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ABSTRACT

In this work, we investigate the light trapping of thin-film silicon solar cells which apply plas-
monic Ag back contacts with non-ordered Ag nanostructures. The preparation, characterization and
three-dimensional electromagnetic simulations of these back contacts with various distributions of
non-ordered Ag nanostructures are presented. The measured reflectance spectra of the Ag back con-
tacts with non-ordered nanostructures in air are well reproduced in reflectance spectra derived from
the three-dimensional electromagnetic simulations of isolated nanostructures on Ag back contacts. The
light-matter interaction of these nanostructures is given by localized surface plasmons and, thus, the
measured diffuse reflectance of the back contacts is attributed to plasmon-induced light scattering. A
significant plasmonic light-trapping effect in n-i-p substrate-type p.c-Si:H thin-film solar cell prototypes
which apply a Ag back contact with non-ordered nanostructures is identified when compared with flat
reference solar cells.

© 2012 Elsevier B.V. All rights reserved.

1. Introduction

Thin-film silicon solar cells made of amorphous (a-Si:H) or
microcrystalline silicon (p.c-Si:H) require an advanced light trapp-
ing in order to efficiently absorb incident light of wavelengths
longer than 500 nm [1-3]. In this spectral range, the a-Si:H and p.c-
Si:H absorber layers are optically thin. State-of-the-art thin-film
silicon solar cells apply randomly textured interfaces at the front
and rear side to scatter and diffract incident light into the device
[3,4]. This scattered light is partly guided in the silicon absorber lay-
ers which leads to an enhanced short-circuit current density (Jsc)
of the solar cell.

To further improve the light trapping in thin-film silicon solar
cells several, new concepts are studied in the literature. One of these
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concepts applies light-scattering plasmonic nanostructures [5-8].
At metal nanoparticles or nanostructured metal layers, light can
couple efficiently to localized surface plasmon (LSP) [9]. A domi-
nant radiative decay of the LSP resonances induces very efficient
scattering of incident light. If this LSP-induced light scattering is
directed into the absorber layer of a thin-film silicon solar cell, the
metal nanostructures serve as sub-wavelength scattering compo-
nents that couple incident propagating light into the thin absorber
layers of the solar cells. Based on this approach, metal nanostruc-
tures placed at the front interface of solar cells have been proposed
to reduce the initial reflection of the solar cell as well as increasing
the light path in the absorber layer [10,11]. At the rear side of the
solar cell, periodic and non-ordered Ag nanoparticles and Ag nano-
structures have been applied to scatter incident light such that the
light is guided in the absorber layers of the solar cell [12-17].

Recently, we showed by means of electromagnetic simula-
tions that nanostructures on Ag back contacts of wc-Si:H solar
cells exhibit particularly promising light-scattering properties for
light-trapping [18]. In the present study, such non-ordered nano-
structures on the Ag back contact of wc-Si:H thin-film solar cells
were experimentally realized. The measured diffuse reflectance
spectra of these back contacts are compared to the simulated
diffuse reflectance spectra. This allows for a straightforward anal-
ysis of the contribution of the plasmon-induced light scattering to
the diffuse reflectance spectra of the Ag back contacts with non-
ordered Ag nanostructures.
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Fig. 1. (a)-(c) Schematic illustration of the preparation of the plasmonic Ag back
contacts with non-ordered nanostructures. (d) Schematic cross-section of a n-i-p
substrate-type wc-Si:H solar cell deposited on a plasmonic back contact with non-
ordered Ag nanostructures.

2. Methods

2.1. Preparation of Ag back contact with non-ordered
nanostructures

The fabrication steps from the Ag nanoparticles to the Ag back
contacts with non-ordered nanostructures are schematically illus-
trated in Fig. 1(a)-(c). The Ag back contacts are prepared for the
subsequent deposition of a n-i-p substrate-type c-Si:H thin-film
silicon solar cell (see Fig. 1(d)).

Non-ordered distributions of Ag nanoparticles on silicon wafer
substrates were prepared by annealing thermally evaporated Ag
films for 6 h at 500°C in a nitrogen atmosphere (see Fig. 1(a) and
(b)). During this annealing process, due to the surface tension of
the Ag, the Ag films agglomerated into non-ordered distributions
of Ag nanoparticles [12-15]. Scanning electron microscopy images
of three Ag nanoparticle distributions are shown in Fig. 2. For these
samples, the initial Ag film thickness varied from 10 nm to 30 nm.
A clear correlation between the initial Ag film thickness and the
average size of the Ag nanoparticles is apparent. Finally, the sili-
con wafer substrates with the Ag nanoparticle distributions were
covered with a 200 nm thick dc-sputtered Ag (see Fig. 1(c)). The
resulting surface of a Ag back contact exhibits half-ellipsoidal Ag
nanostructures.

