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Abstract
We report three-dimensionally assembled nanoparticle structures inducing multiple plasmon
resonances for broadband light harvesting in nanocrystalline silicon (nc-Si:H) thin-film solar
cells. A three-dimensional multiscale (3DM) assembly of nanoparticles generated using a multi-
pin spark discharge method has been accomplished over a large area under atmospheric
conditions via ion-assisted aerosol lithography. The multiscale features of the sophisticated 3DM
structures exhibit surface plasmon resonances at multiple frequencies, which increase light
scattering and absorption efficiency over a wide spectral range from 350–1100 nm. The multiple
plasmon resonances, together with the antireflection functionality arising from the conformally
deposited top surface of the 3D solar cell, lead to a 22% and an 11% improvement in power
conversion efficiency of the nc-Si:H thin-film solar cells compared to flat cells and cells
employing nanoparticle clusters, respectively. Finite-difference time-domain simulations were
also carried out to confirm that the improved device performance mainly originates from the
multiple plasmon resonances generated from three-dimensionally assembled nanoparticle
structures.

S Online supplementary data available from stacks.iop.org/NANO/27/055403/mmedia

Keywords: multiple plasmon resonances, three-dimensional nanostructure, light trapping, thin-
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1. Introduction

Thin-film solar cells provide the benefits of reduced material
and fabrication costs, higher flexibility and lower weight in
comparison to crystalline silicon (Si) solar cells [1]. Hydro-
genated nanocrystalline Si (nc-Si:H) is of considerable
interest in thin-film solar cells because of its superior long-
wavelength response (a band gap of 1.1 eV) and stability
against light soaking. However, there still remain the

challenges of enhancing light absorption in the red and near-
infrared regions (due to the nature of the indirect transition in
nc-Si:H) and improving the productivity of solar cells (due to
the low deposition rate of nc-Si:H). To realize high-efficiency
and low-cost solar cells, a light-trapping strategy is crucial
because it allows the enhancement of light absorption [2–4]
and the reduction of the thickness of the nc-Si:H [5], simul-
taneously. Various plasmonic light-trapping techniques for
thin-film solar cells have been developed; however, most of
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these studies have focused on rather simple-shaped nanos-
tructures [6], including nanoparticles [7, 8], nanowires [9, 10],
and nanobumps [11–14], which usually possess surface
plasmon resonances at a specific frequency, and thus exhibit
the light-trapping effect in a rather narrow spectral range.
Researchers have recently reported a way to obtain light
trapping in a broader spectrum using two different types of
plasmonic nanostructures. For instance, a single or two
metallic nanoparticles have been incorporated into a single
[15, 16] or dual [17, 18] interfacial layer of thin-film solar
cells. A hybrid approach of surface plasmonic resonances
(from nanogratings) and localized plasmonic resonances
(from nanoparticles) has been also introduced [19]. Three-
dimensional multiscale (3DM) structures can further extend
the spectral range of light trapping by generating plasmon
resonances at multiple frequencies originating from their
multiscale geometry. However, 3D plasmonic structures have
rarely been investigated due to difficulties in fabrication.
Ion-assisted aerosol lithography (IAAL) [20–29] of metal
nanoparticles generated using a multi-pin spark discharge
method [27, 30] enables the uniform and reproducible 3DM
assembly of nanoparticles with nanoscale-resolution con-
trollability over the wafer scale at room temperature and
atmospheric pressure. This cost-effective 3DM fabrication
method also ensures compatibility with other building block
materials and various solar cell fabrication processes.

In this study, we fabricated 3DM structure arrays using
IAAL with a multi-pin spark discharge method under atmo-
spheric conditions to induce multiple plasmon resonances for
trapping a broad spectrum of light. We successfully demon-
strated multiple plasmon resonances in the fabricated 3DM
structures and light trapping in a broad spectrum, leading to a
22% improvement in power conversion efficiency of the
nc-Si:H thin-film solar cells compared to unstructured flat
devices. By systematically analyzing the light-scattering
properties of the back reflector containing the array of 3DM
structures (called the 3DM back reflector hereafter) through
optical experiments and theoretical studies using finite-dif-
ference time-domain (FDTD) simulations, we identified that
the improved device performance mainly originates from the
multiple plasmon resonances in our 3DM back reflector. In
addition to the multiple plasmon resonances, we found that
our 3D solar cell also exhibits an antireflection effect by the
3DM-structured top surface which boosts the light absorption
in the nc-Si:H film, resulting in a highly enhanced external
quantum efficiency (EQE) over a broad spectral range from
350–1100 nm where the nc-Si:H film is optically active.

