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Abstract: Multicrystalline silicon solar cells play an increasingly important 

role in the world photovoltaic market. Boosting the comparatively low 

energy conversion efficiency of multicrystalline silicon solar cells is of great 

academic and industrial significance. In this paper, Au nanoparticles of an 

optimized size, synthesized by the iterative seeding method, were integrated 

onto industrially available surface-textured multicrystalline silicon solar 

cells via a dip coating method. Enhanced performance of the light 

absorption, the external quantum efficiency and the energy conversion 

efficiency were consistently demonstrated, resulting from the light 

scattering by the sized-tailored Au nanoparticles placed on the front surface 

of the solar cells, particularly in the spectral range from 800 to 1200 nm, an 

enhancement of the external quantum efficiency by more than 11% near λ = 

1150 nm and the short-circuit current by 0.93% were both observed. As a 

result, an increase in the energy conversion efficiency up to 1.97% under the 

standard testing conditions (25°C, global air mass 1.5 spectrum, 1000 

Wm
−2

) was achieved. This study opens new perspectives for plasmonic 

nanoparticle applications for photon management in multicrystalline silicon 

solar cells. 
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1. Introduction 

Multicrystalline silicon (mc-Si) solar cells represent the mainstream products that have 

dominated the photovoltaic market since 1999 when they overtook the leading position of 

single-crystalline silicon (sc-Si) solar cells [1]. However, industrially available mc-Si solar 

cells exhibit a lower efficiency than their counterpart sc-Si solar cells due to loss mechanisms, 

namely, the optical, resistive and recombination losses. The sc-Si cells with pyramid texturing 

on the front have low optical losses. By contrast, the optical losses account for a 7% efficiency 

loss in commercial mc-Si solar cells [2], which include the front surface reflection (from 

screen-printed metal fingers and the imperfection of antireflection coating (ARC)), the 

absorption by the ARC and the back surface reflector, and the escape of long wavelength light 

through the front surface (imperfect light-trapping). The high optical losses are mostly a result 

of the fact that it is difficult to achieve effective textures on the mc-Si substrates due to their 

random grain orientations. Essentially, light-trapping in the near-infrared (NIR) is challenging 

with conventional surface texturing approaches, since the feature size of the texturing should 

be comparable to the wavelength of interest in order to scatter the light effectively [3]. To 

optimize the cell performance, light-trapping should be maximized for spectral regions where 

Si is poorly absorbing (near the band edge of the Si). Moreover, further enhancement in 

efficiency of mc-Si solar cells without overly increasing costs is of great interest for the next 

generation high-efficiency and low-cost solar cells and to retain their leading position in the 

marketplace. 

Plasmonic nanoparticles (NPs) induced scattering as an emerging strategy offers a unique 

way to enhance light-trapping in solar cells [4–12]. To date, investigation of plasmonic NPs in 

mc-Si solar cells and demonstration of meaningful efficiency enhancement have not yet been 

reported although it is of paramount significance to the solar cell research and the photovoltaic 

industry. 

In this paper, through the integration of size-optimized Au NPs into mc-Si solar cells, we 

show that the light absorption in the active layer of solar cells and thus the photocurrent as 

well as the external quantum efficiency (EQE) are consistently improved at longer 

wavelengths, while maintaining almost unchanged below the plasmon resonance wavelength. 

Consequently, the energy conversion efficiency is increased from 14.9% to 15.2% for solar 

cells incorporated 61 nm Au NPs. Unlike the samples in most plasmonic solar cell studies 

[6,8,11,12], where planar solar cells were investigated, we target the industrially available 

textured mc-Si solar cells already in production, which are more relevant and significant to the 

photovoltaic industry, to conduct our plasmonic NP investigation. Furthermore, a low-cost 

and facile dip coating method, which is mostly preferred by the photovoltaic industry for 

scaling-up production, has been implemented to integrate the size-tailored Au NPs with solar 

cells. This study shows the suitability of plasmonic Au NPs to enhance the light absorption 

and the efficiency of optically thick and industrial mc-Si solar cells. 

