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In this paper low cost and earth abundant Al nanoparticles are simulated and compared with noble

metal nanoparticles Ag and Au for plasmonic light trapping in Si wafer solar cells. It has been found

tailored Al nanoparticles enable broadband light trapping leading to a 28.7% photon absorption

enhancement in Si wafers, which is much larger than that induced by Ag or Au. Once combined with

the SiNx anti-reflection coating, Al nanoparticles can produce a 42.5% enhancement, which is 4.3%

higher than the standard SiNx due to the increased absorption in both the blue and near-infrared

regions. VC 2012 American Institute of Physics. [http://dx.doi.org/10.1063/1.3703121]

Metal nanoparticles supporting localized surface plas-

mons have attracted intensive research interests as a poten-

tially effective way of enhancing the light absorption and

thus energy conversion efficiency in solar cells.1 Metal nano-

particles have scattering cross-sections much larger than

their geometrical cross-sections, and once integrated onto

the surface of solar cells, incident light would be preferen-

tially forward scattered into the substrate.2 Ag and Au nano-

particles are the most widely used materials due to their

surface plasmon resonances located in the visible range and

therefore interact more strongly with the peak solar

intensity.3–8 However, such noble metal nanoparticles on the

front surface of solar cells always introduce reduced light

absorption in Si at the short wavelengths due to the Fano

effect, i.e., the destructive interference between the scattered

and unscattered light that occurs below the resonance.9

Moreover, the noble metal nanoparticles are impractical to

implement for large-scale solar cell manufacture due to their

high cost and scarcity in earth crest. The low cost and earth

abundant materials Al would avoid these problems due to

their surface plasmon resonance lying in the ultraviolet

range, which potentially leads to a much less negative impact

to the solar cell performance caused by the destructive inter-

ference effect.

In this paper, we investigated the light trapping behavior

of Al nanoparticles on the front surface of Si wafer solar

cells and compared with Ag and Au nanoparticles by using

the finite difference time domain (FDTD) method.10 Com-

pared to the previous studies of integrating Al nanoparticles

onto the front surface of thin film solar cells,11–14 our investi-

gation is of great practical significance considering the domi-

nant status of Si wafer solar cells in the global photovoltaic

industry. The insights in this paper provide a low cost and

high efficiency solution for practical large-scale implementa-

tion of plasmonic nanoparticles for solar cell performance

enhancement.

A spherical nanoparticle was placed on the surface of a

planar semi-infinite Si slab with and without an anti-

reflection coating (ARC) and illuminated under a

300–1200 nm plane wave source weighted against the air

mass 1.5 solar spectrum. Perfectly matched layer boundary

conditions were used in the incident direction to prevent in-

terference effect, and periodic boundary conditions were

used in the lateral direction to simulate an ordered array of

nanoparticles, as shown in Fig. 1. The dielectric constants of

the metal nanoparticles and Si were taken from Ref. 15 and

that of SiNx was measured by an ellipsometer from the com-

mercial Si wafer solar cells. As a semi-infinite Si slab was

used, any light travelling into the Si substrate would be

absorbed. It has been confirmed these simulation conditions

would only present tiny changes to the longer wavelength

results when compared to the normal wafer thickness around

180 lm.

Spherical nanoparticles of a range of sizes were initially

placed on the surface of the bare Si slab in an ordered

FIG. 1. Schematic of the FDTD simulation model. NP: nanoparticle; PML:

perfectly matched layer; PBC: periodic boundary condition.

a)Authors to whom correspondence should be addressed. Electronic

addresses: bjia@swin.edu.au and mgu@swin.edu.au.
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periodic array with a range of particle densities investigated.

A nested parameter sweep of the nanoparticle diameter (D)

was conducted in 50 nm steps from 50 to 300 nm and surface

coverage (SC) ranging from 5% to 70% for each material.

The best material was then similarly investigated on the sur-

face of a SiNx ARC at various thicknesses.

The number of photons absorbed (NPA) in the Si sub-

strate was calculated using the following equation:

NPA ¼
Ð

k
hc TðkÞIAM1:5ðkÞdk
Ð

k
hc IAM1:5ðkÞdk

; (1)

where k is the wavelength of light in free space, h is Plank’s

constant, c is the speed of light in free space, T(k) is the

transmittance of light in Si, and IAM1.5 is the air mass 1.5 so-

lar spectrum. The model is of high accuracy by the verifica-

tion from the experimental measurement of reflectance for

both the bare Si and Si with SiNx.

The NPA as a function of parameters D and SC of the

nanoparticles were investigated for all three materials com-

pared to that of the bare Si wafer, with the resultant enhance-

ment shown in Fig. 2. The red color identifies the enhancement

in photon absorption whereas blue represents a reduction. The

optimum enhancement in photon absorption for Al is 28.7%

(when D¼ 150 nm and SC¼ 30%), Ag is 27.2% (D¼ 200 nm

and SC¼ 20%), and Au is 14.5% (D¼ 200 nm and

SC¼ 10%), respectively, with stars identifying the highest

enhancement in Fig. 2. In comparison, the photon absorption

enhancement for a standard ARC of 75 nm SiNx on a Si wafer

is 38.2%.