2. Experimental details

2.1. Fabrication of 3DM structures

Using the multi-pin spark discharge generator (schematic
illustration in online figure S1, stacks.iop.org/NANO/27/
055403/mmedia), charged Ag nanoparticles and nitrogen
ions were generated by spark discharge between Ag pin
electrodes biased at 5 kV and a grounded Ag plate electrode

with plural holes in the spark discharge chamber. Additional
positive ions were produced by corona discharge between a
tungsten pin electrode biased at 3.5 kV and a grounded
tungsten plate electrode in the corona discharge chambers.
The generated charged nanoparticles and ions were trans-
ported into the deposition chamber with the flow rate of the
carrier gas (3 lpm per hole) and deposited on the Si substrate
biased at −4 kV for 120 min. Under the experimental con-
ditions, the 3DM structure arrays were fabricated
using IAAL.

2.2. Optical simulations

Electromagnetic modeling was performed using Lumerical
FDTD simulation software (www.lumerical.com). The
simulation models are based on measured results of the actual
device via scanning electron microscopy (SEM) and atomic
force microscopy as shown in online figures S2 and S3. The
refractive indices of the aluminum-doped zinc oxide (ZnO:
Al), nc-Si:H, and indium tin oxide (ITO) films were taken
from spectroscopic ellipsometry measurements, and the di-
electric functions of Ag were adopted from Palik [31]. Since
the 3DM structures were arrayed with a period of 2 μm, all
optical simulations were performed for a single unit cell (over
a 2 μm×2 μm region) with periodic boundary conditions for
the x- and y-axes, and with the perfectly matched layer (PML)
condition for the z-axis in the 350–1100 nm spectral range.

2.3. Fabrication of solar cells

n–i–p substrate-type nc-Si:H solar cells were prepared onto
the back reflectors using plasma-enhanced chemical vapor
deposition (PECVD). The intrinsic and doped layers were
deposited using a 60MHz very high frequency and a
13.56MHz radio frequency glow discharge, respectively. The
500 nm thick intrinsic nc-Si:H layers were deposited at a
plasma density of 0.1W cm−2. The thicknesses of the p- and
n-doped layers were 15 and 30 nm, respectively. The sub-
strate temperature and chamber pressure were fixed at 150 °C
and 300 mTorr, respectively. The silane concentration ratio
SC=[SiH4]/([SiH4]+[H2]) was maintained at 5.5%. For
p- and n-doping, B2H6 (1% in H2) and PH3 (1% in H2) gases
were added to SiH4, H2, and CH4 (50% in H2), respectively.
The individual solar cells, which had areas of 0.3 cm
×0.3 cm, were defined using a shadow mask during the ITO
film deposition. The Al metal grids were deposited using
thermal evaporation.

2.4. Characterization of solar cells

The performance of the solar cells was measured at 25 °C by
current density–voltage (J–V) measurement under 1 Sun (AM
1.5, 100 mW cm−2) solar simulator radiation. The open-cir-
cuit voltage (Voc), short-circuit current density (Jsc), and fill
factor (FF) were used to calculate the conversion efficiency of
the solar cells. The EQE was obtained from spectral response
measurements in the range of 350–1100 nm.
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3. Results and discussion

The fabrication process of the 3D solar cell is illustrated in
figure 1. IAAL with a multi-pin spark discharge method
allows us to manufacture the sophisticated 3DM structures
over a large area on the order of square centimeters. The
multi-pin spark discharge generator produces positively
charged Ag nanoparticles and nitrogen ions uniformly as
depicted in figure S1. The generated nanoparticles and ions
are injected into the deposition chamber and transported
toward a Si substrate with a pre-patterned SiO2 film along the
flow of the nitrogen carrier gas. Due to their higher electrical
mobility, the positive ions arrive earlier at the negatively
biased Si substrate than the positively charged nanoparticles
and are then accumulated on the insulating SiO2 surface.
These accumulated ions repel the following charged nano-
particles, inducing electrostatic lens effects to focus the
charged nanoparticles to the disclosed regions of the Si sub-
strate (see the inset of figure 1(a)). The deposited nano-
particles form 3DM structures as a result of an interplay
between the repelling electric field from the accumulated ions
on the SiO2 surface and the enhanced field near the surface of
the growing nanostructures. In our experiments, we first
patterned a square array of cross-shaped cavities (figure 1(d)
inset) in the 50 nm thick SiO2 layer having a 2 μm period.