2. Materials and experimental methods 

2.1. Materials 

Hydrogen tetrachloroaurate trihydrate (HAuCl4·3H2O), sodium citrate and hydroxyamine 

were all purchased from Sigma-Aldrich. The as-received chemicals were used without any 

further purification and first distilled water was used for all solution preparation throughout all 

the experiments. All the glassware was scrupulously cleaned by soaking in aqua regia 

solution, which is especially crucial to ensure the absence of new particle nucleation (small 

particles). 
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2.2. Synthesis and characterization of Au NPs 

2.2.1. Preparation of initial Au seeds 

The Au seeds were synthesized according to Frens’ method [13]. Briefly, an aqueous solution 

of 500 ml of 1 mM M HAuCl4 was heated to boiling with stirring; then 50 ml 1% (wt/v) 

aqueous sodium citrate was added all at once. The colour of the mixed solution changed from 

yellow to wine red in several minutes, indicating the formation of Au NPs. The boiling and 

stirring were continued for 15 min. Then the heat source was removed and the stirring was 

continued for additional 15 min. The seed solution was cooled to the room temperature and 

used directly for further experiments. This method produced Au NPs with a mean diameter of 

14.7 ± 1.56 nm according to the SEM and TEM images. The concentration of the Au seeds 

was estimated as ~1.6 × 10
12

 particles/ml. This initial Au seed batch was labelled as colloid 

“A”. 

2.2.2. Growth of Au NPs 

A series of colloidal Au NPs with diameters in the range of 20 – 150 nm were prepared 

through the iterative seeding process with some modifications [14] by using HN2OH as a 

reducing agent. Six subsequent Au colloids were prepared by taking six 300 ml conical flasks 

(labelled from “B” to “G”), hydroxylamine as reducing agent [0.375 – 1.25 ml] (labelled as I) 

was mixed with deionized water (50 – 135 ml) (labelled as II), then colloidal solution [15 – 55 

ml] (labelled as III) was added and finally 1% hydrogen tetrachloroaurate [HAuCl4, 1ml] 

(labelled as IV] was added under vigorous stirring at the room temperature. Addition of each 

reagent to the flask was conducted under vigorous stirring for 2 min. To prepare the colloid 

“C” with a specific particle size, colloid “B” was used as the seed; and to prepare colloid “D”, 

colloid “C” was used as the seed and so on. With the above recipes, the calculated diameters 

of the resulting Au particles were 18, 32, 41, 56, 110 and 149 nm for B to G, respectively. 

Usually, Au colloids prepared by this method were stable for months under the proper storing 

conditions. Sedimentation was occasionally found, especially in the samples with larger 

particles, while the precipitate could be easily redispersed with a gentle shake; and the mean 

diameters of the Au NPs could be well preserved. 

2.2.3. Characterization of colloidal Au NPs 

The ultraviolet–visible-near infrared (UV-VIS-NIR) absorption spectra of Au colloidal 

solutions were measured with a spectrophotometer (Perkin Elmer, Lambda 1050), by using a 

quartz cuvette with a 10 mm optical path in the wavelength range from 300 to 1100 nm (DI 

water as a reference). Scanning electron microscope (SEM, FEI Helios NanoLab 600i 

equipped with an energy dispersive X-ray (EDX) unit) and transmission electron microscopic 

(TEM, FEI Tecnai F20) images were used to characterize the morphology of the Au NPs. The 

Au colloid was dripped onto the Si substrate and carbon-coated copper grid and air-dried at 

the room temperature for SEM and TEM imaging, respectively. The mean diameter and size 

distribution were measured from several SEM images by counting more than 100 NPs. 

2.3. Integration of Au NPs with Si solar cells 

Fifteen mc-Si solar cells with initial efficiencies of around 15% were selected, which 

represent the mainstream products from the photovoltaic industry. Before dipping, solar cells 

were washed with ethanol and dried by N2 gas. Au NPs of size ranging from 50 to 150 nm 

were synthesized [4] and integrated onto the front surface of these solar cells by using a 

programmable dip coater (KSV company, model: DS). To integrate the Au NPs with the solar 

cells, the solar cells were mounted on a sample holder, vertically dipped into the colloidal Au 

solution, immersed for 4 min, and pulled out of the solution with a velocity of 30 mm/min, 

and then were left clamped on the sample holder till being dried in air at the room 

temperature. The pulling speed has been studied for 1, 5, 10, 30 and 50 mm/min and the 
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immersion time in the range from 2 to 10 min. It was found the speed of 30 mm/min and the 

immersion time of 4 min gave the relatively homogeneous distribution and the required 

surface coverage of about 12%. 
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Fig. 1. FE-SEM micrographs for Au colloidal NPs of 61, 107 and 146 nm diameters, 

respectively at different magnifications {(a, d), (b, e), (c, f)}. High resolution TEM images of 

Au NPs of the above diameters (g, h, i), and histograms of particle size distributions for particle 

sizes of 61, 107 and 146 nm (A, B, C). 

