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ABSTRACT 
The purpose of the study is to enhance the efficiency of the silicon solar cell via plasmonic caterrig. Au nanoparticles with 
diameter range from 20.09 to 41.07 nm are deposited on the top of silicon solar cells and annealed under vacuum at different 
temperatures. The thermal treatment promotes the morphological modification of the particles leading to a discrete structure of 
Au particles. The particle sizes, shape, height, and inter-particle distance depend of the initial deposition condition and 
annealing temperature. Structural modifications lead to changes in the optical properties of the samples. Maximum absorption 
occurred at 520 nm, with intensity varying due to the particle size. Variation of capacitance as a function of reverse bias voltage 
in the range of (0-2) Volt at frequency equal to 100 kHz has been studied. Overall fill factor is increased from 0.5388 for bare 
Si solar cell to 0.629 for cells with Au nanoparticles annealed at 200 oC, mainly resulting in the improvement of the  
photocurrent as a result of enhanced absorption of the photoactive due to the high electromagnetic field strength in the vicinity 
of the excited surface Plasmon. 
 
Keywords: absorption, photovoltaic, gold nanoparticles, silicon solar cell, Plasmon nanoparticle, efficiency 
enhancement. 

1. INTRODUCTION 
Silicon material is used to manufacture solar cells due to its low coast, abundance in nature, non-toxicity, long term 
stability, and well established technology. Still, one would like to reduce the amount of Si needed for large-area devices. 
Furthermore, silicon is a poor light emitter and absorber, and therefore solar cell efficiencies have generally been poor. 
To fully realize this potential it will be necessary to think of the alternative method of manufacturing the thin film solar 
cells in order to offer the advantage of reduced material costs, but, as absorber layers become thinner, transmission 
losses increase and reduce cell performance. Recently a new method for increasing the light absorption has emerged by 
the use of scattering from noble metal nanoparticles excited at their surface plasmon resonance. 
Light trapping, which can be used to confine light within the active layer to promote absorption, is becoming even more 
critical to achieving high efficiency. The efficiency of thin film Si cells is even poorer than for wafer-thick Si cells. 
Near the surface plasmon resonance, light may interact with the particle over a cross-sectional area larger than the 
geometric cross section of the particle because the polarizability of the particle becomes very high   in this frequency 
range, for metals the absorption coefficient becomes about (2)[1].  
Pioneering work in the area of plasmonic enhancement of light-sensitive devices was done by Stuart and Hall, who 
showed that an enhancement in the photocurrent of a factor of 18 could be achieved for a 165 nm thick silicon-on-
insulator photo-detector at a wavelength of 800 nm using silver nanoparticles on the surface of the device [2]. 
In this work, we study the modification of localized surface plasmon resonance of Au nanoparticles annealed under 
vacuum at different temperatures. This study includes morphological, optical and the variations of capacitance as a 
function of reverse bias voltage in the range of (0-2) Volt at 100 kHz studies. The enhancement of the solar cell 
parameters are calculated for each annealing temperature which showed an increment from the initial bare cell. 
 
2. THEORETICAL ASPECTS 
When a metal particle is exposed to light, the oscillating electromagnetic field of the light induces a collective coherent 
oscillation of the free electrons (conduction band electrons) of the metal. This electron oscillation around the particle 
surface causes a charge separation with respect to the ionic lattice, forming a dipole oscillation along the direction of the 
electric field of the light. The amplitude of the oscillation reaches maximum at a specific frequency, called surface 
plasmon resonance (SPR) . The SPR induces a strong absorption of the incident light and thus can be measured using a 
UV–Vis absorption spectrometer. The SPR band is much stronger for plasmonic nanoparticles (noble metal, especially 
Au and Ag) than other metals. The SPR band intensity and wavelength depends on the factors affecting the electron 
charge density on the particle surface such as the metal type, particle size, shape, structure, composition and the 