A peak enhancement of NPA is clearly seen at the opti-

mum SC and D for each material. For small nanoparticles

(less than 100 nm) and large nanoparticles (larger than

200 nm), the enhancement is low. This feature is due to the

light absorption by the small nanoparticles and less effective

forward scattering for the large nanoparticles caused by the

higher-order plasmon excitation, respectively.16 For low SC
there are insufficient nanoparticles to increase the absorption

to a significant level. However, for too high SC, nanopar-

ticles start blocking significant amount of light ultimately

reducing light absorption in the Si layer.

The spectral characteristics of the cells with the opti-

mum configurations for Al, Ag, and Au nanoparticles are

shown in Fig. 3 with the bare Si cell as a reference. Fig. 3(a)

shows that the absorbance in the Si layer increases for all

three materials, which can be attributed to the dramatically

reduced light reflection, as shown in Fig. 3(b). However, the

absorption in the Si for Ag and Au nanoparticles in the short

wavelength region significantly reduces, compared with the

bare Si cell. This phenomenon is due to the strong parasitic

light absorption near the surface plasmon resonance wave-

length, where more than 40% of the incident energy is dissi-

pated around 350 and 430 nm for Ag nanoparticles and near

570 nm for Au nanoparticles, as shown in Fig. 3(c). In con-

trast, Al nanoparticles show broadband light absorption

enhancement over the solar spectrum. This is due to the

much smaller parasitic absorption in the shorter wavelength

region since the surface plasmon resonance of Al nanopar-

ticles lies in the ultraviolet region, where the intensity of so-

lar irradiance is negligible.

Since Al was found to be a better material over Ag and

Au in terms of light absorption enhancement in Si wafers,

we expect even better photon absorption by integrating Al

nanoparticles on the surface of a SiNx ARC. As the light

trapping capability of the optimized ARC and Al nanopar-

ticles lies in different wavelength regions, the combination

would lead to broader absorption enhancement. In addition

to D and SC, the parameter of SiNx thickness is introduced.

To optimize the SiNx thickness in combination with the Al

nanoparticles, the NPA enhancement as a function of D and

SC was constructed for each SiNx thickness.

Fig. 4(a) shows the NPA enhancement map for the opti-

mized SiNx thickness of 85 nm. The peak of the NPA

enhancement map is found at D¼ 125 nm and SC¼ 12.5%

corresponding to a 42.5% enhancement as labeled with a

star. It is interesting to note that for the entirety of the

FIG. 2. Enhancement of NPA in Si as a function of parameters D and SC
for (a) Al, (b) Ag, and (c) Au nanoparticles. The red color represents the

enhancement whereas the blue color identifies reduction. The green star

indicates the maximum enhancement.
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enhancement map the lowest enhancement achieved was

38.2%, which is the same value achieved for the optimized

SiNx ARC on Si. This demonstrates that a combination of

both SiNx and Al nanoparticles can achieve a higher effi-

ciency than the Al nanoparticles (28.7%) or the SiNx ARC

(38.2%) individually. Fig. 4(b) shows that the optimized

Al nanoparticles on a 85 nm SiNx ARC lead to higher ab-

sorbance than the standard 75 nm SiNx ARC over almost

the entire spectrum with the exception between 500 and

700 nm due to the reflection from the Al nanoparticles.

The absorbance enhancement at the shorter wavelengths

can be explained by the forward scattering of Al nanopar-

ticles. The longer wavelength enhancement is due to the

thicker SiNx layer compared to the standard ARC thick-

ness of 75 nm, which red-shifts the reflectance minimum,

combined with the forward scattering of the Al nanopar-

ticles. Considering the real case that not all the photons

absorbed by Si wafers would contribute to the external cir-

cuit current, we also give the external quantum efficiency

(EQE) in Fig. 4(b) by using one typical internal quantum

efficiency curve measured from a high efficiency solar

cell. As we can see, the enhancement at shorter and longer

wavelengths is still clearly observed.

It can be clearly seen that the light absorption enhance-

ment (42.5%) in the silicon layer by integrating the Al nano-

particles is comparable to the conventional texture17–19 and

ARC technology, which normally has an enhancement

between 40% and 50%, suggesting that the proposed Al

nanoparticles can be a simple and low cost alternative. Fur-

thermore, when combining the Al nanoparticles with the

standard texture and the ARC, we expect further enhance-

ment in the silicon absorption because the enhancement

mechanisms for these two light trapping strategies are

different.

In conclusion, the photon absorption in a Si wafer sub-

strate with Al nanoparticles integrated on the front surface

was found to be superior to Ag and Au nanoparticles, which

is due to a broadband light absorption enhancement match-

ing the solar spectrum. Al nanoparticles in combination with

the SiNx ARC demonstrated a 4.3% higher light absorption

enhancement in Si, compared with the standard SiNx. This

work provides a low cost and high efficiency solution for

FIG. 4. (a) Enhancement of NPA for the optimized SiNx thickness 85 nm

(b) optimized Si absorbance and corresponding EQE for Al nanoparticles

(D¼ 125 nm and SC¼ 12.5%) on a 85 nm SiNx ARC. The standard 75 nm

SiNx ARC on Si is shown for comparison.

FIG. 3. Spectral characteristics of (a) Si absorbance (b) reflection (c) nano-

particle absorbance of the optimized Al (red), Ag (green), and Au (blue)

nanoparticles placed on the front surface of a Si wafer compared with the

bare Si.
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practical large-scale implementation of plasmonic nanopar-

ticles for solar cell performance enhancement.

Y.Z. would like to thank Suntech Power Holdings Co.,

Ltd. for providing financial support.
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