Commercial textured mc-Si solar cells (Suntech Power Holdings Co., Ltd.) with metal 

contacts and ARC were employed. The ARC is made of SiNx of 90 nm in thickness and has a 

refractive index n of 2.01 at 632.8 nm, as determined by the ellipsometry measurements (J.A. 

Woollam M-2000XI). The integration of Au NPs on the top surface of all solar cells was 

conducted at the same conditions to ensure that the NP distributions are similar. For each 

particle size, 3 solar cells have been used, to avoid the reference cell uncertainty. 
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Au NP colloidal solutions of concentrations 1.28 × 10
11

, 1.72 × 10
10

 and 7 × 10
9
 NPs/ml 

for sizes 61, 107 and 146 nm, respectively, were used. The Au NPs surface coverage on solar 

cells was estimated from the SEM micrographs by calculating the particle density and the 

geometrical area of the particles. 
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Fig. 2. UV-vis absorption spectra of 61, 107 and 146 nm diameter Au colloidal NPs suspended 

in an aqueous solution. Peaks corresponding to the excitation of SPR are evident in (a). The 

inset shows the photograph of the synthesized colloidal solutions of the NPs. The SPR peak 

position as a function of the Au particle diameter as estimated from the SEM images (b). 
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Fig. 3. EDX spectra of Au NPs deposited on the silicon substrate that supports the presence of 

Au peak. The trace from sodium detected in the spectra comes from the reactants. 
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Fig. 4. A schematic diagram depicts the dip coating process to integrate Au NPs onto the top 

surface of Si solar cells. The real photograph of the experimental set-up is included. 

2.4. Characterization of solar cells with and without Au NPs 

All the solar cells with and without the Au NPs integrated onto the front surface were 

evaluated at 25°C based on the illuminated current density versus voltage (J-V) 
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characteristics, the EQE and the reflectance characterisation. The J-V curves were measured 

using a solar simulator (Oriel Sol 3A
TM

 class AAA, model 94023A) with a Keithley 2400 

source meter under the Air Mass 1.5 Global (AM 1.5G) illumination condition (100 mW/cm
2
) 

calibrated by a factory-calibrated Si module. The EQE was measured using the Bentham 

PVE300. The reflectance spectra of the samples were recorded by using an integrating sphere 

of the UV–VIS-NIR spectrophotometer (Perkin Elmer, Lambda 1050) for wavelengths 

ranging from 300 to 1200 nm. 

All the measurements were conducted at different stages of sample processing. The effect 

of nanoparticles was determined by comparing each cell before and after nanoparticle 

integration. By this way, we ruled out the sample-to-sample uncertainty. 

3. Results and discussion 

3.1. Colloidal Au NPs 

The resultant NPs present excellent monodispersity of the spherical particles without 

containing rod-shaped by-products as is showed from the SEM and TEM images (Fig. 1). 

Moreover, Au NPs of larger size ranging from approximately 20 to 150 nm with improved 

monodispersity (uniformity) have been acheived. By contrast, the original method [14] 

produces spherical NPs mixed with a distinct population (5-10%) of colloidal Au rods (141 ± 

38 nm × 31 ± 4.6 nm). The fact that there is no rod-shaped by-product ensures that NPs of 

identical size are produced, offering a well-defined plasmonic response for our photovoltaic 

application. It is known that the optical properties (scattering, extinction and absorption) of 

nanoparticles are determined by both their size and shape and consequently their surface 

plasmon resonance [15]. Therefore, it is quite importance to apply the proper fabrication 

method to acheive tailored size and shape to support the desired resonances useful for solar 

cell performance enhancement. 