Silicon Solar Cell Enhancement by Using Au 
Nanoparticles 

  
Manal Midhat Abdullah 

 
Uni. of Baghdad- college of science- dept. of Physics 

 



International Journal of Application or Innovation in Engineering & Management (IJAIEM) 
Web Site: www.ijaiem.org Email: editor@ijaiem.org, editorijaiem@gmail.com  

Volume 2, Issue 6, June 2013   ISSN 2319 - 4847 
 

Volume 2, Issue 6, June 2013 Page 50 
 

dielectric constant of the surrounding medium, as theoretically described by Mie theory [1,2]. A new way to increase 
solar-energy conversion is through surface plasmons, i.e., collective surface oscillations of conducting electrons in metal 
nanostructures that tend to trap optical waves near their surface. This method proved to increase light entrapment and 
absorption in silicon cells [3]. 
Two main basic mechanisms have been proposed to explain photocurrent enhancement by metal particles incorporated 
into or on solar cells: light scattering and near-field concentration of light. Both mechanisms are affected by the particle 
size, how strongly the semiconductor absorbs and the electrical design of the solar cell. In our work we prefer to focuses 
on scattering by metal particles as a means to enhance light trapping into silicon solar cells because it is the mechanism 
behind the enhancement in most of the experimental work that has been reported [4].  
Metal nanoparticles are strong scatterers of light at wavelengths near the plasmon resonance, which is due to a 
collective oscillation of the conduction electrons in the metal. For particles with diameters well below the wavelength of 
light, a point dipole model describes the absorption and scattering of light well. The scattering and absorption cross-
sections are given by [4]:  
 
Cscat = (1/6 )(2π/λ)4(α)2  ,   Cabs= (2π/λ) Im [α]                  (1) 
 
 Where α= 3V[ (εp/εm -1)/(εp/εm+2)]                                   (2) 
 
(α) is the polarizability of the particle, ( V) is the particle volume, (εp) is the dielectric function of the particle and (εm ) 
is the dielectric function of the embedding medium. We can see that: 
When εp = -2 εm the particle polarizability will become very large. This is known as the surface plasmon resonance. 
At the surface plasmon resonance the scattering cross-section can well exceed the geometrical cross section of the 
particle. At resonance a small metal nanoparticle in air has a scattering cross-section that is around ten times the cross-
sectional area of the particle. In such a case, to first-order, a substrate covered with a 10 % areal density of particles 
could fully absorb and scatter the incident light. For light trapping it is important that scattering is more efficient than 
absorption, a condition that is met for larger particles, as follows from Eq. (1). Typically, an Ag particle with a diameter 
of 100 nm has an albedo (scattering cross section over sum of scattering and absorption cross sections) that exceeds 0.9. 
At these larger sizes, dynamic depolarization and radiation damping become important corrections to the quasi-static 
expressions given in Eqs.(1) and (2). Furthermore, for larger size the excitation higher-order plasmon modes 
(quadruple, octupole) must be taken into account [5, 6, 7]. 
Increasing size particle will cause broadening of the resonance and red shift this is considered as an advantage for solar 
cell applications, since light-trapping should occur over a relatively broad wavelength range and at wavelengths that 
are long compared with the quasi-static values of the surface plasmon resonance wavelengths of noble metal particles. 
Particle shape also has its contribution on the parameters of a photovoltaic device, disk like shapes have a large fraction 
of their volume close to the semiconductor can lead to a very high fraction of light scattered into the substrate. 
Conversely, the nanoparticle aggregates can lead to a reduction of photocurrent, and the nanoshells can lead to optical 
vortexing, which results in a reduction in photo-generated current [8]. 
The shapes occurred in our study are nearly a sphere shape. The surface plasmon resonance frequency for a sphere in 
free space occurs at ωsp= √ (3ωp) , where ωp  is the bulk plasmon frequency and mainly depends on the density of free 
electrons in the particle. The density of free electrons is highest for aluminum and silver, leading to surface plasmon 
resonances in the ultra-violet, and lower for gold and copper, leading to surface plasmon resonances in the visible 
region of the electromagnetic wave. The resonance frequency can be tuned by varying the dielectric constant of the 
embedding medium: a higher index leads to a red-shift of the resonance [9 , 10]. 