Using this SiO2 pattern, we then applied IAAL [20–29] with a
multi-pin spark discharge method [27, 30] to fabricate the
3DM structure arrays as a template for the 3D solar cells, as
shown in figure 1(d), followed by the electron-beam sintering
process of the 3DM structures to coalesce aggregated nano-
particles for strengthening the 3DM structures [32]. Gaps
between the 3DM structure and the SiO2 pattern were filled
by the spin-on-glass coating process to minimize defects that
could occur in the nc-Si:H layer deposited on them
[13, 33, 34]. Here, the 3DM structures with rounded edges
(see the inset of figure 1(c)) play a crucial role in enhancing
the light-trapping effect and reducing the loss in photocurrent
generation of the 3D solar cell. A 200 nm thick Ag back
electrode was then deposited on the 3DM structure arrays at
an oblique angle via the thermal evaporation process to
achieve the conformal Ag film along the surface morphology
of the 3DM structures. Subsequently, a 130 nm thick ZnO:Al
layer was sputtered and the n–i–p nc-Si:H stack with a
500 nm thick intrinsic layer was deposited using PECVD,
followed by sputtering an 80 nm thick ITO front electrode.
The surface texture of 3DM structures was replicated on the
Ag back reflector and on the ITO front electrode without
noticeable differences due to the conformal film deposition,
which causes 3DM texturing of the back reflector
(figures 1(b) and (e)) and the front electrode (figures 1(c) and

Figure 1. Schematized fabrication process of a nc-Si:H thin-film solar cell employing 3DM structure arrays. (a) The 3DM structures are
fabricated by IAAL (the inset of figure 1(a)) with a multi-pin spark discharge method. The 3D solar cell is then produced on the 3DM
structures by depositing (b) Ag, (c) ZnO:Al, nc-Si:H (n–i–p cell with a 500 nm thick intrinsic layer), and ITO layers. (d)–(f) SEM images
showing each fabrication process of the 3D solar cell. The insets of figures 1(c) and (d) exhibit the cross section of the 3D solar cell and the
physical dimension of the used SiO2 pattern. All scale bars are 500 nm in length.
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(f)). In this study, we determined the suitable morphology and
size of the 3DM back reflector for the nc-Si:H thin-film
(∼500 nm) solar cell by adjusting the deposition times of the
3DM structures as well as the deposition angles of the Ag
back electrodes (see online figures S4 and table S1). All nc-
Si:H thin-film solar cells with or without 3DM structures were
produced under the same fabrication conditions.

The fabricated 3DM structures have a sophisticated
geometric shape with varying dimensions from the nano- to
micro-scale not only in the x- and y-directions, but also in the
z-direction as illustrated in figure 2(a), which is difficult to
realize employing other lithographic methods. To study how
this multiscale feature of the 3DM structures improves light-
scattering properties as a new type of 3DM back reflector, we
measured the diffuse reflectance using a UV–vis–NIR spec-
trophotometer (Cary 5000, Agilent Technologies), and
obtained a dark-field image (BX51 and DP73, Olympus) of
the 3DM back reflector as presented in figures 2(b) and (c),
respectively. The diffuse reflectance of the 3DM back
reflector ranges from 50%–70% over the entire visible spec-
trum, showing that the 3DM structures scatter the incident
light efficiently. More interestingly, this diffuse reflectance
spectrum exhibits plural peaks at 450, 580, 700, and 800 nm,
which are primarily attributed to the multiple plasmon reso-
nances of the 3DM structures. The dark-field image displayed
in figure 2(c) also shows multiple colors at different sites of
the 3DM back reflector, revealing that the enhancement in
scattering is induced by localized resonant processes [35]. In
order to fully understand the multiple plasmon resonances of
the 3DM structures, we performed full wave electromagnetic

simulations using the FDTD method. Figure 2(d) shows the
simulated profiles of electric field intensity in the x–y-plane at
each resonance wavelength obtained from the diffuse reflec-
tance spectrum. The calculated electric field is concentrated at
the side walls of the petals, the top surfaces of the petals, and
the center of the structure for blue-green (450 nm), yellow
(580 nm), and red (700 and 800 nm) lights, respectively,
which corresponds well to the experimental dark-field image
shown in figure 2(c). The strong near-field enhancement near
the metal surface is a clear indication of the surface plasmon
resonance. The resonance wavelengths can easily be tuned by
changing the morphologies and dimensions of the 3DM
structures by controlling the shapes and sizes (including
lengths, widths, periods, and thicknesses) of the insulating
pre-patterns and deposition times [20–29]. The multiple
plasmon resonances originating from the multiscale feature of
the 3DM structures boost the light scattering and absorption
efficiency in the multi-spectral range, together with increased
diffuse reflectance due to the textured surface of the 3DM
back reflector. Thus, this makes our 3DM back reflector
appealing for solar cell applications.

