Embedded metal nanopatterns as
a general scheme for enhanced
broadband light absorption
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Recently, various light trapping schemes based on inclusions of
dielectric or metallic nanoparticles or nanopatterns on top of,
below, or embedded within a photovoltaic (PV) absorber have
been proposed to enhance the efﬁciency of solar cells. We
demonstrate here that embedded metal nanopatterns (EMN) within
the absorber layers of thin ﬁlm solar cells can serve as a general
scheme for broadband light absorption enhancement. The EMN
scheme is compatible with a wide variety of non-crystalline solar
cells, including amorphous, polycrystalline, organic, polymeric,
and dye-sensitized solar cells. Simulations on the same EMN in
various PV media show consistent absorption enhancement. An
impedance matching model is used to explain the robustness of
the effect, wherein the EMN brings the impedance of the thin-ﬁlm
solar cell closer to that of free space in a broadband manner,
resulting in exceptional absorption enhancement in the near
band gap regime. Experimental veriﬁcations are provided by
Ag connecting network nanopatterns fabricated by nanosphere
lithography embedded in an amorphous silicon layer, resulting in a
broadband absorbance enhancement, especially in the near band
gap region, in good agreement with our predictions.

Connecting Ag networks with hexagonal close-packed
holes are fabricated by nanosphere lithography, and then
embedded into an amorphous silicon layer. For increasing
embedding depth d from 5.3 to 18.4 nm, the absorbance
of the structure increases, especially at the near band gap
region.
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1 Introduction In recent years, various light trapping
schemes based on inclusions of metallic nanoparticles or
nanopatterns have been proposed to enhance the efﬁciency of
solar cells [1–14]. Such schemes include randomly positioned
nanoparticles, and 1D and 2D metallic patterns on top of [1–6],
on the bottom of [7, 8], or embedded within [9–14] the
photovoltaic (PV) layers. Most of these methods result in
modulating one surface of the solar cell, and are thus more
compatible with solar cells using thin ﬁlm PV layers [1–14].
In earlier work, we showed theoretically that there exists an
optimum position for the inclusion of a metallic nanopattern in
a PV ﬁlm to achieve maximum absorption within that ﬁlm [13].

Here, we demonstrate both experimentally and theoretically
that the embedded metallic nanopattern (EMN) concept can
serve as a general design scheme for enhancing light absorption
for a broad range of thin ﬁlm solar cells, such as amorphous,
polycrystalline, organic, and others. We employ an impedance
matching model to understand the absorbance enhancement
of the EMN scheme over a broad frequency range. We provide
experimental measurements on samples with metal nanopatterns embedded in amorphous silicon (a-Si) layers with
tuned embedding depths to show the broadband absorption
enhancement of the proposed EMN scheme. The EMN scheme
may ﬁnd broad applications in the solar cell industry.
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2 Numerical modeling and experimental
details Figure 1a shows the schematic illustration of the
simpliﬁed structure of an EMN solar cell. In contrast to
conventional patterning schemes that employ metal or
dielectric patterns or particles on the top [1–6] or the
bottom [7, 8] of a PV layer, we have proposed to embed
the metal nanopatterns into the absorber layers to fully utilize
the near ﬁeld scattering of the metal patterns for maximized
broadband light absorption [13]. Such an EMN scheme is
general for various shapes of metal nanopatterns, and is also
generic for all kinds of PV media. Two representative metal
patterns are shown on the right panel of Fig. 1a: a cross array,
and a connecting metal network with hexagonal closepacked (hcp) holes. The cross-pattern is best known for its
role in a metamaterial “perfect absorber” that achieves near
unity absorption at a certain resonant frequency [15]. As
will be shown below, a cross array embedded into an
absorber layer with a back reﬂector can create multiple
high absorption peaks and lead to quasi-broadband high
absorption. The hcp-hole EMN pattern performs similarly,
and in addition can be produced in a scalable way via
nanosphere lithography (NSL) [16, 17].
Numerical simulations in this work are full-wave
simulations carried out in the radio frequency module of
COMSOL MultiPhysics, a commercial software package
based on ﬁnite element methods. For each simulation, a unit
cell of the periodic structure is considered, with boundaries