In this study five distinct types of distributions of Ag nano-
structures are investigated which were prepared on nanoparticles
obtained by annealing of Ag layers of thickness of 10 nm, 15 nm,
20 nm, 30 nm and 40 nm. These five back contacts are referred to as
Type [-Type V. In order to analyze the nanostructure distribution,
atomic force microscopy (AFM) images of the back contacts were
analyzed with the Advanced Threshold Algorithm of the Particle

and Pore Analysis module of the SPIP software [20]. The very sen-
sitive detection level for the algorithm was set to the mean level
of plane-fitted AFM data. Those nanostructures with a height to
radius aspect ratio below 0.5 and a radius below 3 nm have been
excluded. From the detected nanostructure distribution, the area-
weighted base radius and the height of the nanostructures were
derived.

The diffuse reflectance spectra of the Ag back contacts with
non-ordered Ag nanostructures were measured with a spectropho-
tometer LAMBDA 950 (Perkin Elmer) equipped with an integrating
Ulbricht sphere.

2.2. Electromagnetic simulations

The interaction of light with isolated plasmonic Ag nanostruc-
tures on the Ag back contact was studied with a three-dimensional
numerical solver of Maxwell’s equations. The simulations were
carried out with the program JCMsuite® which applies the Finite
Element Method to discretize Maxwell’s equations on a on pris-
matic grid in all three dimensions [21]. Similar nanostructures than
those studied in this work have been investigated in detail with
the same method in [18]. From the simulated three-dimensional
electric field distributions, power loss spectra as well as the diffuse
and total reflectance spectra were calculated.

2.3. Solar cell preparation

We prepared pc-Si:H solar cells in n-i-p substrate configuration
with an active cell area of 1cm x 1cm (see Fig. 1(d)). The perfor-
mance of solar cells deposited on (i) a flat reference Ag back contact,
(ii) conventional randomly textured Ag back contacts and (iii) a Ag
back contact with non-ordered Ag nanostructures were compared.
Back contact (iii) is prepared on a Type IV Ag back contacts with
non-ordered nanostructures. The preparation is described in Sec-
tion 2.1. The state-of-the-art random texture of the Ag back contact
(ii) is prepared by wet-chemical etching of a rf-sputtered ZnO:Al
substrate for 40s in 0.5 w/w% HCI [3]. On top of all back contacts,
a 80nm (+5nm) thick ZnO:Al layer was sputtered at room tem-
perature by rf-sputtering. Afterwards, a n-doped, an intrinsic and a
p-doped pc-Si:H layer were deposited by plasma enhanced chemi-
cal vapor deposition [19]. The thicknesses of these layers are 20 nm
(+£10nm), 1100 nm (+25nm) and 20 nm (+10nm), respectively.
For the front contact, a 70 nm (+10 nm) thick front ZnO:Al layer in
combination with Ag finger electrodes was deposited. The external
quantum efficiency (EQE) of the solar cells is used to evaluate the
influence of the plasmonic Ag back contact with non-ordered Ag
nanostructures on the light trapping of the solar cell in the relevant
spectral region.

Fig. 2. Scanning electron microscopy images of Ag nanoparticles prepared by annealing of thin Ag films of thickness of 10 nm, 20 nm, and 30 nm from (a), (b), (c), respectively.



632 U.W. Paetzold et al. / Materials Science and Engineering B 178 (2013) 630-634

3. Results and discussion

3.1. Characterization of Ag back contact with non-ordered
nanostructures

In Fig. 3(a)-(e), AFM images of the Ag back contact surface are
shown for the five types of nanostructure distributions. Due to con-
formal deposition of the Ag layer onto the Ag nanoparticles, the
five types of Ag back contacts reveal non-ordered nanostructures.
In Fig. 3(f), the detected area-weighted base radius distributions of
the five types of back contact are shown. It is seen that the average
base radius of the nanostructures on the Ag back contact correlates
to the initial thickness of the thin Ag film prior to the annealing
step which determines the size distribution of the Ag nanoparticles
(c.f. Fig. 2). A broad range of nanostructure distributions is appar-
ent for the various types of back contacts. For Type I and Type V
back contacts (deposited on the smallest and largest Ag NPs respec-
tively), the maximum of the area-weighted base radius distribution
is located around 30 nm and 530 nm, respectively. In first approx-
imation, for all types of back contact, the height to radius aspect
ratio of the nanostructures can be well approximated to be 0.75
(not shown).

In Fig. 4, measured diffuse reflectance spectra of the five types of
Ag back contacts in air are shown. The diffuse reflectance increases
from the Type I back contact to the Type V back contact with
increasing average size of the nanostructures. Furthermore, the
spectral range of enhanced diffuse reflectance shifts to longer
wavelengths from the Type I back contact to the Type V back con-
tact. For example, the maximum in diffuse reflectance is 45% at a
wavelength of 586 nm for the back contact of Type Il and 55% at a
wavelength of 765 nm for the back contact of Type IV.

