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Localized Surface Plasmon Resonances Caused by Ag Nanoparticles on SiN
for Solar Cell Applications
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This study examined experimentally and theoretically the coupling of metal (Ag) localized surface
plasmon resonances (LSPRs) and a dielectric (SiN) layer to enhance the photovoltaic properties of Si
solar cells. The coupling of metal LSPRs and a SiN layer enhanced the intensity and optimized the
projection of the internal electromagnetic field induced by the metal LSPRs. Therefore, the overall
backscattering and dissipation of light absorption over 400 - 1400 nm were suppressed, resulting in
an increase in the photovoltaic conversion efficiency. The mechanism of the coupling of Ag LSPRs
and the SiN layer was examined by using a finite element numerical simulation and experiments.
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I. INTRODUCTION

Si solar cells are promising candidates for large-scaled
sunlight photovoltaic conversion [1-4]. However, Si so-
lar cells require thick layers (>100 pum) to obtain effec-
tive absorption of the near infrared radiation due to the
indirect band gap of crystalline Si. This increases the
manufacturing costs and energy payback time due to
the limited carrier diffusion length [5]. Localized sur-
face plasmon resonances (LSPRs), which optically en-
hance light absorption because of enlarged optical cross
sections, have been studied extensively in an attempt
to enhance the photovoltaic conversion efficiency of thin
film solar cells [2-4]. However, depending on the inci-
dent light’s wavelength and the particle-substrate cou-
pling, the LSPRs formed by metal particles attached to a
photoactive substrate both reduce and enhance the pho-
tovoltaic carrier generation [5], as interpreted by vari-
ous experimental and simulation models [5,6]. This has
considerable drawbacks for LSPR anti-reflection coatings
(ARC) due to the increased light reflection in the short-
wavelength range of 400 - 600 nm for a thin semiconduc-
tor substrate [7-9].

In this study, the coupling effects of metal (Ag) LSPRs
and a SiN layer were examined using a finite element cal-
culation and experimental measurements. The coupling
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of Ag LSPRs and SiN largely enhances the intensity and
effectively optimizes the projection of the internal elec-
tromagnetic field induced by the LSPRs. As a result, the
optical cross-sections of the LSPRs are enlarged consider-
ably with the concomitant suppression of backscattering.
Therefore, the Ag LSPRs on SiN enhance light absorp-
tion in Si solar cells over the entire wavelength range
of 300 - 1400 nm. The morphology of metal nanoparti-
cles and the thickness of the dielectric layer can be en-
gineered to optimize the level of light absorption. Using
Ag LSPRs on SiN, the efficiency of Si solar cells can be
enhanced by 0.9%, 3.3%, and 9.9% compared to that of
Si solar cells with a SiN ARC, Ag LSPRs on Si, or a
textured bare Si surface, respectively.

II. SIMULATION AND EXPERIMENTAL
RESULTS

Ag LSPRs cause oscillations of electrons in confined
geometries. The movement of the conduction electrons
up to excitation by the incident light leads to a build up
of polarization charges on the LSPR surface, and the re-
sulting electromagnetic field behaves as a restoring force
allowing the LSPRs to occur at a particular (photon) fre-
quency [6]. The resulting internal electromagnetic field
can be expressed as E; = Ey3eq / (em + 2 €q), where
E, is the reference internal field and can be obtained
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Fig. 1. Three-dimensional illustrations of the internal elec-
tric field at different wavelengths near the LSPRs along the
(Z - X) axis for the cross section and the (Y - X) axis extend-
ing normal to the surface. The amplitude is relative to the
field calculated for an individual Ag LSPR with a diameter
of 35 nm with (a’-d’) and without (a-d) a 65-nm-thick SiN
layer on p-type Si. The incident wavelengths were 500 nm in
(a,a’,c,c’) and 800 nm in (b,b’,d,d’).

experimentally, and €4 and €, are the permittivities of
the substrate (dielectric) and the metal LSPRs, respec-
tively. A strong interaction of LSPRs with the incident
field occurs at incident light frequencies that induce €,
= -2¢4, with e, = €], +ig]l, according to the polarity of
the incident photons [9]. The coupling of metal LSPRs
and a dielectric substrate might affect the optical and
the electrical properties of metal LSPRs.