It is worth noting that the solution-processable method to produce NPs is probably more 

preferable than the physical method that has mostly been adopted to apply metal NPs to 

semiconductor solar cells [3,6]. This is because the former method can be used to synthesize 

uniform NPs with a controlled particle size, whereas the synthesis of uniform-sized NPs and 

their size control are very difficult to achieve by the latter method. To use metal NPs for solar 

cell applications, the cost and effectiveness of the NP fabrication method become a significant 

issue. Obviously the colloidal chemical synthesis is a cheaper option with precise control over 

the size, shape and coverage of the NPs. In order to enhance light-trapping in silicon solar 

cells it is required that NPs to exhibit low absorption and large scattering cross-sections in the 

wavelength range of 300 – 1200 nm. NP absorption can be minimized by avoiding small 

particles. Since the enhancement of light absorption and hence the efficiency of light scattered 

into the Si active layer depend strongly on the particle size, Au NPs with different mean 

diameters of 61, 107 and 146 nm have been used. 

Figure 1 shows the SEM (a – f) and TEM (g, h, i) images of the synthesized Au NPs with 

diameters of 61 (a, d, g), 107 (b, e, h) and 146 nm (c, f, i), respectively. The Au NPs were 

nearly spherical with uniform sizes and without any detectable by-products such as nanorods, 

triangles and small clusters. The measured mean diameters for Au NPs were 60.95 ± 10, 107 

± 13 and 146 ± 17.7 nm, as estimated from the FE-SEM micrographs and matched well with 

the calculated values (56, 110 and 149 nm). The statistical analysis of the particles for all sizes 

reveals a size distribution of the mean standard deviation ranging from 10 to 17 nm, indicating 

that NPs have a homogeneous size distribution as depicted in the histograms (Figs. 1a–1c). 

The surfaces are all smooth, evidently indicating that the Au NPs are single particles and not 

agglomerations of smaller units. 

Absorption spectra measured for 61, 107 and 146 nm diameter Au colloidal NPs 

suspended in an aqueous solution confirm the existence of particle size dependent surface 

plasmon resonances (SPRs), as shown in Fig. 2a. Maxima in the absorption spectra are 
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evident at wavelengths corresponding to the surface plasmon excitations in the Au NPs. As 

expected, the peak red-shifts and broadens with increased particle diameter [15–21]. This 

trend can be explained as follows: for larger nanoparticles (2R > 25 nm) the extinction cross 

section is also dependent on higher-order multipole modes within the full Mie equation and 

the extinction spectrum is then also dominated by quadrupole and octopole absorption as well 

as scattering. These higher oscillation modes explicitly depend on the particle size and with 

increasing size the plasmon absorption maximum is shifted to longer wavelength and the 

bandwidth increases. The excitation of the higher-order modes is explained in terms of an 

inhomogeneous polarization of the nanoparticles by the electromagnetic field as the particle 

size becomes comparable to the wavelength of the exciting radiation. The broadening of the 

plasmon band is then usually ascribed to retardation effects [22]. In Fig. 2b the dependence of 

the plasmon resonance peak position is plotted versus the particle diameter. From this plot it 

can be seen that the peak position increases from 541 to 682 nm with increasing particle size 

from 61 to 146 nm. For mc-Si solar cells, which do not absorb well near the band-edge, 

plasmonic enhanced light-trapping in the long wavelength region is highly desirable [3,23]. 

To confirm the elemental composition and purity of Au NPs, EDX spectra have been 

measured for Au NPs deposited on silicon substrate, the presence of Au peak is evident in the 

spectra, as shown in Fig. 3. 

3.2. Integration of Au NPs with Si solar cells 

Optimizing the dipping conditions, including the pulling speed, immersion time and solution 

concentration, allows the control of the particle density. It was found that reducing the pulling 

speed increases the surface coverage. This is in good agreement with that previously 

mentioned [24]. Higher particle coverage of about 80% on Si substrate could also be acheived 

througth multiple-step dip coating [25]. Therefore, the dip coating method is fast, controllable 

and easy for the integration of NPs into solar cells. Moreover, one can form the particle layer 

with a high throughput without the waste of particles compared to other coating methods such 

as spin coating, which suffers from difficulties in delivering the exact amount of NPs onto the 

substrate, as well as difficulties in delivering particles onto a non-planar substrate. Other 

coating methods such as rapid convection deposition (RCD) and spin-cast have been reported 

to integrate colloidal NPs to light-emitting diodes (LED) [26–28] and solar cells [29,30]. 