To prove the superior light-trapping behavior of our
3DM back reflector, we compared the reflectance of the 3DM
back reflector with that of the flat Ag film and the back
reflector employing randomly distributed nanoparticle clus-
ters (NPCs). The NPCs were prepared using the spin-coating
process of silica nanoparticles with a diameter of 200 nm
equivalent to the minimum dimension of the top-view 3DM
structure. The surface coverage for both the NPCs and the
3DM structures was chosen to be approximately equal to 12%

Figure 2. (a) An illustrated simulation model of the 3DM back reflector based on the Ag-coated 3DM structures. (b) Measured total and
diffuse reflectance spectra of the flat (black squares), the NPC (red dots), and the 3DM (blue triangles) back reflectors. (c) A dark-field image
(scale bar: 1 μm) and (d) electric field intensity profiles of the 3DM back reflector at the four wavelengths (λ1–λ4 in figure 2(b)).
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(see online figure S5). An Ag film was then deposited on the
NPCs to fabricate the NPC back reflector through the same
approach as used for the 3DM back reflector. Figure 2(b)
shows the measured total and diffuse reflectance curves of the
three back reflectors. The total reflectance of the flat Ag film
is only given by the specular reflectance because diffuse
reflectance is close to zero, while for the 3DM and the NPC
back reflectors, much enhanced diffuse reflectance is
observed. Here, it is noted that the 3DM back reflector reveals
higher total (lower parasitic absorption loss) and diffuse
(higher scattering property) reflectance than those of the NPC
back reflector even with the same percentage of surface
coverage. These results demonstrate that the 3DM back
reflector traps light better than the NPC back reflector due to
its multiple plasmon resonances. Furthermore, the useful
features of IAAL, including precise controllability with
nanoscale resolution over 3DM structure structuring, wave-
length tunability, and reproducibility, make the 3DM back
reflector superior to the other back reflectors.

To quantify the light-trapping effects of 3DM structures
on device performance, we measured the J–V characteristics
and the EQEs of the three different types of nc-Si:H thin-film
(∼500 nm) solar cells fabricated on the flat structure, the
NPCs, and the 3DM structures as shown in figures 3(a) and

(b). Table 1 summarizes the performance parameters of each
device. Jsc of the devices increases from 17.1 mA cm−2 for
the flat solar cell to 20.5 and 22.1 mA cm−2 for the NPC and
the 3D solar cells, respectively. Such a difference in Jsc
improvement is explained by higher EQE enhancement in the
3D solar cell in the wide wavelength range from 350 to
1100 nm relative to that of the NPC solar cell as shown in
figure 3(b). Here, it is noted that the increase in the Jsc of the
3D solar cell mainly originates from the EQE enhancement in
the red and near-infrared regions with a small but noticeable
increase in the UV and visible ranges and, even with a much
thinner nc-Si:H absorber layer, the Jsc value of the 3D solar
cell is comparable with that (20–23 mA cm−2) of nc-Si:H
thin-film (1–1.5 μm) solar cells using randomly textured back
reflectors, photonic crystals, and plasmonic structures in
previous studies [36–42]. Moreover, sinceVoc and the FF of
the 3D solar cell are comparable to those of the flat cell, it is
found that the 3DM structures do not undermine the electrical
performance of the device even with an average 21.4%
increase in surface area compared to the flat structures (see
online figure S6 and table S2). Consequently, a 22% increase
in efficiency of the 3D solar cell results from the significantly
enhanced Jsc, which is higher than the case of the NPC solar
cell which achieves only a 9% increase with respect to the
flat cell.

To identify the origin of the superior light-trapping per-
formance of the 3D solar cell, we analyzed how the surface
textures of the 3DM front electrode and the 3DM back
reflector individually enhance the optical characteristics of the
solar cell using electromagnetic simulations. We first com-
pared the optical transmittance of a flat and the 3DM front
electrode employed in our device. In order to isolate the effect
of the front electrode, here we investigated the transmittance
through the front surface of the structure (see the inset of
figure 4(a)) with an infinitely thick lossless active layer
(n=3.8 and k=0). Figure 4(a) indicates that the 3DM
textured front electrode exhibits superior transmittance over
the flat one for the entire spectrum with a maximum
enhancement of nearly 9%, except around 550 nm where the
impact of the 3DM texturing on the transmittance is negli-
gible due to the ITO layer satisfying an antireflection condi-
tion at the air–nc-Si:H interface [43]. This enhanced
transmittance at wide wavelengths originates from the gra-
dient refractive index profiles and the multiscale feature of the
3DM front electrode [44]. We then investigated the light-
scattering properties of the 3DM back reflector covered by
ZnO:Al and an infinitely thick lossless nc-Si:H layer (see the
inset of figure 4(b)). Similar to the measured diffuse reflec-
tance spectrum of the bare Ag 3DM back reflector
(figure 2(b)), the calculated scattering spectrum presented in
figure 4(b) shows multiple plasmon peaks at 460, 590, 740,
and 950 nm, which are slightly red-shifted due to the higher
index of the surrounding materials [45]. In order to see how
these multiple plasmon resonances affect the light absorption
in the actual device, we also simulated the full-device struc-
ture with experimental dielectric functions of the nc-Si:H
layer measured by ellipsometry. Assuming that the absorbed
photons in the active layer are fully converted to electron–