To better understand the coupling effects of Ag LSPRs
and a SiN layer, we performed a finite element numerical
simulation by solving the three-dimensional (3D) vector
Helmholtz equation in the frequency domain for a scat-
tered electric field at normal incidence (see Appendix IT
in Ref. 10). Figure 1 shows the simulation results for the
internal field induced by spherical Ag LSPRs (with a di-
ameter of 35 nm) on a Si substrate (a-d) and on a 65-nm-
thick SiN layer (a’-d’). At the main resonance (~500 nm,
for the LSPRs with a diameter of 35 nm), the internal
field induced by the LSPRs on SiN was largely enhanced
and confined between the LSPRs and the SiN layer. The
internal field rarely spreads to the photovoltaic substrate
(Si), which suppresses the backscattering of light in the
Si substrate, as shown in the 3D illustration in Figs. 1(a’)
and 1(c’). In contrast, without a SiN layer between the
Ag LSPRs and the Si substrate, the internal field induced
by the LSPRs is projected mainly to the Si substrate,
inducing considerable backscattering of light, as shown
in Figs. 1(a) and 1(c). On the other hand, the LSPRs
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Fig. 2. Surface SEM image of the Ag NPs with an average
diameter of ~15 nm on SiN on a planar Si surface, and (inset)
the average diameters of the Ag NPs versus the thicknesses
of the Ag films.

show strong resonance to incident light in the long wave-
length range, e.g., 800 nm [5]. The internal field mainly
spreads along the Z-X axis when the LSPRs are on SiN,
enlarging the optical capture cross-sections and enhanc-
ing light absorption, as shown in Figs. 1(b’) and 1(d’)
[5]. In contrast, without the SiN layer between the Ag
LSPRs and the Si substrate, the internal field induced by
the LSPRs spreads along the Z-X axis and is projected
to the Si substrate along the Y-X axis. The combined
effect of forward scattering and backscattering occurs on
the photovoltaic substrate. Although the net effect may
still enhance light absorption and the solar cell efficiency,
the effects of such metal LSPRs are not completely un-
derstood [5], as shown in Figs. 1(b) and 1(d). Therefore,
a SiN layer between the Ag LSPRs and the Si substrate
is expected to (i) greatly enhance the internal field near
the LSPRs, and (ii) effectively optimizes the internal field
projections due to the metal LSPRs on the dielectric ar-
chitecture for solar cell efficiency enhancement.

The particle size has a strong influence because the
electric field is enhanced by larger sized LSPRs, and the
electric field is proportional to the absorption cross sec-
tion [6]. Therefore, larger sized LSPRs will provide bet-
ter photon absorption. This is consistent with the re-
ported theory, in which the photon absorption cross sec-

tion is given as Cyps = 2T”Im[oz], where a = 3V (i:;é),
A is the wavelength, and V is the volume of the LSPRs

[9]. Nevertheless, the photon reflection cross section is

also enlarged as C,., = % (2{)4 |oa|? for larger-sized

LSPRs [9]. Therefore, proper-sized LSPRs, e.g., with
an average diameter of ~35 nm, can result in optimal
efficiency.

The optical and the electrical efficiencies of Si solar
cells with Ag LSPRs on a SiN structure were examined
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Fig. 3. (a) Photon reflectance of the Si surface, Si with a
SiN ARC, Si with Ag NPs on surface, and Si with Ag NPs
on a SiN structure. (b) Optimization of the antireflection
properties of the Ag NPs on the SiN structure by engineering
the morphology of the Ag NPs and the thickness of the SiN.

experimentally. Ag films with various thicknesses (3 /
6 / 9 nm) were deposited by electron beam evaporation
at room temperature on SiN layers with different thick-
nesses (~55 nm / ~65 nm / ~75 nm) on a (110) Si wafer.
After annealing at 200 °C for 1 hour, the Ag LSPRs were
formed [2—4]. The average diameters of the 3-, 6-, and
9-nm-thick LSPRs were ~15 nm, ~35 nm, and ~55 nm,
respectively, according to high-resolution scanning elec-
tron microscopy (SEM). Figure 2 shows a SEM image
of the SiN surface with ~15-nm Ag LSPRs. The inset
presents the average diameters of the Ag LSPRs as a
function of the thicknesses of the pre-deposited Ag film’s
transient. An UV/VIS spectrophotometer was used to
detect the light reflectance of the Ag LSPRs on SiN in the
wavelength range of 300 - 1400 nm. Figure 3(a) shows
the reflectance of the Ag LSPRs with an average diame-
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Fig. 4. I-V characteristics of Si PVCs with only a SiN
ARC and with Ag NPs on the ARC structure.