3.2. Optical simulation of reflectance spectra of Ag back contacts
with non-ordered nanostructures

The measured diffuse and total reflectance spectra of the
nanostructured back contacts in air shall be compared to sim-
ulated reflectance spectra. Due to the very high computational
resources which are required for the simulation of nanostructured
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Fig. 4. Measured diffuse reflectance of five types of Ag back contacts with various
distributions of non-ordered nanostructures.

Ag surfaces, it was not possible to simulate a representative surface
area of the plasmonic Ag back contacts with non-regular nano-
structures in a single simulation. Instead, the simulated reflectance
spectra of these plasmonic Ag back contacts were calculated as an
area weighted superposition of the simulated diffuse reflectance
spectra of isolated nanostructures on Ag back contacts.

In a previous publication, LSP induced light scattering at iso-
lated Ag nanostructures at back contacts of thin-film silicon solar
cells was studied in detail with the simulation method used in this
work [18]. In the present work, in order to represent the nano-
structures of the five types of back contacts, optical simulations of
isolated half-ellipsoidal nanostructures on Ag back contacts were
performed. The base radius was varied in steps of 10 nm form 10 nm
to 700 nm. This allows to cover the total range of detected base
radii of the nanostructures of the five types of Ag back contacts (see
Fig. 3). The height to base radius ratio was set to 0.75. A schematic
cross-section of the structure is shown in the inset in Fig. 5. The
simulated scattering efficiencies of the half ellipsoidal nanostruc-
tures in air are shown in Fig. 5. The scattering efficiency is derived
a quotient of the power scattered by the nanostructure and the
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Fig. 3. (a)-(e) AFM images of five types of plasmonic back contacts with non-ordered Ag nanostructures. (f) Area-weighted base radius distribution (sum area) as a function

of the base radius of the nanostructures derived from the AFM images.
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Fig. 5. Simulated scattering efficiency (Qsc.) of isolated ellipsoidal Ag nanostruc-
tures on Ag surfaces covered by a 80nm thick ZnO:Al layer. The radius of the
nanostructures is varied from 20 nm to 300 nm and the height is set to 75% of the
corresponding radius.

power irradiated on the cross section of the nanostructure. For
LSP resonances, values of Qsc; above unity are possible. The har-
monic oscillation of the electron gas in the nanostructure allows
to enhance the optical cross section of the nanostructure beyond
the geometrical cross section [9]. For small radii, only a dipolar
LSP resonance is exhibited which shifts to longer wavelengths with
increasing base radius of the nanostructures. The maximal in Qsca
increases for radii between 20nm and 100 nm. For larger radii
it decreases gradually and multipolar LSP resonances appear at
shorter wavelengths. In addition, with increasing radius, the LSP
resonances shift to longer wavelengths.

In order to derive the diffuse reflectance from the above
presented simulations, the simulated spectra of Qsc; of the half-
ellipsoidal nanostructures were weighted with the area-weighted
base radius distribution of each type of plasmonic back contact.
In Fig. 6, the resulting simulated diffuse reflectance of the five
types of back contacts is shown. Two dominant trends are appar-
ent. First, the diffuse reflectance increases gradually over the total
wavelength range with increasing average base radius of the nano-
structures on the back contacts. Second, the maxima in simulated
diffuse reflectance shift to longer wavelengths with increasing base
radius of the nanostructures of the back contacts. Both trends are
apparent in the simulated diffuse reflectance spectra as well as
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Fig. 6. Simulated diffuse reflectance of five types of Ag back contacts with various
distributions of non-ordered nanostructures.
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Fig.7. External quantum efficiency of three pc-Si:H solar cells in n-i-p configuration
codeposited on the flat back contact, the random texture back contact, and the Type
IV back contact with non-ordered Ag nanostructures.

the measured reflectance spectra (c.f. Fig. 5). In fact, the overall
characteristics of the measured diffuse reflectance spectra are well
reproduced in the simulated spectra (aside of a factor). Thus, since
the LSP resonances induce the scattering at the simulated Ag nano-
structures, also the measured enhanced diffuse reflectance of the
Ag back contact with non-ordered Ag nanostructures is attributed
to an LSP-induced light scattering. The deviation in the total val-
ues of the measured and simulated diffuse reflectance as well as
the redshift of the simulated spectra are attributed to the strong
simplifications applied to derive the simulated diffuse reflectance
spectra. Of particular importance are the simplified approxima-
tions of the nanostructures shape and size which are expected to
account for these deviations. Also, the negligence of the electro-
magnetic coupling between adjacent nanostructures is expected to
influence the spectral position of LSP resonances. However, in most
cases, the coupling of two LSP modes in adjacent Ag nanoparticles
causes a shift of the LSP resonance to longer wavelengths [9] which
would induce an even larger spectral discrepancy of the maxima
in the simulated and measured diffuse reflectance. Additional fac-
tors of influence on the spectral position of the LSPP resonances are
the oxidation of the Ag nanostructures and the local variations in
homogeneity of the ZnO:Al layer.