Figure 1 Design scheme (a) and SEM micrographs (b and c) of
embedded metal nanopatterns (EMN). Two examples (arrays of
crosses and hexagonal close-packed holes) of the EMN are shown
on the right panel of (a). (b) Cross-section done by focused
ion beam milling at the position indicated by the red dashed line
in (c). Scale bars in (b and c), 200 nm.
ß 2014 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

along the x- and y-axes set to be periodic, thus simulating an
inﬁnite sample. An x-polarized plane wave is incident along
z into the unit cell on the glass side of the structure. Most
of the incident light is absorbed in the PV layer, some is
reﬂected back to the input port, and virtually no light is
transmitted through due to the optically thick back reﬂector.
The reﬂection coefﬁcient is obtained from the scattering
parameter S11, and the transmission coefﬁcient from S21.
Absorption can be calculated by A ¼ 1  |S11|2  |S21|2.
An impedance matching model is employed to understand the near unity absorption peaks of the EMN patterns
[18]. The relative effective impedance Zeff ¼ Zre þ iZim of
the unit cell is deﬁned from the extracted effective
permittivity eeff and permeability meff from the S-parameters,
by Zeff ¼ (meff/eeff)1/2. The extraction is performed using the
method of Smith et al. [19–21], with the reference planes of
the two ports set 500 nm away from the sample surface.
Denoting the effective thickness of the sample (distance
between the two reference planes) as t, and the vacuum
wavenumber of the incident wave as k, Zeff can also be
directly related to the S-parameters as Zeff ¼ [((1 þ S11)2 
e2ikt S212)/((1  S11)2  e2ikt S212)]1/2, with the signs ﬁxed
by the passive material requirement, Zre > 0 [19]. When the
relative effective impedance of the unit cell is matched to that
of air, i.e., Zre ¼ 1 and Zim ¼ 0, the reﬂectance of the unit cell
is vanishingly small. Combining this result with the fact that
the transmission of the unit cell is zero (ensured by the thick
back reﬂector), this leads to near unity absorbance.
Figure 1b and c shows SEM micrographs of a fabricated
hcp-hole EMN sample, embedded in an ultrathin (106 nm)
a-Si layer. The hcp-hole Ag network was created using
NSL [16, 17]. The radii of the original polystyrene (PS)
nanospheres were 500 nm, which were then shrunk via
reactive ion etching to control the hole size of the subsequent
electron beam-evaporated Ag network. The resultant radius
after a 60 s etch was rs ¼ 227 nm, yielding a Ag network with
a width of 50 nm at its narrowest. The embedded hcp-hole
pattern was created in a three-step process: a thin layer of
a-Si (h1) was ﬁrst deposited onto ITO glass (500 nm of
ITO) via PECVD; then an hcp-hole Ag network was deﬁned
on the a-Si layer via NSL as described above; ﬁnally, a
second layer of a-Si with thickness h2 was deposited onto
the whole sample. This was followed by a thick (250 nm) Ag
deposition as the back reﬂector. All of the samples were
fabricated such that the total thickness of the a-Si layer
(h ¼ h1 þ h2 ¼ 106 nm) is ﬁxed. Thus, by varying h1, one can
arbitrarily tune the embedding depth (d ¼ h1) of the hcp-hole
EMN. The fabricated hcp-hole EMN sample had a total area
of 1 cm2. The reﬂectance of the fabricated sample was
measured by an integrating sphere reﬂectometer (Ocean
Optics, ISP-REF).
3 Results and discussion
3.1 Simulated enhanced absorbance in various
PV absorbers with cross-EMN From a practical standpoint, the embedding nature of the EMN scheme is restricted
to amorphous, polycrystalline, organic, and polymer ultrathin
www.pss-a.com
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or other non-crystalline solar cells. There are examples for
the application of randomly dispersed embedded metal
nanoparticles in organic solar cells [9, 10, 12, 14]. As shown
in Fig. 2, we simulated the absorption within the PV layers
(referring to active PV absorbers only, not including metal
patterns) for one EMN scheme embedded in various
amorphous PV absorbers, and compared them to situations
without employing the EMN. The simulated EMN structure
is a 20 nm thick Ag cross composed of two arms with 300 nm
length and 100 nm width. The Ag cross-EMN is embedded in
the middle of a 60 nm thick PV layer, with an embedding
depth d ¼ 20 nm (as deﬁned in Fig. 1b). The PV layer is
sandwiched by a 50 nm ﬂuorine-doped tin oxide (FTO) layer
and a 200 nm Ag back reﬂector. Optical constants of all the
simulated PV absorbers are taken from the literature, including
a-Si [22], a-SiGe [23], CdTe [24], CuIn0.55Ga0.45Se2 (CIGS)
[25], as well as the Ag [26] and FTO [27] layers. Note that
we have calculated the absorbance in the PV layers only by
calculating the ratio of the integrated power loss density
within the PV layers to the total input power. Thus, the effect
of any Drude losses within the metal in the optical range is
taken into account [28]. These results represent the external
quantum efﬁciencies (EQEs) of real solar cells, assuming
100% internal quantum efﬁciencies (IQEs), and are thus
instructive for real solar cell applications.