Figure 4 presents a schematic diagram of the dip coating process to integrate Au NPs onto the 

top surface of mc-Si solar cells as well as a photograph of the real experimental set-up. 

Figure 5 shows the Au NPs deposited on the front surface of mc-Si solar cells both for 

particle sizes 61 nm (a) and 107 nm (b, c). It is evident that the deposition of Au NPs by the 

dip coating method results in both isolated NPs and a few clustered NPs. These clustered NPs 

were probably formed when the nanospheres in the drying layer were attracted to each other 

by the capillary forces. 

The area of clustered Au NPs was attributed to the interactions of several factors: solvent 

evaporation, capillary forces, particle-particle interactions, particle-substrate interactions, 

concentration gradient in the suspension, particle size, etc. Another possible reason for 

clustered area of Au NPs onto the solar cells is the surface texture of the front-surface of solar 

cell by which the particles are driven into texture via capillary force and form a multiple 

stacks. The uniformity of Au NPs onto solar cell can be improved by chemically modified 

surface of solar cell to change the surface polarities, through coating the solar cell with 

adsorption agent [25]. In addition, the following treatments can potentially improve the 

uniformity of the nanoparticle deposition: multiple-dipping process, thermal annealing of dip-

coated solar cell before the next dipping without any chemical treatment of the solar cell, 

lowering the pulling speed, using higher boiling point solvent favoured the monolayer 

formation, diluting the particle concentration in solution, and pre-patterning of solar cell using 

glue. 

#160131 - $15.00 USD Received 16 Dec 2011; revised 13 Jan 2012; accepted 13 Jan 2012; published 20 Jan 2012
(C) 2012 OSA 1 February 2012 / Vol. 2,  No. 2 / OPTICAL MATERIALS EXPRESS  198



 

The distribution of Au NPs on a large area of solar cell is shown in Fig. 5c. The surface 

coverage as deduced from the SEM micrographs was about 12%. Figure 5d shows the mc-Si 

photovoltaic device architecture incorporating the Au NPs on the front-surface of the device. 

 110 nm  (b)  110 nm  (c)  61 nm  (a)  

Ag fingers 

Bus bar 

p-n Junction 
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Texture 

Al- BR 
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Fig. 5. FE-SEM micrographs of Au NPs of diameters 61 and 107 nm deposited on the top 

surface of mc-Si solar cells (a, b). The distribution of Au NPs on a large area of solar cells (c). 

The estimated surface coverage is about 12% from the SEM images. Mc-Si solar cell 

architecture incorporating Au NPs (d). 

3.3. Photovoltaic characteristics of solar cells with and without Au NPs 

3.3.1. Reflection spectra 

The reflection spectrum of the mc-Si solar cell without NPs is shown in Fig. 6a. The 

reflectance ratios of cells integrated with Au NPs of mean diameters 61, 107 and 146 nm 

relative to the same cell prior to the integration are depicted in Fig. 6b. The reflectance was 

substantially reduced in the UV and NIR regions for the cells with Au NPs of mean diameter 

61 nm. The reduction in reflectance was broad over the spectral range from 300 to 1200 nm 

with a sharp reduction peak by 25% centered at a wavelength of approximately 600 nm due to 

the SPR of the Au NPs, which exhibits λSPR close to 600 nm (as shown in Fig. 2a). On the 

other hand, for Au particles of sizes 107 and 146 nm, the reduction in reflectance is not broad 

over a large spectral range from 300 – 1200 nm. For Au NPs of diameter 107 nm, the 

reflectance reduced at longer wavelengths from 700 – 1200 nm, while at shorter wavelengths 

from 400 to 650 nm it slightly increases. It is also seen that the reflectance decreases at the 

wavelengths from 400 to 1000 nm but increases at λ < 400 nm and λ > 1000 nm for solar cells 

incorporated Au NPs of mean diameter 146 nm. It is expected that Au NPs of diameter 61 nm 

that reduce the cell reflectance across the entire solar spectrum should achieve the best 

enhancement in the solar cell performance as will be discussed in the EQE and I-V sections. 
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Fig. 6. Reflectance of mc-Si solar cells before integration with Au NPs (a). The reflectance 

ratio (normalized to the same cells without NPs) of cells integrated with Au NPs of diameters 

61, 107 and 146 nm relative to the same cell prior to the integration (b). For Au NPs of size 61 

nm, an improvement in reflectance of 7% is observed over wavelengths ranging from 300 to 

1200 nm with a sharp reduction peaked at 600 nm (25%). 