The above discussed diffuse reflectance of the back contacts
in air confirmed the strong LSP-induced light scattering at the
fabricated Ag back contacts with non-ordered nanostructures. It
is expected that a comparable LSP-induced diffuse reflectance at
these back contacts is apparent if they are incorporated into a thin-
filmsilicon solar cell with a 80 nm thickZnO:Al interlayer. However,
with regard to the in-depth analysis of the light-trapping in thin-
film silicon solar cells, the light scattering into the silicon absorber
layer of the solar cells will be analyzed in future work.

3.3. Prototype solar cell

In Fig. 7, the measured EQE spectra of the three pc-Si:H solar
cells in n-i-p substrate configuration codeposited on the flat back
contact, the random texture back contact, and the Type IV Ag back
contact with non-ordered nanostructures are shown. The Type IV
back contact selected as it is the back contact with the second
highest plasmon-induced light-scattering but exhibits nanostruc-
tures of height significantly smaller than the solar cell thickness (in
contrast to type V). The Type IV back contact exhibits an average
nanostructure base radius around 300 nm and a strongly enhanced
diffuse reflectance (in air) for wavelengths longer than 500 nm (see
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Fig. 4). For wavelengths above 520 nm the EQE of the solar cell
deposited on the Type IV back contact is significantly enhanced
in comparison to the EQE of the solar cell deposited on the flat back
contact. The corresponding Jsc are enhanced from 18.4mA/cm? to
20.5 mA/cm?. This shows that the solar cell deposited on the plas-
monic back contact exhibits a significantly improved light trapping.
A substantial amount of incident light is guided inside the pc-Si:H
absorber layer of the solar cell via light scattering at the back con-
tact. In a recent work, the importance of light-scattering at the
rear side of thin-film silicon solar cells in terms of light-trapping
has been proven [4]. As demonstrated in the previous section,
the light-trapping effect presented in this work can be correlated
to LSP-induced light scattering at the Ag back contact with non-
ordered nanostructures. Nevertheless, for the presented type of
back contact the Js. of the solar cell applying the plasmonic back
contact remains 1.8 mA/cm? below the Js of the solar cell apply-
ing the conventional random texture light trapping. Thus, for the
given nanostructure distributions at the Type D back contact, the
light trapping is not competitive with the state-of-the-art texture
for light trapping. In future work we will study the light scattering
of the back contacts at the rear side of the solar cell into the silicon
absorber layers of the solar cell. Based on future simulation-based
optimizations of the shape, size as well as embedding layer stack
of the Ag nanostructures, the additional improvement potential of
the light-trapping effect will be researched.

4. Conclusion

In this contribution, we report on the preparation, characteri-
zation and optical simulation of plasmonic Ag back contacts with
non-ordered Ag nanostructures. These back contacts are evaluated
in terms of the light trapping in wc-Si:H thin-film silicon solar
cells. The prepared Ag back contacts exhibit Ag nanostructures of
base radius distribution maxima between 30 nm and 500 nm. Mea-
sured optical reflectance spectra of these Ag back contacts with
non-ordered nanostructures in air are correlated to reflectance
spectra calculated from three-dimensional electromagnetic sim-
ulations of localized surface plasmons in isolated nanostructures
on Ag back contacts. Due to the very good agreement between the
measured and simulated reflectance spectra of the various types of
Ag back contacts with non-ordered nanostructures, it was possible
to attribute the enhanced diffuse reflectance to plasmon-induced
light scattering at the nanostructures of the back contacts. Impor-
tantly, this diffuse reflectance is exhibited by plasmon-induced
light scattering at individual nanostructures, rather than collec-
tive effects such as diffraction as reported for plasmonic gratings
[16-18].

The first prototype c-Si:H n-i-p solar cell on one type of
plasmonic Ag back contact with non-ordered half-ellipsoidal
Ag nanostructures showed a significantly enhanced EQE for

wavelengths longer than 500 nm when comparing to flat back
contacts. The associated light-trapping effect is attributed to LSP-
induced scattering at nanostructures on the back contact. However,
when comparing to the solar cell applying a random texture back
contacts, the EQE of the solar cell applying the Ag back contact
with non-ordered is low. Further improvement are expected by
simulation-based optimizations of the shape and size as well as
embedding layer stack of the Ag nanostructures at the back con-
tact, as well as optimization of silicon layers deposition on the
nanostructured Ag back contacts.
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