Figure 2 Simulated absorbance in various PV layers for crossEMN design employed to various absorbers. Blue (red) line
indicates absorbance in PV layer with (without) cross EMN. The
calculated efﬁciencies with (h1) and without (h2) inclusion of
the cross EMN are shown in boxes in the corresponding panels.
www.pss-a.com
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We see that without the EMN pattern, the absorbance
curves strictly follow the band structure of the PV materials,
tailoring off at the band edges. After the employment of
the EMN, although the total volume of the PV absorber is
reduced (part of it is replaced by the Ag cross-EMN), the
absorbance increases over the whole spectrum, especially
at regions near the band edge. After integrating the EQEs
over the AM1.5 solar spectrum, we can estimate the critical
current densities JSC and thus the power conversion
efﬁciencies h of the solar cells, as shown in the box for
each PV absorber in Fig. 2. The calculation from JSC to
efﬁciency h is done by using typical literature values for
open-circuit voltage VOC and ﬁll factor FF and using
h ¼ JSCVOCFF/(1 kW m2). Our main conclusion, the fractional improvement in PV performance with EMN, however,
is unaffected by choice of VOC and FF. An enhancement of
the efﬁciency for each investigated PV absorber is evident
demonstrating the generality of the EMN scheme.
The collection efﬁciency of the photogenerated electron–
hole pairs is, of course, greatly affected by their recombination
rate, which partly depends on the geometrical conﬁgurations
of the metal patterns. As discussed in Refs. [11, 13], a bare
(uninsulated) EMN would likely increase recombination, and
so be deleterious to the performance of an actual solar cell.
Our simulations (not shown) suggest that this negative effect
can be greatly reduced, and even eliminated, by insulating
the EMN pattern with a dielectric layer as thin as 5 nm.
They further show that the inclusion of this layer has only a
negligible effect (of order 1%) on the optical absorbance
enhancement.
3.2 Impedance analysis of the cross-EMN in
CdTe absorber To deepen our understanding of this
broadband enhancement effect of the EMN scheme, we
carried out a theoretical impedance analysis [18] for the
whole unit cell, taking the CdTe absorber layer as an
example. The extraction details are described in Section 2
above. The blue (red) solid circles in Fig. 3a are simulated
total absorbance of the whole CdTe cell with (without)
EMN. The blue dashed line is the absorbance in CdTe layer
only, the same as the curve in Fig. 2. This again shows that
majority of incident light is absorbed in the CdTe layer,
rather than in the metal [4]. The real and imaginary parts of
the extracted impedance for the CdTe cell with and without
the Ag cross-EMN are plotted in Fig. 3b and c. There are
two regions where the total absorbance of the CdTe cell
with EMN approach unity, at l  465 nm and 915 nm,
respectively (highlighted by two thick lines). At these two
points, the extracted impedances of the CdTe cell with EMN
match well with the free space values (Zre ¼ 1, Zim ¼ 0). On
the other hand, the impedance matching condition is never
satisﬁed for the CdTe cell without EMN. The impedance
deviates from the matching condition even further at
longer wavelengths toward the band gap, decreasing the
performance of the solar cell. The inclusion of the EMN
is thus an effective scheme for compensating for this
impedance mismatch in a broadband manner. Comparing the
ß 2014 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 4 Proﬁles of the power loss density for CdTe cells with
and without cross-EMN. The color bar represents 0 (blue) to
2  1020 W m3 (red).

layers, without reﬂecting them back into free space. Thus,
the absorption of CdTe mainly occurs at the gap region
below the embedded Ag cross at this frequency.