3. EXPERIMENTAL 
Initially, a silicon solar cell is used to convert sunlight into electricity, the applied base material is single- crystalline 
silicon which is n-doped on the sensitized face. The cell is supplied with tin- plated connections. open circuit voltage ( 
as supplied from  al- mansoor industries) is 570 mV, while short circuit current is 25 mA  We thermally evaporated 
(under vacuum) gold nanoparticles on the top surface of the silicon solar cell in order  to enhance the conversion 
efficiency via Plasmonic  scattering.  Annealing process under 10-3 mbar pressure is performed   for three different 
temperatures (100oC, 150oC, 200oC).  
Current-voltage characteristics of the devices were measured using a Keithley 2400 source-measure unit. An arc lamp 
was used as the white light source and a 450W Xenon lamp filtered by a monochromator was used for wavelength 
scanning and measurement of the spectral dependence of the PV efficiency. photocurrent was recorded while the 
voltage was scanned from 0 V to its open circuit voltage (Voc) at a scanning rate of 0.1 V/sec under light illumination 
and all the photovoltaic parameters (i.e. Voc, filling factor FF and short circuit current density Isc) were determined 
from the current-voltage characteristics. 
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4. RESULTS AND DISCUSSION 
Figures (1- a, b, c, d & e) show the photograph and the scanning probe image processor analysis of gold nanoparticles 
on the top surface of the silicon solar cell before annealing: figure (a) shows a photograph taken with optical 
microscope. Figure (b) shows a magnified picture of the same sample, and figure (c) is a panel presents height profiles 
measured along the sample surface. (d) represents the three dimensional view, and (e) presents its roughness results 
histogram. The results show the followings: roughness average (sa) =54.7808nm, peak- peak (Sy) =512.831nm, max 
valley depth (Sv )=225.272 nm, max peak height (Sp)= 287.558nm, mean height (Smean) =-1.9 nm  E-006 nm. In 
figure (f)represents the surface particles distribution. 
 

                     
                                                (a)                                                                                          (b) 

 

                      
                                               (c)                                                                                          (d) 
 

                      
                                               (e)                                                                                          (f) 
 

Figure 1 silicon solar cell with gold nanoparticles on the top surface before annealing using  scanning probe image 
processor analysis: (a): a photograph taken with optical microscope. (b): a magnified picture of the same sample. (c): 
panel present height profiles measured along the sample surface. Scale: 9 nm per pixel. (d): surface 3D analysis. (e): 

gold nanoparticles size Histogram. (f): the percentage of particle size in nanometer of the surface gold particles. 
 
Surface morphology 
The surface morphology of each individual sample has been studied by means of  atomic force microscope because we 
believe that the scattering and absorption depend on the size of the particles. Metallic gold particles that are much 
smaller than the wavelength of light tend to absorb more and hence excitation is dominated by absorption in the gold 
particles. In order to relieve internal stresses, and minimize the lattice strain at the grain boundaries (which is a 
consequence of an increase in electrical conductivity after heat process of deposition) [11] and refine the structure by 
making it homogeneous ,the samples were exposed to a temperature ranging from 100oC to 200 oC. These temperatures 
of course, will not melt the gold, but it will affect the antireflection coating base layer (the surface of the solar cell 
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before gold deposition) causing evaporation of this layer. These temperatures may also have some morphological 
changes on n-Si layer of the solar cell, and make some changes in particle size. Below is the analysis as seen in the 
atomic force microscope:  
1. samples before annealing:   Average diameter of gold particles are (29.09) nm as it is detected via  (AFM) , and 
shown in figure (2- a, b, c,). The histogram (2-b) declares that most of the particles have diameters in the range of (25- 
35) nm. 
 