3.3.2. Quantum efficiency 

The EQE of solar cells before integration of Au NPs as well as the EQE ratio of cells 

integrated with Au NPs of mean diameters 61, 107 and 146 nm relative to the same cell prior 

to integration are depicted in Figs. 7a and 7b, respectively. For cells with 61 nm Au NPs, it is 

evident from Fig. 7b that the EQE slightly reduces at λ ≤ 700 nm, and significantly increases 

at longer wavelengths from 800 < λ ≤ 1200 nm. The EQE is enhanced by more than 11% at 

the wavelength of 1150 nm; this means the response of the solar cells should be improved at 

the NIR region. 

#160131 - $15.00 USD Received 16 Dec 2011; revised 13 Jan 2012; accepted 13 Jan 2012; published 20 Jan 2012
(C) 2012 OSA 1 February 2012 / Vol. 2,  No. 2 / OPTICAL MATERIALS EXPRESS  200



 

400 600 800 1000 1200

0

20

40

60

80

100

E
Q

E
 (

%
)

Wavelength (nm)

(a)

 

 

 Reference

400 600 800 1000 1200
0.90

0.95

1.00

1.05

1.10

1.15
(b)

E
Q

E
 R

a
ti

o

Wavelength (nm)

 Reference

 61 nm

 107 nm

 146 nm

 

Fig. 7. EQE of solar cell prior to integration with NPs (a). EQE ratio (normalized to the same 

cells without NPs) of cells integrated with Au NPs of diameters 61, 107 and 146 nm relative to 

reference device prior to the Au NP integration is shown in (b). For Au NPs of 61 nm in 

diameter, it is evident that the EQE is enhanced by more than 11% at λ = 1150 nm and a broad 

enhancement over the spectral range from 800 to 1200 nm was achieved. 

The reduction in the EQE response at the shorter wavelengths can be attributed to the 

phase shift, and the resulting destructive interference between the scattered light by the NPs 

and the light directly transmitted across the solar cell surface, specifically at wavelengths 

below the SPR of the NPs [9]. On the other hand, for longer wavelengths above the SPR, the 

EQE is significantly enhanced by the incorporation of the Au NPs of 61 nm in diameter. The 

mechanism behind this enhancement is due to the light-trapping provided by the scattering of 
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light by the dipolar resonance of the particles, which redirects the light preferentially forward 

into the solar cells [31,32]. This is consistent with the behaviour illustrated in Fig. 7b. 

We note that the reflectance enhancement seen in Fig. 6b at short wavelengths ≤ 700 nm is 

not obvious in Fig. 7b; indeed EQE is reduced with all particle sizes for λ ≤ 700 nm. This 

suggests that the reflectance enhancement at this wavelength is due to the absorption in the Au 

NPs, which does not contribute to the photocurrent generation. Since the reduction in 

reflectance is caused by a combination of forward-scattering and the absorption by the 

quadrupolar mode; the former increases the EQE, while the latter reduces it. This suggests that 

the EQE enhancement seen at the long wavelengths of 800 – 1200 nm is indeed caused by the 

light-trapping effects resulting from the scattering by the Au NPs. However, the reduction of 

reflectance for the solar cell with 107 nm NPs results in no increase in the EQE, while that 

with 146 nm Au NPs leads to a modest increase at the wavelength of 900 – 1100 nm. For the 

maximum enhancement in the solar cell performance we should balance between the 

photocurrent enhancements at the long wavelengths and the photocurrent suppression at the 

short wavelengths. 

3.3.3. J-V characteristics 

Table 1 presents the I-V parameters of mc-Si solar cells before and after the integration with 

Au NPs of diameters 61, 107 and 146 nm. It is evident that the highest enhancement in energy 

conversion efficiency was 1.97% with average enhancement of 1.2% for mc-Si cells 

integrated with Au NPs of mean diameter 61 nm. Since our target was to enhance the overall 

performance of mc-Si solar cell, the cell efficiency has been selected to monitor the 

performance of cell after integration with NPs. Moreover, both the short-circuit photocurrent 

density (Jsc) and the fill factor (FF) were enhanced by 0.93%. It is worth noting that the solar 

cells integrated with Au NPs of diameter 61 nm show an increases in all I-V parameters [Jsc, 

Voc, FF and η] and also the enhancement in Jsc was confirmed by the EQE measurement (Fig. 