Figure 3 Extracted relative effective impedance (Zeff) for the
cross-EMN in CdTe absorber. (a) Total absorbance of the CdTe
cell with (blue dots) and without (red dots) the inclusion of Ag
cross-EMN. The blue dashed line indicates the absorbance only
in the CdTe within the EMN cell structure. (b and c) Extracted real
and imaginary parts of Zeff for CdTe cell with (b) and without
(c) cross-EMN.

solid (dashed) lines in Fig. 3b and c, we see the same overall
trend, with the Zre (Zim) curve for the EMN case brought
closer to the Zre ¼ 1 (Zim ¼ 0) line over the whole range. A
detailed analysis of the broadband character of embedded
(buried) metal patterns serving as an anti-reﬂector is recently
given by Kabiri et al. [18].
The two positions where the impedance matching
condition is achieved correspond to two physical modes in
the CdTe cell with EMN. Proﬁles of the power loss density
at these two wavelengths are shown in Fig. 4. The mode at
465 nm is a surface plasmon (SP) mode along the top
surface of the embedded Ag cross (Fig. 4c). A similar mode
exists along the Ag back reﬂector in the CdTe cell without
EMN, as shown in Fig. 4a. Thus, the total absorbance of the
CdTe cells with and without EMN are both quite high at
this frequency. For l  915 nm, no mode is excited for the
CdTe cell without EMN, resulting in a nearly zero power
loss proﬁle, Fig. 4b. On the other hand, a gap mode is
strongly excited for the EMN structure at 915 nm, as shown
in Fig. 4d. This is a second order SP gap mode trapped in
the region between the Ag cross and the back reﬂector, a
phenomenon well understood as a magnetic resonance
mode [29], a patch antenna mode [30], or within the
framework of critical coupling [31]. This SP gap mode traps
the incident photons into the CdTe in between the two Ag
ß 2014 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

3.3 Measured enhanced absorbance in a-Si with
hcp-hole EMN To experimentally verify the effectiveness
of the EMN scheme, we fabricated hcp-hole EMN samples
embedded in a-Si absorbers with tuned embedding depths
and measured their absorbance spectra. a-Si was chosen as it
is the simplest of the thin ﬁlm PV material systems. The
samples and measurement details are given in Section 2. The
results are shown in Fig. 5. The cyan curve shows the total
absorbance of the a-Si cell without hcp-hole EMN. The other
curves represent the total absorbance spectra of the a-Si cell
with hcp-hole EMN with increasing embedding depth from
5.3 to 18.4 nm. With increasing embedding depth, the overall
total absorbance of the a-Si cell increases, as the whole a-Si
cell is approaching optimum impedance matching. This is
consistent with our previous results about an optimum

Figure 5 Measured absorbance spectra for hcp-hole EMN with
tuned embedding depths.
www.pss-a.com
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embedding depth for EMN patterns [13]. The oscillations of
the absorbance spectra around 400, 450, and 500 nm are
Fabry–Perot modes formed in the 500 nm thick ITO layer.
These modes will be absent in the visible range, as shown in
the simulated absorbance spectra in Fig. 2, for thinner (e.g.,
50 nm) ITO.
4 Conclusions We have demonstrated theoretically
that an EMN scheme is a promising candidate for enhanced
light absorption for a broad range of thin ﬁlm solar cells, such
as amorphous, polycrystalline, and organic. An impedance
matching method is provided to validate the absorbance
enhancement of the EMN scheme in a broad frequency range.
Experimental veriﬁcations on metal nanopatterns embedded
in a-Si cells are provided as a proof-of-concept of the EMN
scheme. The EMN scheme may ﬁnd broad applications in the
solar cell industry.
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