 
                                                (a)                                                                                          (b) 
        

 
(c) 

 
Figure (2-a,b,c) images of AFM for Au particles on the top surface of silicon solar cell before annealing. 

 
Annealing under 100oC 
After annealing the sample under 100 oC, the average gold particle diameter becomes more obvious and about (37.66) 
nm in diameter, we believe that this is due to overcoming the voids and surface defects and rearrangements of the gold 
particles.  This result is obviously shown in figure (3-a, b and c). In figure (3-b) we can see that most of the particles 
have diameters in the range of (35-50) nm. 

 

 
                                                (a)                                                                                          (b) 

 
 

(c) 
Figure (3-a,b,c) images of AFM for Au particles on the top surface of silicon solar cell at annealing temp.100o C 
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Annealing under 150oC 
Further annealing with 150 oC gives an average diameter of 38.76 nm. Other details of this condition are shown in 
figures (4-a,b and c). 
 

   
 
                                                (a)                                                                                          (b) 

 
(c) 

Figure (5-a,b,c) images of AFM for Au particles on the top surface of silicon solar cell at  200oC 
 

Optical properties  
The silicon solar cell absorbs certain wavelength of the incident electromagnetic radiation (500-700)nm [ 14 ], our goal 
is to enhance this absorption in order to get better solar cell efficiency. The energy loss of electromagnetic wave (total 
light extinction) after passing through a matter results from two contributions: absorption and scattering processes. 
Light absorption results when the photon energy is dissipated due to inelastic processes. Light scattering occurs when 
the photon energy causes electron oscillations in the matter which emit photons in the form of scattered light either at 
the same frequency as the incident light (Rayleigh scattering) or at a shifted frequency (Raman scattering). The 
frequency shift corresponds to the energy difference created molecular motion within the matter (molecular bond 
rotations, stretching or vibrations). Surface plasmon excitations lead to large electromagnetic field enhancements, 
increased scattering, and increased interaction time (equal to the plasmon lifetime), all of which are likely to enhance 
absorption. The peak extinction for metal nanoparticles occurs at the surface plasmon resonance frequency. At this 
frequency the conduction electrons oscillate coherently. The SPR frequencies of gold nanospheres occur in the visible 
part of the spectrum, which is useful for solar cell applications. [15 ]. Au nanoparticles show peak absorption around 
520 nm in the visible region. the SPR band is affected by the particle size  (figure 6). Increasing the annealing 
temperature not only increases the absorption intensity ,but also broadens and red shifts the absorption profile.  
Fluorescence spectrum properties is also studied (figure 7), The flourescence peak is due to the local field enhancement 
via coupling to the transverse and longitudinal surface plasmon resonance [16].The emission peak is observed at 600 
nm, this is verey sutible for the silicon absorption response. the fluorescence emission peak seems to be higher, wider 
and red shifted with increasing the annealing temperature. 
 

 
 

Figure 6 Optical absorption spectra of gold nanoparticles on the top surface of a silicon solar cell  at  different 
annealing temperatures. 
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Figure 7  the flourescence spectra of gold nanoparticles thermaly evaporated on the cell,s surface under three different 

annealing temeratures. 
 
I-V characteristics 
I-V characteristics curve of an illuminated PV cell is illustrated Figure (8) . Current is generated by the PV cell as the 
voltage across the measuring load is swept from zero to VOC. The power produced by the cell in Watts is calculated 
along the I-V sweep by the equation P=IV.   At the ISC and VOC points, the power showed  zero value. increasing to its 
maximum value at Imax x  Vmaxand for each annealing curve. 
 

