low-efficiency cells that serve as a
model system. The results presented here can be applied to high-efficiency thin-
film cells as well.

Applying a front texture to the cell enhances the Jsc to 12.2 mA/cm2 as a result of
enhanced optical absorption. At the same time, the influence of the front texture on
the material quality of the absorber layer is apparent from the large deterioration of
the electrical properties of the cell: the high defect density and cracks in the nc-Si
layer reduce Voc to 450 mV and F F to 0.50, resulting in an efficiency of only 2.7%.
The increase in Jsc therefore comes at the price of a strong reduction in Voc and F F .

Using a flat scattering layer instead of a random texture prevents the strong
reduction in Voc (Fig. 12.6a): the plasmonic scattering electrode cell shows a Voc of
510 mV, equal to that of the flat cell. This directly shows the profitability of growing
flat absorber layers. Furthermore a strong increase in photocurrent is observed
when using the scattering back electrode; Jsc increases from 11.6 mA/cm2 for a
flat cell to 15.3 mA/cm2 for the flat scattering electrode. As a result, the efficiency
increases from 3.5% to 4.1%. Note that the increase in efficiency is tempered by the
reduction in F F from 0.59 for a flat cell to 0.53 for the plasmonic scattering elec-
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Figure 12.6: (a) Current density-voltage measurements for the flat (blue), front-side
textured (green), and plasmonic scattering back electrode (red). (b) Corresponding
cell parameters. The efficiencies in these cells, that serve as a model system, are
very low, but the concept demonstrated here can be applied to high-efficiency thin-
film cells as well.

trode cell. We attribute this drop in F F to an increase in the surface recombination
near the ITO as a result of an overexposure during the RIE step. Despite the lower
F F , the large increase in Jsc and the higher Voc clearly demonstrate the advantage
of the use of a strongly scattering flat back electrode.

Finally, we note that a significant reduction in the shunt resistance is observed
for all devices (finite slope for V < 0) compared to the flat cell, which we found to
be correlated to the use of ITO as the rear diffusion barrier. Optimization of the
compatibility of the SCIL fabrication procedure with the use of ZnO, rather than
ITO, may further enhance the cell performance.

12.3.4 Spectral response

To gain insight in the origin of the strong enhancement in Jsc , we compare the
spectral response of the three solar cell geometries. Figure 12.7 shows the measured
absorptance (top, calculated as Abs = 1−R) and external quantum efficiency (EQE ,
bottom) of the flat (blue), front-side textured (green) and plasmonic scattering elec-
trode (red) solar cell. Detailed comparison of the absorptance and EQE shows
three overall trends; (i) all cells show high (> 0.8) absorptance for λ < 600 nm.
However, the EQE is low in this spectral range due to strong optical absorption in
the ZnO layer and the electrically dead p-doped layer. (ii) Fabry-Pérot resonances in
the thick (front) ZnO layer occur for 350 <λ< 550 nm. For λ> 550 nm, incomplete
absorption in the nc-Si layer gives rise to additional fringes with a smaller free
spectral range due to the larger thickness and refractive index. (iii) The EQE for
all cells decreases for λ > 600 nm due to incomplete absorption and enhanced
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parasitic losses.
Furthermore, there are two cell-specific trends; (i) the front-side textured cell

shows the highest absorptance over entire spectral range, indicating very effective
light trapping inside the cell. In this cell, the interference fringes are damped due
to randomization of wave vectors at the textured interfaces of the cell. Despite the
high absorptance, the EQE of the front-side textured cell is much lower than that
of both flat cells for λ< 600 nm, which indicates a low charge collection efficiency
as a result of the low material quality (low internal quantum efficiency). (ii) The
flat (plasmonic) scattering electrode cell shows lower absorptance than the random
front-side textured cell, but significantly higher than the flat reference cell. This
indicates that light trapping occurs, though less efficient than in the textured cell,
which we attribute to the limited number of spatial frequencies in the periodic
pattern of the flat scattering electrode [75, 339]. For λ > 600 nm the flat scatter-
ing electrode cell and textured cell have comparable EQE but the EQE averaged
over the full spectral range in Fig. 12.7 is significantly higher for the flat plasmonic
scattering electrode, which explains the higher Jsc .
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Figure 12.7: Measured absorptance (top, calculated as 1−R) and EQE (bottom) of
the flat (blue), front-side textured (green), and plasmonic scattering back electrode
(red).

Overall, the results in Fig. 12.7 demonstrate that despite the fact that the flat
scattering electrode exhibits lower overall optical absorption than the random
front-side textured cell, it produces a higher EQE due to the high material quality
of the flat nc-Si layer.

Finally, we performed FDTD simulations [137] to study the scattering mecha-
nism that gives rise to the EQE enhancement observed in Fig. 12.7. In the sim-
ulations, we assume the silica particle to have a perfect cylindrical shape with a
diameter of 245 nm, 65 nm height, and 325 nm pitch (experimental geometry).
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12 Applications

Using periodic boundary conditions in the in-plane directions we first simulate
the response of an infinite array. Figure 12.8a shows the simulated absorptance in
the intrinsic nc-Si layer for a flat (blue) and flat plasmonic scattering electrode cell
(red). A broadband enhancement of the absorptance is observed for the scattering
electrode, in agreement with the measured EQE in Fig. 12.7. Multiple spectrally
sharp peaks are observed in the spectral range where Si is weakly absorbing. To
explain these absorptance peaks, Figure 12.8b shows a cross cut of the Ez distri-
bution at one of the peaks (λ = 895 nm, see dot in (a)). A standing wave pattern
in the in-plane direction can be observed, which is an indication of coupling to
guided modes in the nc-Si layer [340]. The limited number of peaks in Fig. 12.8a is
a direct result of the finite number of spatial frequencies in the periodic scattering
electrode, which results into coupling to waveguide modes at a limited number of
wavelengths [75, 339]. Further optimization of the spectrum of spatial frequencies
for these specific cells by using engineered random scattering patterns will result
into a larger density of peaks, and more broadband enhancement in the absorp-
tance.
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Figure 12.8: (a) Simulated absorption in the intrinsic nc-Si layer for the flat (blue)
and plasmonic scattering back electrode cells (red). (b) Cross cut of the Ez
distribution throughout the cell (showing three unit cells) for λ = 895 nm (see dot
in (a)). Note that the color bar is saturated for visibility. The scale bar is 200 nm.

12.3.5 Conclusions

We present soft-imprinted silica nanopatterns that function as strongly scattering
back electrodes in thin-film nc-Si solar cells. Unlike the randomly textured front
contacts that are typically used to achieve light trapping, the plasmonic scatter-
ing electrode allows for the growth of flat nc-Si layers with high material quality.
Compared to the front-side textured cell, we find an enhancement in Jsc without
the loss in Voc that is observed for the front-side textured cell as a result of carrier
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recombination at defects in the nc-Si layer. Using spectral absorption measure-
ments and EQE measurements, we find that the front-side textured cell exhibits
strong absorption but low external quantum efficiency. The plasmonic scattering
electrode cell on the other hand, shows slightly lower optical absorption compared
to the textured cell, but a significantly higher EQE due to the high material quality
of the nc-Si layer. The cell performance can be further enhanced by optimization
of the scattering electrode geometry.
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