7). It is interesting to note that the cell FF and Voc are also improved upon integration of Au 

NPs on the surface of a solar cell. These results have also been reported for several 

photovoltaic cells [30,33,34]. The optimization of the particle size is of paramount importance 

because small particles show strong absorption and little scattering, hence reducing the 

amount of light transmitted into the solar cells. On the other hand, large particles have a 

strongly red-shifted resonance, resulting in a reduced transmittance in the shorter-wavelength 

range due to the Fano effect [35,36]. Therefore, properly designed metal NPs can strongly 

scatter NIR while maintaining minimum reduction in the visible range for high performance 

silicon solar cells [37]. Our results are in line with that reported by Schaadt et al. [4] who 

deposited spherical Au colloidal NPs of sizes 50, 80 and 100 nm on Si pn junction diode and 

observed maximum enhancement with Au particles of 80 nm in diameter. 

Figure 8 presents the photocurrent density-voltage (J-V) characteristic of the solar cells at 

the maximum enhancement with 61 nm Au NPs. The performance of the cell without Au NPs 

is also included for comparison. Jsc, Voc, FF and η for the cell integrated with Au NPs are 35.7 

mA/cm
2
, 593.3 mV, 71.7%, 15.2% and for the reference cell are 35.4 mA/cm

2
, 592.8 mV, 

71.% and 14.9%, respectively. The energy conversion efficiency was improved from 14.9 to 

15.2%; this means that it is enhanced by about 2%. All the I-V parameters of the mc-Si solar 

cells before and after the integration with Au NPs of diameters 61, 107 and 146 nm are 

summarized in Table 1. 
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Fig. 8. J-V characteristic curve for solar cells before and after the integration with Au NPs of 

the mean diameter of 61 nm. All the photovoltaic characteristics were enhanced in this cell, 

namely, the overall energy conversion efficiency η (1.97%), Jsc (0.93%), FF (0.93%), and Voc 

(0.096%). 

Table 1. I-V Characteristic Parameters of the mc-Si Solar Cells Before and After 

Integration with Au NPs of Three Different Diameters 

Solar Cells 
 

Voc 

(mV) 

Jsc 

(mA-cm−2) 

FF 

(%) 

η 

(%) 

η Relative Enhancement (%) 

Without NPs 592.8 35.4 71.0 14.9 - 

With 61 nm Au NPs 593.3 35.7 71.7 15.2 1.97 

Without NPs 588.5 35.4 72.7 15.1 - 

With 107 nm Au NPs 589.8 35.6 72.0 15.1 0.35 

Without NPs 582.6 34. 4 73.8 14.8 - 

With 146 nm Au NPs 584.0 34.6 73.6 14.9 0.82 

Voc: Open-circuit voltage, Jsc: Short-circuit current density, FF: fill factor, η: Energy conversion efficiency. 

4. Conclusions 

We have demonstrated the fabrication and integration of colloidal Au NPs with industrially 

available textured mc-Si solar cells. A systematic study have been employed by selecting Au 

NPs ranging from 61 to 146 nm in diameter and integrating them into the mc-Si solar cells via 

dip coating, to fully optimize the SPR of Au NPs to enhance the solar cell performance. 

Integration of Au NPs of the optimized diameter of 61 nm onto the mc-Si solar cells has led to 

an increase of 0.93% in the short-circuit photocurrent density and 1.97% in the energy 

conversion efficiency compared to the textured reference solar cells without Au NPs. The 

EQE measurement has demonstrated a consistent increase in the photocurrent at the longer 

wavelengths ranging from 800 to 1200 nm. These enhancements are attributed to the 

enhanced light-trapping by the gold NPs in the Si photoactive layer. This study demonstrates a 

facile and cost-effective strategy based on the light-scattering by tailored plasmonic Au NPs 

to boost the conversion efficiency of textured mc-Si solar cells. 
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