 
Figure 9  I-V characteristics for a silicon solar cell with gold plasmon. note that the values for the bare silicon solar 

cell are: Voc=570 mV, Isc=25 mA 
 
The Fill Factor (FF) is essentially a measure of quality of the solar cell.  It is calculated by comparing the maximum 
power to the theoretical power (PT) that would be output at both the open circuit voltage and short circuit current 
together. 
The Fill Factor (FF) is an essentiall measure of quality of the solar cell.  It is calculated by comparing the maximum 
power to the theoretical power (PT) that would be output at both the open circuit voltage and short circuit current 
together. A larger fill factor is desirable, and corresponds to an I-V sweep that is more square-like. 
FF=(Imaximum xVmaximum) /(Vshort circuit x Ishort circuit )          (3) 
The values of the fill factor are illustrated in the figure (10).The results show an improvement in the values of the fill 
factor with increasing the annealing temperature, (that means an improvement in the values of efficiency). 
 

 
Figure 10  fill factor values with different annealing temperatures. note that the initial value of the fill factor is 0.5388 

 
C- V characteristics 
The variation of capacitance as a function of reverse bias voltage in the range of (0-2) Volt at frequency equal to 100 
kHz has been studied, for Si: Au heterojunction at different annealing temperatures as shown in Fig.(11). It is clear that 
the capacitance decreases with increasing of the reverse bias voltage and annealing temperatures. This result is 
confirmed by equation: 
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Also, It is obvious from figure that the decreasing was non-linear .Such behavior is attributed to the increasing in the 
depletion region width, which leads to increase of the value of built– in voltage.  
The capacitance at zero bias voltage (Co) for all junctions are listed in Table (1).It is clear that the capacitance 
decreases with increasing of annealing temperature for all prepared junctions and this is attributed to the decrease in 
the surface states which leads to an increase in the depletion layer and a decrease of the capacitance. 
The inverse capacitance squared was plotted against applied reverse bias voltage as shown in Fig.(12) .The plots reveal 
a straight-line relationship, which means that the junction is an abrupt-type. The intersection of the straight line with 
the voltage axis at (1/C2=0), represent (Vbi) as given in Table (1). We notice from this figure, increasing in Vbi value 
with increasing of annealing temperature Ta as a result of the decrease in the capacitance value and the increase of the 
depletion width.. 
The rise time (tr) and response time (response) have been calculated from the value of zero bias capacitance (CO) and 
using equations tr =RC and tresponse = tr / 2.2, respectively, and their values are given in Table (1). It is observed that the 
rise and response times decrease with increasing of the annealing temperatures of the samples. 
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Figure 11 The variation of capacitance as a function of reverse bias voltage for  Si:Au    heterojunction at different 
annealing temp. 
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Ĉ
2 
 (n
F)

RT

Ta=373K

Ta=423K

Ta=473K

 
 

Figure 12 The variation of 1/C2 as a function of reverse bias voltage for Si:Au heterojunction at different annealing 
temp. 

 
 

Table 1: parameters of C- V characteristics 
 

 
 
 
 
 
 
 

5. CONCLUSION 
When light strikes a metal sample, it can initiate electrical disturbances in the surface, either as localized excitations 
called surface plasmons or as moving waves called surface plasmon polaritons. For light trapping applications ions, 
such as the solar cell, the metal nanoparticles are placed on a semiconductor substrate, and light is preferentially 
scattered into the high-index substrate. Annealing method usually is used to improve characteristics of samples, and to 
improve the surface morphology. Applying this method we succeeded in improving the PV cell parameters and increase 
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210.68 463.5 0.75 9.27 373 

165.91 365 0.9 7.3 423 

100 220 1.0 4.4 473 
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the fill factor value from 0.5388 to 0.629 as a result of enhanced absorption of the photoactive due to the high 
electromagnetic field strength in the vicinity of the excited surface Plasmon.. Variation of capacitance as a function of 
reverse bias voltage in the range of (0-2) Volt at frequency equal to 100 kHz has been studied. 
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