ter of ~15 nm on a 75-nm-thick SiN layer as a function
of the wavelength. The Ag LSPRs suppress photon re-
flection by ~1% - 3% when they are deposited on the
Si surface while they suppress light reflection by ~5% -
6% on SiN in the wavelength range of 800 - 1400 nm.
On the other hand, light reflection is enhanced by ~5%
- 9% for the Ag LSPRs on Si over the wavelength range
of 400 - 600 nm. Such enhanced reflection is suppressed
for the Ag LSPRs on SiN. The total reflectance over the
wavelength range of 300 - 1400 nm can be optimized
by engineering the diameter of the Ag LSPRs and the
thickness of the SiN layer, as shown in Fig. 3(b). For
example, the reflectances of the Ag LSPRs with average
diameters of ~15 nm, ~35 nm, and ~55 nm on a 75-
nm-thick SiN were reduced by ~5%, ~7%, and ~10%
over the wavelength range of 800 - 1400 nm, compared
to that of a 75-nm-thick SiN without the Ag NPs in Fig.
3(a). Although larger-sized LSPRs reduce the photon re-
flectance more effectively in the wavelength range of 800
- 1400 nm, they also enhance photon reflectance more
drastically over the wavelength range of 400 - 600 nm
[7-9]. LSPRs with a diameter of ~35 nm suppress the
reflectance more effectively than those with a diameter
of ~15 nm while the ~35-nm LSPRs do not enhance the
reflectance significantly compared to the ~15 nm LSPRs,
as shown in Fig. 3(b). The total reflectance of the ~35-
nm LSPRs was minimized compared to those of the ~15
nm and ~55 nm LSPRs. On the other hand, the to-
tal reflectance of the ~35 nm LSPRs can be optimized
further by engineering the thickness of the SiN layer.
LSPRs, ~35 nm in size, on a 65-nm-thick SiN layer may
suppress the total reflectance more effectively than those
on a 75-nm-thick SiN layer. However, a too thin, e.g.,
55-nm-thick, SiN may be insufficient to suppress the re-
flectance in both the long (800 - 1400 nm) and the short
(400 - 600 nm) wavelength ranges, as shown in Fig. 3(b).

The photovoltaic properties of Si solar cells with Ag
LSPRs on a SiN structure were examined using a Gamry
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FAS1 potentiostat under a polarization- and bandpass-
filtered (400 - 1400 nm and 10-nm full width at half max-
imum) Xe arc lamp. The solar illumination was provided
by a solar simulator under AM1.5 illumination. The to-
tal electrical efficiency of Si solar cells with the ~35-nm
Ag LSPRs on the 65-nm-thick SiN was compared with
those of Si solar cells with only a 75-nm-thick SiN (which
is the optimum condition for an ARC) and with only
~35-nm Ag LSPRs on the Si surface of the Si solar cells.
Figure 4 shows the I-V characteristics of Si PVCs with
only a 75-nm SiN ARC and with 35-nm Ag NPs on a
65-nm ARC structure. The electrical efficiency of the Si
solar cells with the Ag LSPRs on the SiN structure was
greatly enhanced (16.9%), compared to that with only an
75-nm-thick SIN ARC (16%) or with only the Ag LSPRs
(12.7%). Note that the efficiency of Si solar cell with no
ARC or no surface texture may be as little as 8.51% [7].

III. CONCLUSION

In summary, this study examined the coupling effects
of Ag LSPRs and a Si layer. A SiN layer between the Ag
LSPRs and a photoactive substrate effectively increases
the Si solar cell efficiency by enhancing the generation of
the internal field and by effectively optimizing the projec-
tion of the internal field. The materials, the morphology
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of the metal (Ag) LSPRs, and the thickness of the di-
electric (SiN) layer can be engineered to further improve
the efficiency of a Si solar cell.
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