Figure 3. (a) J–V curves and (b) EQEs of the flat (black squares), the
NPC (red dots), and the 3D (blue triangles) solar cells.
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hole pairs, we calculated the carrier generation rate by
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where ε″ is the imaginary part of the permittivity and E is the
electric field [11, 12]. Figure 4(c) illustrates the spatial
profiles of G(λ) at the plasmon resonance wavelengths of 460,
590, 740, and 950 nm. The localized mode of the generation
rate is observed only at the front portion of nc-Si:H at 460 nm.
On the other hand, the widely distributed profiles of high
carrier generation rates in the nc-Si:H are observed at 590,
740, and 950 nm. The localized generation rate profiles near
the back portion of the nc-Si:H indicate that the multiple
plasmon resonances of the 3DM back reflector lead to strong
near-field enhancement in the nc-Si:H. In addition to these
multiple plasmon resonances, the 3DM-structure-induced
light scattering and antireflection provide further enhance-
ment in light-trapping efficiency. Thus, it is found that both
the 3DM front electrode and the 3DM back reflector induce
an increase in light absorption over the entire spectral range

where the nc-Si:H is optically active. Here, the 3DM back
reflector with multiple plasmon resonances mainly enhances
the light-trapping efficiency in the red and the near-infrared
regions of the spectrum. Only the antireflection effect from
the 3DM front electrode improves the blue response of the 3D
solar cell because the light is entirely absorbed within nc-Si:H
before it reaches to the back reflector due to the highly
absorbing feature of nc-Si:H in the blue spectral region [46].
All corresponding light absorption enhancements in the
nc-Si:H boost the photocurrent and thereby high power
conversion efficiency in the 3D solar cell.

4. Conclusions

We have fabricated sophisticated 3DM structure arrays over a
large area under atmospheric conditions, whose multiscale
features induce plasmon resonances at multiple frequencies,
using IAAL in conjunction with a multi-pin spark discharge
method. Using this 3DM plasmonic light-trapping

Table 1. Performance parameters of nc-Si:H thin-film (layer thickness=∼500 nm) solar cells fabricated in this study.

Jsc (mA cm−2) Voc (V) FF (%) Efficiency (%)

Flat solar cell 17.1±0.4 0.53±0.01 70.9±0.7 6.4±0.2
NPC solar cell 20.5±0.5 0.51±0.01 67.5±0.7 7.0±0.2
3D solar cell 22.1±0.6 0.51±0.01 68.7±0.7 7.8±0.3

Figure 4. (a) Transmittance enhancement in nc-Si:H (blue line) induced only by the 3DM front electrode (inset). (b) Scattering intensities of
the flat (black line) and the 3DM (red line, inset) back reflectors. (c) Cross-sectional spatial distributions of carrier generation rates in nc-Si:H
of the 3D solar cell at the four wavelengths (λ1–λ4 in figure 4(b)).
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architecture, we have accomplished a 22% and an 11%
increase in the efficiency of the nc-Si:H thin-film solar cell
compared to the devices employing a flat structure and NPCs,
respectively. The multiple plasmon resonances of our 3DM
structures, in addition to the antireflection effect of the 3DM
textured front electrode, provide significant enhancement in
light absorption over the wide spectral range from
350–1100 nm, which leads to a 30% increase in photocurrent
relative to the flat cell. Moreover, even with a much thinner
intrinsic nc-Si:H layer, the Jsc of the 3D solar cell shows a
comparable value to that of the nc-Si:H thin-film (1–1.5 μm)
solar cells utilizing various types of textured back reflectors.
Since the presented IAAL with a multi-pin spark discharge
method provides a reliable and versatile route to large-area
3DM fabrication, it will add new degrees of freedom in
designing future energy devices incorporating 3DM
structures.
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